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Abstract-The precipitation of bismuth(III) from nitrate solutions on addition of aqueous solutions of tartaric
acid and sodium tartrate was studied by X-ray phase analysis, thermogravimetry, IR spectroscopy, and
chemical analysis. Conditions for the formation of [Bi(NO3)(H2O)3]C4H4O6 and [Bi(C4H4O6)(C4H5O6)] .
3H2O were determined.

Bismuth(III) compounds with tartaric acid and its
salts are widely used in medicine for treatment of
various diseases and also in the synthesis of bismuth-
containing oxide materials [1, 2]. Usually they are
prepared by precipitation of bismuth(III) from nitrate
solutions with tartaric acid or its alkali metal salts [3].
As the composition ot the precipitated products is
sensitive to the synthesis conditions [pH of the medi-
um, ratio of tartrate ions and bismuth(III) in the aque-
ous phase, temperature, etc.], and tartaric acid itself
has several donor centers and four labile protons,
compounds of various compositions can be formed in
these systems. It was shown that bismuth(III) can
form the following compounds with tartrate ions:
BiC4H5O7 .nH2O [3, 4], Bi(OH)2Bi(OH)(C4H3O6)
[5], and Bi(C4H4O6)(C4H5O6) .3H2O [4, 6]. Reac-
tions of these compounds with solutions of ammonia
and of alkali metal hydroxides and acetates yield
three-component complex compounds, both insoluble,
e.g., C4H3O6BiM (M = K+, Na+, Li+, NH4

+) [3],
[Bi(C4H4O6)2]NH4 .nH2O [7], and soluble in water,
e.g., C4H4O7BiNa [3], Na(BiO)2C4H3O6 and
Na(BiO)3C4H2O6 [8], Bi(HC4H4O6)4

3, and [Bi(OH)3 .
C4H4O6]23 [9].

Bismuth(III) compounds are usually synthesized by
hydrolytic processing of nitrate solutions obtained by
dissolution of metallic bismuth in HNO3. Therefore, it
is of practical interest to study the precipitation of
Bi(III) tartrate from nitrate solutions of the composi-
tion similar to that of the process solutions.

In this work, we studied how the concentration
of tartrate ions, temperature, and pH affect the degree
of Bi(III) precipitation from nitrate solutions, and
also the composition and purity of the precipitated
products.

Precipitation of Bi(III) was carried out by adding
aqueous solutions of sodium tartrate C4H4O6Na2 or
tartaric acid C4H6O6 to a solution of Bi(NO3)3 con-
taining (g l31): Bi(III) 440 and free nitric acid 74.
The solution of Bi(NO3)3 was prepared by dissolving
Vi 00 grade metallic bismuth (no less than 99.98% Bi)
in 9 M HNO3; its composition corresponded to solu-
tions usually used in the technology of bismuth(III)
compounds. The volume ratio of the initial and final
bismuth-containing solutions was 1 : 10; it was ad-
justed by adding distilled water. The experiments
were carried out in fluoroplastic vessels equipped with
stirrers. The mixture was stirred for 2 h. After sedi-
mentation for 1 h, the precipitate was filtered off,
washed on the filter with distilled water, and dried in
air. The X-ray phase analysis of the precipitated prod-
ucts was carried out on a DRON-3 diffractometer us-
ing CuKa radiation (rotation rate of the counter
0.5 deg min31, I = 1000). The DTA and TG curves for
the samples under study were taken on an MOM deri-
vatograph (Hungary) at a heating rate of 10 deg min31.
The IR absorption spectra in the range 40034000 cm31

were recorded on a Specord IR-75 spectrophotometer.
Samples were prepared in the form of pellets with cal-
cined KBr. The electron micrographs of products were
taken on a JSMT-20 scanning microscope with a
200 A resolution. The specific surface area of the sam-
ples was measured by thermal desorption of argon,
monitored chromatographically. Macroamounts of
Bi(III) in the liquid and solid phases were determined
by EDTA titration using xylenol orange as indicator,
and its microamounts were determined photocolori-
merically in the presence of KI. The concentrations of
metal ions (Bi, Pb, Ag, Cu, Fe, Zn) were determined
by the atomic absorption method on a Saturn 2M
spectrophotometer. The precipitated products were
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Fig. 1. Degree of Bi(III) precipitation R as a function of the
molar ratio n of tartrate ions to Bi(III) in solution. Agents
added to a bismuth-containing solution: (1, 2) tartaric acid
and (3, 4) sodium tartrate. Temperature, oC: (1, 3) 23 and
(2, 4) 60.

preliminarily dissolved in HNO3 (1 : 1). The concen-
tration of nitrate ions was determined photometrically
with sodium salicylate after dissolution of the precipi-
tates by treatment with a sodium hydroxide solution
(2 M) at 70390oC.

The study of the influence of the tartaric acid con-
centration on the degree of bismuth precipitation R
(Fig. 1, curves 1 and 2) shows that, as the concentra-
tion of tartrate ions in solution increases, the degree
of bismuth(III) precipitation at 23+1oC first slightly
decreases, passes through a minimum at the molar
ratio of tartrate ions and Bi in solution n equal to 0.5,
and then increases, reaching 98.8% at n = 5. Increased
process temperature results in decreased degree of
Bi(III) precipitation. The degree of Bi(III) precipita-
tion at 60+1oC remains constant and independent of
tartaric acid concentration up to n = 3, and at higher
n the degree of precipitation grows, reaching 91.1%
at n = 5.

According to the X-ray analysis (Fig. 2), the basic
nitrates [Bi6O4(OH)4](NO3)6 .4H2O (23oC) and [Bi6 .
O4(OH)4](NO3)6 .H2O (60oC) are formed in the sys-
tem in the absence of tartrate ions. The X-ray patterns
of these compounds (Fig. 2, curves 1, 2) contain the
characteristic diffraction peaks: d/n 1.68, 2.11, 2.39,
2.77, 2.82, 3.30, 3.81, and 8.42 A for the tetrahydrate
and 1.51, 1.73, 2.17, 2.50, 2.84, 3.75, 4.31, and
7.37 A for the monohydrate [10, 11]. The precipitates
obtained at the initial molar ratio of tartrate ions and
bismuth in solution less than 1 are X-ray amorphous;
in this case, Bi(III) seems to be precipitated as a mix-
ture of oxohydroxonitrate and nitratotartrate. At n
equal to 1, diffraction peaks with d/n 2.24, 3.72, 5.57,
and 10.92 A are clearly seen in the X-ray patterns of
the precipitates (Fig. 2, curve 3). This pattern does not

correspond to any of the known bismuth compounds.
However, according to the chemical analysis, the
samples contain (%) Bi 49.00, C 9.74, H 1.42, and
N 2.46; the molar ratio of Bi(III) and tartrate and ni-
trate ions in the precipitate is 1 : 1.1 : 1.2, which
suggests that, under these conditions, a compound of
the composition [Bi(NO3)(H2O)3]C4H4O6 mainly
precipitates. The possibility for its formation was
reported in [12].

The precipitates obtained at 23oC and n no less
than 2 and also at 60oC and n no less than 3 consist
of a compound with the composition [Bi(C4H4O6) .
(C4H5O6)] .3H2O, which contains two different tar-
trate ligands, (+)-tartrate3 and (+)-tartrate23. This is
confirmed by the X-ray phase and chemical analyses.
The diffraction peaks characteristic of this compound
(d/n 1.84, 2.15, 2.46, 3.31, 4.36, 6.74, and 9.08 A) [6]
are present in the X-ray pattern (Fig. 2, curve 4), and
the molar ratio of Bi(III) and tartrate ions in the pre-
cipitate is 1 : 2 (the product contains 37.00% Bi,
17.61% C, and 2.64% H). The orthorhombic crystal
structure of this compound (space group P212121) in-
cludes a three-dimensional network with bridging and
chelating bonds of polydentate hydroxocarboxylate
ligands, and the coordination number of Bi(III) is
4 [6].

The thermal (DTA, TG, DTG) analysis of Bi(III)
oxohydroxonitrates and tartrates in air reveals a num-
ber of endo- and exothermic stages, demonstrating
the possibility of obtaining a-Bi2O3 by thermal de-
composition of Bi(III) tartrates. Comparison of the
thermograms of the samples obtained by Bi(III) pre-
cipitation from nitrate solutions in the absence of
tartaric acid (Fig. 3a) and at n equal to 1 (Fig. 3b) and
5 (Fig. 3c) shows that the total weight loss increases
with increasing n. This is due to an increase in the
content of tartrate ions in the precipitated products.
The thermal analysis of bismuth(III) oxohydroxoni-
trate reveals stepwise dehydration, dehydroxylation,
and decomposition of nitrate with the formation of
Bi2O3 [13]. The thermal decomposition of Bi(III)
nitratotartrate starts from water removal (endothermic
effect at 100oC) and decomposition of nitrate and tar-
trate ions (exothermic effects at 130, 240, and 320oC).
Bismuth(III) tartrate trihydrate obtained at n = 5 loses
weight in two stages: first water is removed (endo-
thermic effect at 140oC), and then tartrate ions de-
compose with endothermic effects at 270 and 340oC.
It is seen from the thermograms that heating of all the
samples gives Bi2O3 as the final product. The endo-
thermic effect at 730oC is due to the polymorphous
transition of a-Bi2O3 into the high-temperature modi-
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Fig. 2. Diffraction patterns of Bi(III) precipitates obtained
from nitrate solutions by adding (1, 2) water and (3, 4) tar-
taric acid. (I) Signal intensity and (q) Bragg angle. n:
(1, 2) 0, (3) 1, and (4) 5. Temperature, oC: (1) 23 and
(234) 60.

fication b-Bi2O3, and the endothermic effect at 820oC
is due to melting of Bi2O3 [14]. To transform Bi(III)
oxohydroxonitrate into the oxide, it is necessary to
calcine it at a temperature of no less than 540+20oC,
whereas Bi(III) tartrates can be transformed into the
oxide by their thermal decomposition at 320+20oC.

The study of the effect exerted by pH of the medi-
um on the degree of Bi(III) precipitation has shown
that, at the molar ratio of tartrate ions and Bi(III)
equal to 2.1, 23oC, and the concentration of H+ ions
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Fig. 3. Thermograms of Bi(III) precipitates obtained from
nitrate solutions by adding (a) water and (b, c) tartaric
acid. 23oC; sample weight 200 mg. (Dm) Weight loss and
(t) time. n: (a) 0, (b) 1, and (c) 5.

of 0.073, 0.34, 0.41, 0.61, 1.03, and 1.33 M the con-
centration of Bi(III) in solution is 20.9, 2.6, 1.0, 2.1,
11.5, and 12.8 g l31, respectively, i.e., the maximal
degree of Bi(III) precipitation (97.5%) is reached at
the 0.430.5 M concentration of hydrogen ions. The
concentration of free nitric acid in precipitation of
bismuth ditartrate by adding tartaric acid to a solution
of Bi(NO3)3 is 0.75 M. To achieve the maximal pre-
cipitation, it is necessary to neutralize the solution by
adding NaOH or NH3 .H2O. However, the degree of
Bi(III) precipitation sharply decreases at the concen-
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Fig. 4. IR absorption spectra of (1) tartaric acid, (2) sodium
tartrate, (3) [Bi(NO3)(H2O)3]C4H4O6, and (4) [Bi(C4H4O6).
(C4H5O6)] .3H2O. (A) Absorption and (n) wave number.

tration of free HNO3 in solution less than 0.3 M,
which may be due to formation of soluble tartrate-
containing complexes. As the concentration of free
HNO3 in solution increases over 0.6 M, the degree of
Bi(III) precipitation as a dihydrate also decreases, and
at 1.33 M H+ it is as low as 70.9%.

The degree of Bi(III) precipitation as a function of
the concentration of sodium tartrate is plotted in
Fig. 1 (curves 3, 4), which shows that this degree first
increases, passes through a maximum at the molar
ratio of tartrate ions and Bi(III) of 1.6 (R = 98%), and
then sharply decreases, i.e., the precipitate dissolves.
Such a pattern is due to the capability of Bi(III) to
form water-soluble complexes with tartrate ions. The
increase in the sodium tartrate concentration initially
results in the precipitation of basic Bi(III) nitrates and
tartrates of various compositions. The chemical analy-
sis has shown that the products precipitated at n 1
and 2 contain, respectively (%): Bi 49.7, Na 1.43,
NO3

3 11.32 and Bi 35.0, Na 6.1 and NO3
3 17.13. The

sodium3bismuth(III) molar ratio in the precipitate is
0.25 and 1.5, respectively. At n > 2 (23oC) and n > 3
(60oC), the degree of Bi(III) precipitation sharply de-
creases, which is due to formation of water-soluble
Bi(HC4H4O6)4

3 complex ions [9].

The IR absorption spectra of bismuth(III) tartrates
were compared to those of tartaric acid and its sodium

salt. The carboxy groups in the IR spectrum of tartaric
acid (Fig. 4, curve 1) give a broad band in the range
330032500 cm31 corresponding to O3H stretching
vibrations of carboxy groups bound in dimers. A band
with a maximum at 1720 cm31 corresponds to stretch-
ing vibrations of the C=O bonds of free carboxy
groups. A band with well-defined maxima at 3320 and
3400 cm31 corresponds to stretching vibrations of
hydroxy groups involved to various extents in the
hydrogen bonding.

The IR spectrum of sodium tartrate C4H4O6Na2
(Fig. 4, curve 2) contains bands of the COO3 group
with C3O bonds of the order 1.5 at 1610 (asymmetric
stretching vibrations) and 1410 cm31 (symmetric
stretching vibrations), indicating the transformation of
the carboxy groups to the anionic form. A broad band
with several maxima in the range 356033200 cm31

corresponds to hydroxy groups involved in various
hydrogen bonds and to molecular water present in
a certain amount in the associated form.

A similar IR pattern is observed with the compound
[Bi(NO3)(H2O)3]C4H4O6 obtained at the 1 : 1 molar
ratio of tartrate ions and Bi(III) (Fig. 4, curve 3).
However, along with the absorption bands of the de-
protonated carboxy group (1590 and 1390 cm31),
broadened bands in the range 140031280 cm31 and
a pronounced shoulder at 1310 cm31 are observed in
the spectrum, which most likely originate from the
absorption of nitrate ions. A broad band with a pro-
nounced maximum at 3400 cm31 is due to the O3H
stretching vibrations of water molecules and hydroxy
groups of tartrate ions involved in hydrogen bonding.

Similar to the spectrum of tartaric acid, the IR
spectrum of bismuth ditartrate (Fig. 4, curve 4) con-
tains, along with the absorption bands of carboxylate
groups (1590 and 1390 cm31), also the bands of
carboxy groups: a broad band in the range 32003
2400 cm31, which corresponds to the stretching vibra-
tions of OH groups of carboxylic acids involved in
hydrogen bonding, and a band at 1720 cm31 of the
stretching vibrations of the C=O bond in the carboxy
group. This spectral pattern is quite consistent with
the composition [Bi(C4H4O6)(C4H5O6)] .3H2O.

The electron micrographs (Fig. 5a) show that
Bi(III) nitratotartrates obtained at 23 and 60oC consist
of relatively large aggregates of the size from 3 to
40 mm, with signs of a block structure. The aggregates
consist of smaller crystals. Bismuth(III) ditartrate tri-
hydrate obtained at 23oC consists of oriented inter-
grown pieces of elongated prismatic (almost needle-
like) crystals of the size of about 3310 mm, whereas
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crystals of the product obtained at an elevated tem-
perature (60oC) have a size of 20360 mm (Fig. 5c).

When Bi(III) is precipitated from nitrate solutions
by adding a sodium tartrate solution, an X-ray amor-
phous product is obtained; its aggregates, having a
size of 135 mm, consist of submicrometer X-ray
amorphous particles (Fig. 5d). The specific surface
areas of sodium tartrates obtained at 23 and 60oC are,
respectively, for the nitratotartrate 0.8 and 0.7, for the
ditartrate 0.6 and 0.4, and for the sodium-containing
tartrate 1.5 and 1.1 m2 g31, i.e., the specific surface
area of Bi(III) tartrates decreases with increasing
temperature.

Bismuth(III) compounds are usually synthesized
from nitrate solutions starting from Vi-1 grade bis-
muth which contains Ag and Pb as the main impuri-
ties. The Bi(III) tartrate [Bi(C4H4O6)(C4H5O6)] .
3H2O was precipitated by adding tartaric acid to a
solution of Bi(NO3)3 at 23+1oC and the 5 : 1 ratio of
tartrate ions to Bi(III) in solution. Enlarged tests were
carried out with a Bi(III)-containing solution, which
was obtained by dissolving Vi-1 grade bismuth con-
taining 0.06 wt % Ag and 1.2 wt % Pb. The mixture
was stirred for 2 h and settled. The mother solution
containing 0.69 g l31 of Bi(III) was separated by
decanting. The precipitate of Bi(III) tartrate was
washed with one portion of a nitrate solution with
pH 1.0 and two portions of distilled water. The result-
ing Bi(III) tartrate contained (wt %) Pb 0.55, Ag 1.5 0
1034, Cu 2.5 0 1034, Fe 1.0 0 1033, and Zn 2.5 01034,
i.e., the removal of Pb(II) from Bi(III) was inefficient.
Therefore, to synthesize high-purity Bi(III) tar-
trate, it is necessary to use the Vi 00 grade metal
(>99.98% Bi) or to preliminarily remove impurity
metal ions by precipitating Bi(III) from nitrate solu-
tions as its oxohydroxonitrate [15]. To remove im-
purity metal ions from Bi(III), we diluted the initial
nitrate solution by a factor of 2 with distilled water
and added a 2.5 M solution of (NH4)2CO3 with stir-
ring to the solution containing 220 g l31 of Bi(III) and
37 g l31 of free HNO3, until pH of the pulp became
0.9. The precipitate was washed with two portions of
distilled water, and the resulting oxohydroxonitrate
[Bi6O5(OH)3](NO3)5 .3H2O was dissolved in 6.0 M
HNO3. The precipitation of Bi(III) ditartrate trihydrate
by adding tartaric acid to the resulting solution under
the above-mentioned conditions gave a product con-
taining (wt %) Pb 5.001034; Ag 301036; Cu 201036;
Fe 1.0 0 1034; Zn 8 0 1035; and Ca, Mg, and Na
<1.0 0 1034.

(a)
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(d)

50 mm
477777777776

Fig. 5. Electron micrographs of (a) nitratotartrate, (b) ditar-
trate, and (c) sodium-containing tartrate of Bi(III) obtained
on adding (a3c) tartaric acid and (d) sodium tartrate to
a solution of Bi(NO3)3. Temperature (oC): (a, b, d) 23 and
(c) 60.

CONCLUSIONS

(1) It is appropriate to synthesize the Bi(III) ditar-
trate [Bi(C4H4O6)(C4H5O6)] .3H2O by its precipita-
tion from bismuth-containing nitrate solutions by ad-
ding tartaric acid at the molar ratio of tartrate ions and
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Bi(III) in solution no less than 2, H+ concentration
of 0.430.5 M, and temperature of 22+3oC.

(2) When synthesizing high-purity Bi(III) ditar-
trate, it is necessary to use high-purity Bi(III), or, if
using technical-grade Bi(III), to preliminarily perform
hydrolytic purification of bismuth by its precipitation
as oxohydroxonitrate.

(3) Bi(III) is precipitated as the nitrotriaquatartrate
[Bi(NO3)(H2O)3]C4H4O6 from a solution with the
1 : 1 molar ratio of tartrate ions and Bi(III), whereas
the precititation with sodium tartrate gives sodium-
containing tartrates.

REFERENCES

1. Briand G.G. and Burford N., Chem. Rev., 1999,
vol. 99, no. 9, pp. 260132657.

2. Yukhin, Yu.M. and Mikhailov, Yu.I., Khimiya vismu-
tovykh soedinenii i materialov (Chemistry of Bismuth
Compounds and Materials), Novosibirsk: Sib. Otdel.
Ross. Akad. Nauk, 2001.

3. Girard, M., Bull. Soc. Chim. Fr., 1957, no. 2,
pp. 2403245.

4. Turkevich, N.M., Ukr. Khim. Zh., 1953, vol. 19,
pp. 2763281.

5. Kirchhoff, G.A., Spektr, M.O., and Akon’yants, E.A.,
Khim.-Farm. Prom3st., 1933, no. 3, pp. 1223123.

6. Herrmann, W.A., Herdtweck, E., Scherer, W., et al.,
Chem. Ber., 1993, vol. 126, pp. 51356.

7. Sagatys, D.S., O’Reily, E.J., Patel, S., et al., Aust. J.
Chem., 1992, vol. 45, pp. 102731034.

8. Tsimbler, M.E., Ukr. Khim. Zh., 1952, vol. 18,
pp. 3763380.

9. Tikhonov, A.S., Zh. Obshch. Khim., 1954, vol. 24,
no. 1, pp. 37341.

10. Lazarini, F., Cryst. Struct. Commun., 1979, vol. 8,
pp. 69374.

11. Afonina, L.I., Yukhin, Yu.M., and Vorsina, I.A., Sib.
Khim. Zh., 1993, no. 3, pp. 13319.

12. Gmelins Handbuch der anorganischen Chemie. Wis-
mut, Weinheim: Chemie, 1964, 8th ed.

13. Mikhailov, Yu.I., Yukhin, Yu.M., Shcherbinina, V.I.,
and Logvinenko, V.A., Zh. Neorg. Khim., 1991,
vol. 36, no. 8, pp. 191331918.

14. Gattow, G. and Schutze, D., Z. Anorg. Allg. Chem.,
1964, vol. 328, nos. 132, pp. 44368.

15. Yukhin, Yu.M., Mikhailov, Yu.I., Afonina, L.I., and
Podkopaev, O.P., Vysokochist. Veshch., 1996, no. 4,
pp. 62367.



1070-4272/03/7601-0007$25.00C2003 MAIK [Nauka/Interperiodica]

Russian Journal of Applied Chemistry, Vol. 76, No. 1, 2003, pp. 7311. Translated from Zhurnal Prikladnoi Khimii, Vol. 76, No. 1,
2003, pp. 9313.
Original Russian Text Copyright C 2003 by Morozov, Malkov, Malygin.

INORGANIC SYNTHESIS
ÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ ÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ

AND INDUSTRIAL INORGANIC CHEMISTRY

Interaction of Titanium Tetrachloride with Products
of Thermal Decomposition of Basic Magnesium Carbonate

S. A. Morozov, A. A. Malkov, and A. A. Malygin

St. Petersburg State Technological Institute, St. Petersburg, Russia

Received June 4, 2002

Abstract-The interaction of titanium tetrachloride vapor with products formed in thermal decomposition
of basic magnesium carbonate in the temperature range 2003800oC was studied.

Published data on modification of magnesium-con-
taining solid matrices with titanium tetrachloride show
that application of the gas-phase technique is mainly
limited to pure magnesium oxide [136]. Other mag-
nesium compounds are mostly modified in the liquid
phase. In synthesizing magnesium oxide, various hy-
droxocarbonate compounds with different phase com-
positions and structural characteristics have been ob-
tained and characterized [7]. In view of the wide use
of compounds of this kind in catalysis, as fillers, and
as binder components [2, 3, 8, 9], it is of current inter-
est to consider the possibility of gas-phase modifica-
tion of these compounds with titanium(IV) chloride.

EXPERIMENTAL

The samples used in the study were obtained
by thermal decomposition of basic magnesium carbo-
nate [ultrapure grade, TU (Technical Specifications)
6-09-2118377] in a flow of dried air (flow rate
50 ml min31) for 4 h at a temperature chosen from
the range 2003800oC. X-ray phase analysis of prod-
ucts formed in thermal treatment was made with a
DRON-2 diffractometer (Ni-filtered CuKa radiation,
range of angles q 2o340o) using the ASTM file. The
specific surface area of the initial samples was deter-
mined by the method involving low-temperature ad-
sorption of air [10]. The reaction of titanium tetra-
chloride with products formed by thermally induced
transformations of basic magnesium carbonate was
studied at 200oC on a thermogravimetric setup with a
quartz spring balance with the spring stretching factor
of 3.33 mg g31. With 0.1030.12-g samples, this al-
lows monitoring to within +0.5 mg g31 of mass
changes under conditions of a continuous supply of
reagent vapor and removal of gaseous reaction prod-

ucts. The products synthesized were analyzed for the
content of titanium [11] and chlorine [12].

The phase compositions of products formed in suc-
cessive transformations of basic magnesium carbonate
is listed in Table 1. It can be seen that, at calcination
temperatures below 400oC, the solid matrix contains
both magnesium oxide and magnesium carbonate. At
400oC and above, the product is entirely composed of
magnesium oxide, and the size of coherent domains
increases from 4.3 (400oC) to 15.6 nm (800oC).

Analysis of thermogravimetric curves of TiCl4
chemisorption (Fig. 1a) shows that all the samples are
characterized by a gradual decrease in the reaction rate
in the course of treatment with reagent vapor, which is
manifested in decreasing mass gain at equal intervals
of time. The overall change in the mass and in the
titanium content of reaction products at equal duration
of chemisorption as a function of the temperature of
sample preparation passes through a maximum at
400oC (Fig. 2). A similar dependence on the tempera-
ture of calcination of basic magnesium carbonate has
been observed previously for the specific surface area
of the samples obtained [7]. Therefore, to characterize
the reactivity of the surface of the products, the gains
in the mass and titanium content were related to unit
surface area (Fig. 2b, Table 2). The dependences ob-
tained indicate that the highest activity in reaction
with TiCl4, as regards the change in mass in the initial
stage and the maximum gain in mass, both related to
unit surface area, is observed with samples obtained
at 200 and 300oC.

The Cl/Ti ratio in the composition of all the prod-
ucts (Table 2) is close to the stoichiometric ratio in
titanium tetrachloride; moreover, no decrease in mass,
common in processes carried out on SiO2 and Al2O3,
is observed in the stage of removal of the physically
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Table 1. Phase composition of products formed in calcination of basic magnesium carbonate*
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Tc, oC
³

d/n, nm
³

I/I0, %
³ Phase according to ASTM ³

Size of coherence³ ³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ´
³ ³ ³ d/n, nm ³ I/I0, % ³ domain, nm

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
MgO .2MgCO3

Initial sample ³ 0.598 ³ 100 ³ 0.605 ³ 100 ³
³ 0.300 ³ 10 ³ 0.301 ³ 25 ³
³ 0.226 ³ 15 ³ 0.226 ³ 35 ³
³ 0.212 ³ 35 ³ 0.212 ³ 70 ³
³ 0.200 ³ 10 ³ 0.200 ³ 20 ³

MgO .2MgCO3

2003300 ³ 0.606 ³ 33 ³ 0.605 ³ 100 ³
³ 0.348 ³ 18 ³ 0.350 ³ 85 ³
³ 0.227 ³ 5 ³ 0.226 ³ 35 ³

MgO

400 ³ 0.210 ³ 100 ³ 0.210 ³ 100 ³
³ 0.150 ³ 45 ³ 0.149 ³ 52 ³ 4.3

500 ³ 0.243 ³ 5 ³ 0.243 ³ 10 ³
³ 0.211 ³ 100 ³ 0.210 ³ 100 ³ 6.6
³ 0.150 ³ 43 ³ 0.149 ³ 52 ³

600 ³ 0.243 ³ 6 ³ 0.243 ³ 10 ³
³ 0.210 ³ 100 ³ 0.210 ³ 100 ³ 9.1
³ 0.149 ³ 43 ³ 0.149 ³ 52 ³

800 ³ 0.243 ³ 6 ³ 0.243 ³ 10 ³
³ 0.211 ³ 100 ³ 0.210 ³ 100 ³ 15.6
³ 0.150 ³ 48 ³ 0.149 ³ 52 ³

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
* Tc, calcination temperature; d/n, interplanar spacing; I/I0, relative intensity.

adsorbed reagent and gaseous reaction products
(Fig. 1a). This suggests complete binding of the gase-
ous reagent with the magnesium-containing com-
pounds of the given series.

As noted in [1, 2, 5], in samples containing solely

Dm, mg g31

t, min

(a)

Fig. 1. (a) Change in sample mass, Dm, in reaction with TiCl4 vapor at 200oC and (b) that related to unit area of the initial
surface. (I) Stage of TiCl4 chemisorption and (II) stage of removal of physically adsorbed reagent. Sample preparation tempera-
ture (oC): (1) 200, (2) 300, (3) 400, (4) 500, (5) 600, and (6) 800.

the magnesium oxide phase, along with the exchange
reaction between the gaseous reagent and surface
functional groups,

3Mg3O3H + TiCl4 6 3Mg3O3TiCl3 + HCl, (1)

Dm, mg g31

t, min

(b)
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Table 2. Chemical composition of products formed in reaction of TiCl4 with products of thermal transformations of basic
magnesium carbonate
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ

Tc, oC
³

Ssp, m2 g31
³ Content, mmol g31 ³

Cl/Ti
³

TiS, atoms nm32
³

TiS/NTi³ ÃÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ´ ³ ³
³ ³ Ti ³ Cl ³ ³ ³

ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
200 ³ 15 ³ 0.24 ³ 1.21 ³ 5.04 ³ 9.99 ³ 3.5
300 ³ 17 ³ 0.34 ³ 1.42 ³ 4.18 ³ 12.58 ³ 4.4
400 ³ 240 ³ 2.18 ³ 9.11 ³ 4.18 ³ 8.01 ³ 2.8
500 ³ 215 ³ 1.80 ³ 7.35 ³ 4.08 ³ 6.98 ³ 2.4
600 ³ 110 ³ 1.44 ³ 5.70 ³ 3.96 ³ 9.93 ³ 3.5
800 ³ 80 ³ 1.00 ³ 4.05 ³ 4.05 ³ 9.03 ³ 3.2

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ

the reaction with the forming HCl and with TiCl4
yielding magnesium chloride are also possible:

MgO + 2HCl 6 MgCl2 + H2O, (2)

3Mg3O3H + HCl 6 3Mg3Cl + H2O, (3)

3Mg3O3H + TiCl4 6 3Mg3Cl + Ti(OH)Cl3, (4)

(5)MgO + TiCl4 6 MgCl2 + TiOCl
�

0.5TiCl4

�
0.5TiO

2

.

,

2 (5)MgO + TiCl4 6 MgCl2 + TiOCl
�

0.5TiCl4

�
0.5TiO

2

.

,

2

Formation of E3Cl groups was observed in reac-
tions of vapors of volatile chlorides and hydrogen
chloride with Al2O3 and ZnO matrices, which are
characterized by mainly ionic type of E3O bonds and
contain basic centers, in addition to acid centers, on
the surface [13317].

On the assumption that the reagent molecules are
fully bound to the matrix, chemical analysis data were
used to estimate the possible gain in mass of samples
in their interaction with TiCl4:

Dm = MTiTi + MClCl, (6)

where Dm is the gain in mass (mg g31); Ti, the content
of titanium in a sample (mmol g31); MTi, the molar
mass of titanium (g mol31); MCl, the molar mass of
chlorine (g mol31); Cl, the content of chlorine in a
sample (mmol g31).

The calculated gain in mass was compared with
that determined experimentally during the reaction
and and upon its completion by measuring the sample
mass (Table 3). For samples obtained at 4003800oC,
the calculated and experimental changes in mass are
in good agreement, suggesting that, for the given

samples containing solely the magnesium oxide phase,
the interaction with TiCl4 also proceeds via exchange
reactions [135].

For samples obtained at 200 and 300oC, which
contain a residual phase of magnesium carbonate, the
discrepancies between the calculated and experimental
gains in mass are significant. In view of the data in
Table 1, this may be due to removal of carbon dioxide
from the matrix, occurring in parallel with addition of
titanium(IV) and chlorine-containing groups under the
action of TiCl4 vapor.

Thus, in the case of hydroxocarbonate samples,
reactions (1)3(5) listed above presumably occur in
parallel with exchange of carbonate ions for chloride
ions with the formation of magnesium chloride and
titanium oxide as solid products:

2MgCO3 + TiCl4 = 2MgCl2 + TiO2 + CO2. (7)

It is this factor that may lead to additional mass
loss and to a decrease in the gravimetrically recorded
gain in the sample mass.

Dm, g g31

T, oC
Fig. 2. (1) Gain in mass, Dm, and (2) content of titani-
um(IV), Ti, in the product formed upon interaction with
TiCl4 vapor vs. sample preparation temperature, T.
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Table 3. Gain in sample mass upon interaction of TiCl4
with basic magnesium carbonate calcined at 2003800oC
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ

Tc, oC

³ Gain in mass, mg g31 ³

Dmc/Dmexp
ÃÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ´
³ calculated, ³ experimental, ³
³ Dmc ³ Dmexp ³

ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
200 ³ 46.95 ³ 37.04 ³ 1.27
300 ³ 66.63 ³ 47.82 ³ 1.39
400 ³ 427.37 ³ 463.37 ³ 0.92
500 ³ 346.78 ³ 384.97 ³ 0.90
600 ³ 271.04 ³ 261.36 ³ 1.04
800 ³ 191.47 ³ 201.29 ³ 0.95

ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ

Table 4. Assessment of the probability that TiCl4 and
hydrogen chloride may react with magnesium-containing
compounds
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ

Reaction
³Gibbs energy
³DG, kJ mol31,
³ at 200oC

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
Mg(OH)2 + TiCl4 6 MgCl2 + TiO2 + 2HCl ³ 3129.9
2MgCO3 + TiCl4 6 2MgCl2 + TiO2 + 2CO2 ³ 3136.8
2MgO + TiCl4 6 2MgCl2 + TiO2(anatase) ³ 3172.6
MgO + 2HCl 6 MgCl2 + H2O ³ 371.6
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ

To verify this assumption, we calculated the
amount of CO2 that can be removed by topochemical
reaction (7). According to differential-thermal analysis
of the starting compound, the content of CO2 in the
products formed upon thermal treatment at 200 and
300oC is, respectively, 15.7 and 19.3 mg g31 [7],
which is close to the difference between the calculated
and experimental gain in mass in interaction of the
matrices with TiCl4 vapor, equal to, respectively, 17.4
and 18.8 mg g31. At temperatures higher than 400oC,
when decomposition of magneisum carbonate in the
initial matrix is virtually complete, satisfactory agree-
ment is observed between the gains in mass calculated
from chemical analysis data and found experimentally.

Taking into account the aforesaid and proceeding
from the interaction schemes considered, we may
assume that the amount of titanium(IV) in the
products synthesized must exceed its possible content
for the case when only surface reactions involving
functional groups of the initial matrix occur to give a
titanium-containing monolayer. In other words,
topochemical reactions presumably occur at the given
temperature in parallel with surface reactions of
substitution and addition. Thermodynamic assessment

of the feasibility of the reactions at 200oC, based on
the standard Gibbs energies calculated using the ther-
modynamic constants of the reaction participants [18],
is done in Table 4. The Gibbs energy is negative for
all the reactions, which means that they may, in prin-
ciple, occur at the given temperature.

To confirm quantitatively the above assumption,
we calculated the limiting concentration of titani-
um(IV) on the surface of magnesium oxide for the
case of dense monolayer packing of TiCl4 molecules.

The effective landing area w for TiCl4 molecules
was calculated using the Brunauer3Emmett formula
[19]

w = 1.091(M/NAr)2/3, (8)

where w is the landing area for a molecule (nm2); M,
the molar mass of the chloride (g mol31); NA, Avo-
gadro’s constant (at. mol31); and r, the density of
liquid TiCl4 (g cm33).

For titanium tetrachloride, the landing area

w = 1.091(190/6.02 01023 01.728)2/3 = 0.35 nm2. (9)

The limiting content of titanium(IV) in the monolayer
is, correspondingly, given by

NTi = 1/w = 2.86 at nm32. (10)

For all the samples, the experimentally found con-
tent of titanium, TiS, exceeds the calculated mono-
layer concentration on the surface (Table 2). Thus, the
interaction of TiCl both with intermediates formed in
thermal transformation of basic magnesium carbonate
and with magnesium oxide under the temperature
conditions of the process, considered here, involves,
in addition to exchange reactions at the surface, topo-
chemical transformations accompanied by formation
of a product layer, presumably composed of bulk
magnesium chloride and titanium dioxide.

CONCLUSIONS

(1) The nature of interaction with TiCl4 vapor is
determined by the chemical and phase composition of
products formed in thermal transformation of basic
magnesium carbonate. Exposure to TiCl4 vapor of
magnesium-containing products of thermal treatment
at 200 and 300oC, which contain a large amount of
magnesium carbonate compounds, leads to their re-
placement magnesium chloride compounds, accom-
panied by evolution of carbon dioxide into the gas
phase.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 1 2003

INTERACTION OF TITANIUM TETRACHLORIDE 11

(2) The general pattern involves, together with sur-
face reactions, topochemical conversions accompanied
by formation of a product layer presumably composed
of bulk magnesium chloride and titanium dioxide.
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Abstract-Thermal expansion of niobium phosphates, new representatives of the family of structural analogs
of [NaZr2(PO4)3], was studied. These compounds possess high thermomechanical stability because of the
unique ability of their structure to expand3contract along different crystallographic directions under thermal
treatment.

Thermal expansion of a material is an important
characteristic determining its behavior under condi-
tions of multiple abrupt changes in temperature ([ther-
mal shock]). Crystalline substances, including ceram-
ics with low and ultralow expansion, and particular-
ly those with low anisotropy of thermal expansion, are
characterized by high thermomechanical stability.

The family of phosphates, structural analogs of
NaZr2(PO4)3 (NZP, Nasicon), known from the 1980s,
is unique in behavior of its representatives under
heating. Their structure is characterized by expansion3
contraction along different crystallographic directions,
which leads to low average thermal expansion for
most of them. Moreover, the ability of their structure
to incorporate strongly diverse cations (with oxidation
state in the range from +1 to +5) because of the broad
isomorphism ensures formation of a large number of
compounds and solid solutions with controllable
properties, including thermal properties. Therefore,
phosphates of the NZP family are of indubitable in-
terest for materials science specialists.

The structure of NaZr2(PO4)3 and its analogs [1],
which can be regarded as a derivative of the structure
of iron sulfate Fe2(SO4)3 [2, 3], is formed by a tetra-
hedral-octahedral framework of the [T2(PO4)3]n3 type,
composed of PO4 and TO6 groups sharing common
oxygen vertices, where T stands for elements in vari-
ous oxidation states, and n is the framework charge.
Cations are connected in the framework by strong
covalent bonds, and it is this factor that ultimately
determines its small deformations under heating.

Various cations, compensating the negative charge
n of the framework, may occupy positions of two
types, M1 and M2, in framework voids. The general
crystal-chemical formula of the compounds, which
takes into account the number of positions M, is
described as (M1)(M2)3[T2(PO4)3].

A separate group among framework phosphates of
this kind is constituted by compounds with electrical-
ly neutral frameworks (n = 0), with unoccupied posi-
tions M1 and M2. They can be represented as the
series

TIVTV(PVO4)3 6 TIII
1/2TV

3/2(PVO4)3

6 TII
1/3TV

5/3(PVO4)3 6 TI
1/4TV

7/4(PVO4)3.

Apparently, cations in the oxidation state +5 (TV)
are involved in formation of any framework of this
kind.

Representatives of phosphates with TIVTV and
TIII

1/2TV
3/2 are known. These are phosphates containing

TIV = Zr, Nb, Ti, Ge, V; TV = Nb, Sb, Ta [4310], and
TIII = Sb, Nd, Eu, Bi; TV = Sb, Nb, Ta [11313]. Most
of these are related to the structural type NZP, space
group R3

3
c or R

3
3. One of conditions for formation of

such a structure is that the relative difference between
the radii of the cations TIV3TV and TIII3TV, Dr /rmin,
should not exceed 0.3.

A study of thermal decomposition of phosphates
with the above composition established that all the
compounds studied are characterized by nearly zero
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thermal expansion with nearly zero expansion anisot-
ropy along different crystallographic directions [638,
14].

The set of the already synthesized and studied
phosphates described by the above formula series is
rather limited. At the same time, it should be kept in
mind that the compositions proposed cannot be
always obtained. The possible limiting factors are
chemical and crystal-chemical features of framework-
forming cations.

This study was aimed to synthesize phosphates of
the general formula TII

1/3TV
5/3(PO4)3 with TII = Mg,

Co, Ni and TV = Nb and analyze their thermal expan-
sion. There are no published data on phosphates of
such composition. With account of the nature of cat-
ions (their radii, charges, electronegativities) and the
formation of an electrically neutral framework (n = 0),
anticipated in view of the stoichiometry chosen, it
would be expected that the new compounds have
structure with trigonal crystal system (rhombohedral
unit cell) and nearly zero thermal expansion.

EXPERIMENTAL

Phosphates of niobium(V) and bivalent metals of
the type B1/3Nb5/3(PO4)3, where B = Mg, Co, Ni,
were synthesized by the solid-phase method. As start-
ing reactants served MgO, CaCO3, Sr(NO3)2, CoCl2 .
6H2O, Ni(NO3)2 .6H2O, (NH4)2HPO4, and Nb2O5.
The synthesis included several stages. A mechanical
mixture of reactants taken in stoichiometric amounts
was ground in an agate mortar and kept at 450oC for
4 h. Then the mixture was subjected to isothermal
treatment at 600, 800, 900, 1000, and 1100oC for 243
60 h with intermediate dispersion in each stage.

The phosphates obtained were studied by IR spec-
troscopy, X-ray phase analysis, electron-microprobe
analysis, and high-temperature X-ray diffraction
analysis.

The microprobe analysis was made on a Camebax
instrument with a Link AN-10 000 energy-dispersive
detector, with the ZAF-correction technique used to
calculate compositions. The accuracy with which
the composition of samples was determined was
2.5 mol %.

IR spectra were recorded on a Specord 75-IR spec-
trophotometer in the wave number range 18003
400 cm31. Samples in the form of a finely dispersed
suspension in isopropyl alcohol were deposited onto
a KBr substrate.

n, cm31

Fig. 1. IR spectra of phosphates of the type B1/3Nb5/3(PO4)3
with B = (1) Mg, (2) Co, and (3) Ni. (P) Transmission and
(n) wave number.

X-ray diffraction patterns of powder samples were
recorded on a DRON-3.0 diffractometer with filtered
CuKa radiation (l = 1.54078 A) in the range of angles
2q 10o380o. The angle measurement error did not
exceed 0.015o. This led to an error in lattice param-
eters equal to 0.005 and 0.01 A along the a and
c axes, respectively.

The behavior of the phosphates under heating was
studied by powder high-temperature X-ray diffraction
analysis on a DRON-3M diffractometer with a GPVT-
1500 high-temperature attachment in filtered CoKa
radiation (l = 1.78892 A) [15]. The samples were
heated at an average rate of 10 deg min31. Reflections
were recorded in the temperature range 203800oC
with a temperature step of 200oC. The temperature
was measured with a Pt3Pt/Rh thermocouple, whose
readings were verified by simultaneous measurement
of lattice parameters of a reference substance (Al2O3).
The axial coefficients aa and ac were calculated by
a procedure based on the least-squares method [16].

It follows from the results of X-ray diffraction
analysis that individual phases are obtained for all the
niobium(V) phosphates studied. According to the
results of electron-microprobe analysis, these samples
are homogeneous and have compositions close to the
theoretical composition corresponding to the formula
B1/3Nb5/3(PO4)3. Their X-ray diffraction patterns are
similar in positions and relative intensities of diffrac-
tion peaks. As regards the distribution of vibration
frequencies, the IR spectra (Fig. 1) are also closely
similar and indicate that the compounds under study
are orthophosphates.
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Table 1. X-ray diffraction data for phosphates of the type B1/3Nb5/3(PO4)3 (B = Mg, Co, Ni)
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

hkl
³ NbTi(PO4)3 [17] ³ Mg ³ Co ³ Ni
ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ
³ d, A ³ I / I0, % ³ d, A ³ I / I0, % ³ d, A ³ I / I0, % ³ d, A ³ I / I0, %

ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ
102 ³ 6.144 ³ 60 ³ 6.174 ³ 42 ³ 6.143 ³ 37 ³ 6.255 ³ 43
104 ³ 4.414 ³ 100 ³ 4.471 ³ 100 ³ 4.416 ³ 100 ³ 4.437 ³ 100
110 ³ 4.279 ³ 59 ³ 4.316 ³ 80 ³ 4.293 ³ 72 ³ 4.309 ³ 77
113 ³ 3.695 ³ 58 ³ 3.718 ³ 82 ³ 3.707 ³ 78 ³ 3.719 ³ 82
204 ³ 3.072 ³ 77 ³ 3.089 ³ 73 ³ 3.085 ³ 68 ³ 3.083 ³ 70
116 ³ 2.783 ³ 29 ³ 2.796 ³ 53 ³ 2.792 ³ 52 ³ 2.799 ³ 55
124 ³ 2.496 ³ 12 ³ 2.511 ³ 27 ³ 2.509 ³ 25 ³ 2.513 ³ 27
300 ³ 2.470 ³ 23 ³ 2.491 ³ 28 ³ 2.486 ³ 27 ³ 2.490 ³ 24
218 ³ 1.961 ³ 12 ³ 1.970 ³ 13 ³ 1.971 ³ 12 ³ 1.974 ³ 14
314 ³ 1.925 ³ 10 ³ 1.942 ³ 19 ³ 1.938 ³ 15 ³ 1.940 ³ 15
226 ³ 1.847 ³ 11 ³ 1.860 ³ 12 ³ 1.859 ³ 9 ³ 1.861 ³ 11

2.1.10 ³ 1.729 ³ 13 ³ 1.741 ³ 14 ³ 1.737 ³ 16 ³ 1.739 ³ 14
410 ³ 1.617 ³ 13 ³ 1.635 ³ 20 ³ 1.631 ³ 18 ³ 1.631 ³ 16

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

The diffraction patterns were indexed with the use
of an analog, NbTi(PO4)3, which is characterized by
rhombohedral symmetry [17] and belongs to the struc-
tural type of NaZr2(PO4)3 (NZP) (Table 1).

The results of X-ray diffraction analysis are in
good agreement with IR data. The spectral pattern
characteristic of NZP phases is similar to that of the
substances containing tetra- and pentavalent elements,
e.g., TaV(PO4)3 [10].

Table 2. Crystallographic parameters of phosphates of the
type B1/3Nb5/3(PO4)3 (B = Mg, Co, Ni)
ÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄ

B
³

r, A
³

Dr/rmin

³ a ³ c ³
V, A³ ³ ÃÄÄÄÄÄÄÁÄÄÄÄÄÄ´

³ ³ ³ A ³
ÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄ

Mg ³ 0.72 ³ 0.125 ³ 8.642 ³ 22.11 ³ 1430
Co ³ 0.75 ³ 0.172 ³ 8.642 ³ 22.09 ³ 1429
Ni ³ 0.69 ³ 0.078 ³ 8.637 ³ 22.08 ³ 1429

ÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄ

Table 3. Data of high-temperature X-ray diffraction analy-
sis for phosphates of the type B1/3Nb5/3(PO4)3 (B = Mg,
Co, Ni)
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

B
³ a 0 106, deg31

ÃÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ
³ aa ³ ac ³ aav

ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
Mg ³ 32.3 ³ 3.4 ³ 30.39
Co ³ 31.5 ³ 4.4 ³ 0.45
Ni ³ 32.2 ³ 3.0 ³ 31.92

ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ

The unit cell parameters calculated for the phos-
phates B1/3Nb5/3(PO4)3 (B = Mg, Co, Ni) (Table 2)
are close and vary only slightly within the range from
8.657 to 8.642 A for a and 22.08 to 22.11 A for c.

The double phosphates of niobium(V) and bivalent
metals Mg, Co, and Ni, characterized by the above
techniques, were studied under heating. First, the ther-
mal limits of existence of the compounds obtained
were found. It was established that, having formed at
600oC as crystalline phases, they retained their com-
position and structure up to 900oC. Raising the tem-
perature led to decomposition of the NZP phosphates,
with the high-temperature modification a-NbOPO4
(space group P4/n) [18] becoming the predominant
phase.

Changes in the structure of the phosphates under
thermal treatment in the range from room temperature
to 800oC were judged from the linear thermal expan-
sion coefficients aa = Da /(aDT) and ac = Dc /(cDT).
The coefficients aa and ac, calculated from X-ray dif-
fraction data, are listed in Table 3.

As expected, the phosphates under study, having an
electrically neutral framework, little expand upon
heating. The experimentally determined crystallo-
graphic parameters a and c vary only slightly within
the temperature range studied. The structure exhibits
anisotropy of thermal expansion: contraction along
the a-axis (aa < 0) and expansion along the c-axis
(ac > 0), which is characteristic, as already mentioned,
of the family of NZP phosphates. The differences in
aa and ac values in the series of Mg3Co3Ni phos-
phates are insignificant, although a certain decrease in
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contraction along the a-axis and increase in expansion
along the c-axis are observed for the Co1/3Nb5/3(PO4)3
phosphate, compared with its Mg and Ni analogs.

Also, the unit cell parameters a and c at different
temperatures were calculated from data furnished by
high-temperature X-ray diffraction analysis (Fig. 2). A
tendency is observed for the parameter a of the hex-
agonal unit cell in the phosphates B1/3Nb5/3(PO4)3,
(B = Mg, Co, Ni) to decrease and the parameter c to
increase with increasing temperature. Such a behavior
is commonly characteristic of phosphates with NZP
structure. Apparently, the crystallographic parameters
a and c change only slightly upon heating.

The average thermal expansion was calculated for
the phosphates studied (Table 3). These compounds
show either insignificant average thermal expansion,
or contraction (aav < 0). Apparently, the results of
the study supplement published data on phosphates
exhibiting low thermal expansion, which are re-
presented now by a small number of compounds. The
list includes NbM(PO4)3, where M = Ti, Zr, Sn, Hf
[6, 7, 14].

The unique ability of materials based on phos-
phates with NZP structure to exhibit virtually zero
expansion upon heating may be luckily combined
with such properties as high hydrothermal stability
and radiation hardness, capacity for forming, high
strength and hardness of ceramics prepared on their
base, environmental stability, etc. The properties
listed above are of value for materials for space and
laser technologies, petrochemistry and other fields of
chemistry, development of catalysts and catalyst sup-
ports, neutron-absorbing ceramics, hard tool ceramics,
refractory composites, and other functional materials.

CONCLUSION

Thermal expansion of new compounds, belonging
to the class of orthophosphates with framework
structure, was studied. Phosphates of niobium(V)
and bivalent metals Mg, Co, and Ni, of the type
B1/3Nb5/3(PO4)3, supplemented the family of struc-
tural analogs of NaZr2(PO4)3 (NZP or Nasicon),
which are characterized by low or ultralow thermal ex-
pansion and the resulting stability to thermal shocks.
It was shown that the low value of the average ther-
mal expansion coefficient, aav ; 103631037 deg31, is
due, as in the case of all phosphates of similar struc-
ture, to expansion3contraction along different crystal-
lographic axes.

c, A

a, A

T, oC

Fig. 2. Unit cell parameters a and c of phosphates of the
type B1/3Nb5/3(PO4)3 with B = (1) Mg, (2) Co, and (3) Ni
vs. temperature T.
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Abstract-Complex formation of calcium ions with succinic acid monoamide and methyl hydrogen succinate
at 25oC and ionic strength I = 0.3 (KCl) was studied by pH-potentiometric titration. The stability constants of
the complexes were determined.

Fatty acid collecting agents used for dressing of
phosphorus-containing ores are obtained from vege-
table raw materials. They are insufficiently effective
for flotation of ores with complicated mineralogical
composition, especially under conditions of water
recycling. One of promising ways for the development
of effective collecting agents that are less sensitive
to the salt composition of the pulp liquid phase is the
use of compounds containing two different functional
groups.

Nitrogen- or oxygen-containing monosubstituted
succinic acid derivatives are of interest in this respect
[133]. They are readily available owing to high reac-
tivity of the anhydride ring in reactions of the an-
hydride with methanol or ammonia.

The pulp liquid phase formed during dressing of
apatite (a calcium-containing mineral) contains a sig-
nificant amount of calcium ions, which strongly affect
the flotation process. Therefore, it was important to
estimate stability of calcium compounds in aqueous
solutions of succinic acid monoamide and monoester.
The complex formation of unsubstituted succinic acid
with calcium ions was studied in [4], and the stability
constants of the resulting compounds were deter-
mined.

The aims of this work were to estimate the effect of
amidation or esterification of one of carboxy groups in
succinic acid on the stability of calcium salts and to
determine the constants of Ca(II) complex formation
with succinic acid monoamide and monomethyl ester.

EXPERIMENTAL

Methyl hydrogen succinate [5] and succinic acid
monoamide were prepared by the reactions of succinic

anhydride with methanol and ammonia, respectively.
Succinic acid monoamide was recrystallized three
times from ethanol and dried under reduced pressure.
Methyl hydrogen succinate was used without addi-
tional purification. The compounds synthesized were
identified by melting points and neutralization equiv-
alents (see table).

The Ca(II) complex formation with monosubsti-
tuted derivatives of succinic acid was studied by
pH-potentiometric titration. The experimental condi-
tions were the same as in the earlier study of Ca(II)
complex formation with unsubstituted succinic acid
[4]: 25oC and ionic strength I = 0.3 supported by KCl.
The ionization constants B of the compounds HL
under consideration, which are required to calculate
the complex formation constants, were determined
previously under the same conditions [6].

The pH was measured with glass and silver chlor-
ide electrodes on an I-120.1 pH meter with an ac-
curacy of +0.01 pH unit.

The concentration of monosubstituted succinic acid
derivatives was 0.1030.15 M, and the concentration
of the added Ca(NO3)2 solution, 0.1 M. The concen-
ration ratios Ca(II) : HL were 1 : 5 and 1 : 3.

Characteristics of monosubstituted succinic acid derivatives
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Compound
³ mp, oC ³ Neutralization, mol-equiv
ÃÄÄÄÄÄÂÄÄÄÄÅÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ
³ found ³ [5] ³ found ³ calculated

ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
Methyl hydro-³ 57 ³ 58 ³ 131.3 ³ 132.1
gen succinate ³ ³ ³ ³

³ ³ ³ ³Succinic acid ³ 156 ³ 157 ³ 116.2 ³ 117.0
monoamide ³ ³ ³ ³
ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 1 2003

18 MITROFANOVA

The concentrations of succinic acid monosubsti-
tuted derivatives HL in solution were calculated from
the precise weights of their portions and refined by
pH-potentiometric titration. Chemically pure grade
calcium nitrate and potassium chloride were used.
The content of Ca(II) in solutions were determined by
complexometric titration. The concentration of KOH
solution prepared by dilution of its saturated solution
[6] was refined by potentiometric titration. All the
solutions were prepared in freshly boiled distilled
water.

Solutions of a succinic acid monosubstituted
derivative, Ca(NO3)2, and KCl were placed in a tem-
perature-controlled cell. After adding each portion
(0.1 ml) of the titrant (0.3 M KOH), the pH values
were measured. The equilibrium was considered as
attained if pH remained constant for 233 min. The
glass electrode was calibrated by buffer solutions
before each measurement. The calibration straight line
was determined by the least-squares procedure and
then used to refine the pH values obtained during
titration. The pH meter readings were checked by
a buffer solution with pH 4.01 after each titration. If
the measured pH differed from this value by more
than 0.02, the results were discarded. Points of the
titration curve in the range pH 3.036.0 were used in
the calculations.

The protonation constants of succinic acid mono-
amide and methyl succinate anions,

[HL]
B = ÄÄÄÄÄÄ,

[L3][H+]

were determined by the potentiometric titration at
25oC and ionic strength I = 0.3 (KCl). Three to five
replicate determinations were performed for each acid.
In each determination, the protonation constant was
calculated as the average of the calculated values for
each point of the titration curve. The error in log B
was taken as the probable deviation of the arithmetic
mean at a confidence level of 0.95. The calculated
log B values for succinic acid monoamide and methyl
hydrogen succinate were 4.51+0.01 and 4.42+0.01,
respectively (I = 0.3, T = 25oC).

The following equilibria were taken into account
when calculating the stability constants of calcium
complexes with succinic acid derivatives:

H+ + L3 6
4 HL, (1)

Ca2+ + L3 6
4 CaL+, (2)

Ca2+ + 2L3 6
4 CaL2. (3)

Hydrolysis of Ca2+ ions was not taken into account,
as being negligible at pH < 6 [7].

The equilibrium concentrations of species in solu-
tion were calculated from the following equations of
material balance and mass action law:

cL = [HL] + [L3] + [CaL+] + [CaL2],

cH = [HL] + [H+],

cM = [Ca2+] + [CaL+] + [CaL2],

[HL] [CaL+]
B = ÄÄÄÄÄÄ, bCaL+ = ÄÄÄÄÄÄÄÄ,

[L3][H+] [Ca2+][L3]

[CaL2]
bCaL2

= ÄÄÄÄÄÄÄÄ,
[Ca2+][L3]2

where cL, cH, and cM are total concentrations of the
ligand, hydrogen ions, and metal ions, respectively;
B, protonation constant of a monosubstituted succinic
acid derivative; and bCaL2

and bCaL+, stability con-
stants of the corresponding calcium compounds.

The formation function 3n for the system under
study has the following form:

bCaL+[L3] + 2bCaL2
[L3]2

3n = ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ.
1 + bCaL+[L3] + 2bCaL2

[L3]2

This equation can be transformed to

3n + (3n 3 1)[L3]bCaL+ + (3n 3 1)[L3]2bCaL2
= 0.

The experimental data were treated by the least-
squares procedure. The number of independent deter-
minations of complex formation constants for each
compound was 8310. The obtained bCaL+ and bCaL2values for Ca(II) complexes with succinic acid mono-
amide and methyl hydrogen succinate at I = 0.3 (KCl)
and T = 25oC were recalculated to zero ionic strength
by the Davies equation. The experimental data were
approximated by y = a + bx functions with at con-
fidence level of 0.95 and with the confidence interval
no greater than 2. The logarithms of the complex for-
mation constants are presented below together with
the previous data [4] on the stability of calcium suc-
cinates, given for comparison.

Compound logb0
CaL+ logb0

CaL2
Succinic acid 2.08+0.02 3.41+0.06
Methyl hydrogen succinate 1.91+0.02 3.56+0.03
Succinic acid monoamide 1.86+0.05 3.58+0.06



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 1 2003

COMPLEX FORMATION OF CALCIUM IONS 19

These data show that the stability of calcium com-
plexes with succinic acid monoamide and methyl
hydrogen succinate is virtually independent of the
nature of substituted carboxy group. Comparison of
the logb0 values for the compounds under study and
calcium succinates shows that replacement of one
carboxy group by an amide or ester group decreases
the stability of the 1 : 1 Ca(II) complexes. Since suc-
cinic acid has two carboxy groups, it was suggested
[8] that the probable structure of its Ca(II) chelate
contains a seven-membered ring. In contrast to the
acid, the monosubstituted derivatives under considera-
tion contain one anion and one nonionic (amide or
ester) group showing no tendency to form a coordina-
tion bond. The composition of the monosubstituted
derivatives under study and the stability constants
found in this work suggest that succinic acid mono-
amide and methyl hydrogen succinate behave as
monodentate ligands. In the case of 1 : 2 calcium
complexes with the monosubstituted derivatives, the
logb0

CaL2
values are greater than in the case of the

Ca(II) complex with succinic acid.

CONCLUSIONS

(1) The complex formation of Ca(II) with methyl
hydrogen succinate and succinic acid monoamide was
studied. The stability constants of the 1 : 1 and 1 : 2
Ca(II) complexes were determined by potentiometric
titration.

(2) The stability of the 1 : 1 Ca(II) complexes de-
creases on replacement of one of carboxy groups in
the succinic acid molecule by a nonionic ester or
amide group.
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Abstract-The possibility was examined for preparing various iron oxide pigments for mineral paints from
solid industrial waste of metallurgical, chemical, and mechanical engineering plants by synthesizing yellow
pigment, goethite, and preparing other pigments on its basis. The influence exerted by the kind of waste and
conditions of goethite synthesis on the main properties of the pigments was elucidated.

It is known that hundreds thousands of tons of
practically unusable solid waste containing from less
than 15 to more than 90 wt % iron are formed annual-
ly at metallurgical, chemical, mechanical engineering,
and other industrial plants. There are indications in
the literature that various iron oxide pigments can be
prepared from, e.g., solid waste of sewage treatment
at electroplating plants [1, 2] and from ash of sulfuric
acid manufacture [3].

Recently, synthesis of goethite (a-FeOOH yellow
pigment) from iron sulfate followed by reprocessing
into pigments of other colors is the most promising
method for production of high-quality finely dispersed
iron oxide pigments.

It was shown previously [4, 5] that waste of Se-
veronikel’ nonferrous metallurgical plant, spent iron
catalyst from Nevinnomyssk chemical plant, and
waste of Cheboksary mechanical engineering plant
can be used for preparing, via synthesis of goethite,
magnetic iron oxide powder g-Fe2O3 for tape recorder
carriers; its properties are controlled by the waste
composition and conditions of goethite synthesis.

In this work, we examined the possibility of
preparing various iron oxide pigments for mineral
paints from these types of waste via synthesis of
goethite.

The average elemental compositions of the wastes
studied, as determined by X-ray spectral analysis, are
compared in Table 1.

To prepare iron sulfate solutions, the waste was
leached by alternating treatments with sulfuric acid
solutions and water. The optimal conditions for leach-
ing and washing, solution compositions, procedures

for removing impurities, and features of processes on
an enlarged installation have been described previous-
ly [436].

Goethite was synthesized and converted to other
pigments by the following scheme:

H2SO4 OH3, O2Solid waste 776 FeSO4 7776 a-FeOOH
Yellow

N2, D H2, D O2, D
776 a-Fe2O3 776 Fe3O4 776 g-Fe2O3.

Red Black Reddish brown

The products of successive transformations yellow
goethite 6 red hematite (a-Fe2O3) 6 black magnetite
(Fe3O4) 6 reddish brown maghemite (g-Fe2O3) are
commercial pigments. The goethite crystals have
acicular shape, which is preserved in all the sub-
sequent stages of goethite conversion.

Table 1. Elemental composition of the waste
ÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Waste ³ Elemental composition, wt %
ÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Nonferrous ³Fe 28.1; Si 18.1; Ca 2.7; Mg 1.8; Al 1.0;
metallurgy ³Ti 0.3; S 1.0; Na 0.9; K 0.8; Co 0.44;
sluge (NMS) ³Cr 0.3; Cu 0.3; Ni 0.22; Mn 0.18;

³Zn 0.1; Cl 0.1; V 0.06; P 0.06; Ru,
³Rb, and Pt <0.01; the remainder O³

Spent catalyst ³Fe 85.5, Ca 2.5, Al 1.2, K 0.6,
(SC) ³the remainder O³
Mechanical ³Fe 16.1, Si 14.0, Mn 3.5, S 3.1, Al 1.5,
engineering ³Cu 1.0, Cl 0.4, Zn 0.3, Ti 0.2, K 0.16,
calcination ³Mg 0.12, Cr 0.1, Na <0.1, Ni <0.1,
sludge (MECS)³the remainder O
ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
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Table 2. Properties of the pigments synthesized
ÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Sam-
³

Property
³ Pigment ³

Waste
³ Conditions of goethite synthesis

³ ÃÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ´ ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
ple ³ ³ yellow ³ red ³ black ³reddish brown³ ³precipitant ³ T, oC ³ W, l h31 l31 solution
ÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

P1 ³CP, g m32 ³ 17.7 ³ 15.1 ³ 11.5 ³ 16.3 ³ NMS ³ KOH ³ 20 ³ 206
³OA, g/100 g ³ 68 ³ 51 ³ 39 ³ 41 ³ ³ ³ ³
³ ³ ³ ³ ³ ³ ³ ³ ³P2 ³CP, g m32 ³ 14.3 ³ 10.9 ³ 9.0 ³ 10.1 ³ SC ³ KOH ³ 20 ³ 100
³OA, g/100 g ³ 44 ³ 39 ³ 39 ³ 46 ³ ³ ³ ³
³ ³ ³ ³ ³ ³ ³ ³ ³P3 ³CP, g m32 ³ 16.9 ³ 8.3 ³ 10.0 ³ 12.6 ³ SC ³ KOH ³ 20 ³ 206
³OA, g/100 g ³ 53 ³ 33 ³ 42 ³ 39 ³ ³ ³ ³
³ ³ ³ ³ ³ ³ ³ ³ ³P4 ³CP, g m32 ³ 15.0 ³ 7.9 ³ 12.5 ³ 14.1 ³ SC ³ KOH ³ 20 ³ 750
³OA, g/100 g ³ 50 ³ 34 ³ 37 ³ 42 ³ ³ ³ ³
³ ³ ³ ³ ³ ³ ³ ³ ³P5 ³CP, g m32 ³ 16.4 ³ 7.8 ³ 9.8 ³ 12.3 ³ SC ³ KOH ³ 45 ³ 206
³OA, g/100 g ³ 49 ³ 39 ³ 29 ³ 39 ³ ³ ³ ³
³ ³ ³ ³ ³ ³ ³ ³ ³P6 ³CP, g m32 ³ 17.4 ³ 14.2 ³ 3 ³ ³ SC ³ Na2CO3 ³ 20 ³ 206
³OA, g/100 g ³ 56 ³ 49 ³ 3 ³ 3 ³ ³ ³ ³
³ ³ ³ ³ ³ ³ ³ ³ ³P7 ³CP, g m32 ³ 19.7 ³ 18.7 ³ 3 ³ 3 ³ MECS ³ KOH ³ 20 ³ 206
³OA, g/100 g ³ 61 ³ 48 ³ 3 ³ 3 ³ ³ ³ ³

ÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

In the course of synthesis of the goethite pigment,
we used a new method of nucleus-free precipitation
with alkali (KOH) at pH > 13 and, for comparison,
the traditional sodium carbonate precipitation. The
temperature and the rate of the air feed into the sus-
pension were varied in the course of the synthesis,
with the precipitant/FeSO4 volume ratio being con-
stant in most experiments (n = 2). The suspension was
stirred with a stirrer at a rate of 200 rpm.

a-FeOOH was dehydrated in a nitrogen flow at
300oC to obtain a-Fe2O3, which was reduced with
hydrogen at 380oC to Fe3O4. The latter was oxidized
to g-Fe2O3 in air at 200oC. The space velocities
of the gases in various stages of the synthesis were
(ml min31 g31) nitrogen 30, hydrogen 25, and air 60.
The quality of the pigments synthesized was charac-
terized by the covering power CP (g m32) and oil
absorption OA (g/100 g), which were measured by
standard procedures [7]. The pigment color was eval-
uated visually.

Table 2 shows how the properties of the pigments
synthesized vary depending on the kind of waste and
synthesis conditions.

The yellow and red pigments synthesized from dif-
ferent wastes under the similar conditions have high
characteristics for all samples (P1, P3, and P7), with
the P3 sample (from spent catalyst) having the best
covering power and oil absorption. Compared to P1
pigment (from metallurgical sludge), the black and

reddish brown pigments P3 are better in covering
power and nearly similar in oil absorption.

The characteristics of the samples of all colors
depend on the rate of the air feed into the suspension
in the W range studied (samples P23P4). The minimal
value of W was optimal for the yellow pigment, and
its maximal value, for the red pigment. For the black
and reddish brown pigments, the optimal covering
power was attained at the minimal value of W, and
the optimal oil absorption, at the middle or maximal
value.

The yellow pigments from the spent catalyst, ob-
tained by alkali precipitation and precipitation with
sodium carbonate (samples P3 and P6, respectively),
have similar characteristics, and the red pigment from
the spent catalyst obtained by alkali precipitation has
better characteristics. The pigments of all the colors
synthesized at elevated and standard temperatures
(samples P5 and P3, respectively) have similar charac-
teristics, except for the black pigment P5 having lower
oil absorption. Thus, by varying various parameters
of the goethite synthesis, it is possible to vary within
a certain interval the properties of the pigments
synthesized.

Among yellow pigments, sample P4 from the spent
catalyst has the highest color characteristic. Sample
P6 obtained by sodium carbonate precipitation has the
middle color characteristic. The color characteristic of
the sample P7 from mechanical engineering sludge is
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Table 3. Properties of commercial iron oxide pigments [7]
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ
Brand or composition³ Color ³CP, g m32³ OA, g/100 g
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
Zh-0 ³Yellow ³ 12315 ³ 35350
Zh-1 ³" ³ 15320 ³ 35360
Zh-2 ³" ³ 15320 ³ 35370
K, grade 1 ³Red ³ 637 ³ 26335
K, grade 2 ³" ³ 738 ³ 25335
English Red ³" ³ 10315 ³ 35350
Indian Red ³" ³ 10315 ³ 30340
Fe3O4 ³Black ³ 6310 ³ 20330
a-Fe2O3 ³Reddish ³ 7315 ³ 30350

³brown ³ ³
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ

the worst, which may be due to a high content of the
manganese oxide impurity. Sample P5 obtained at
higher temperature of the goethite synthesis and sam-
ple P2 obtained at a low velocity of the air feed have a
dark color. The peak of their absorption was shifted
toward longer wavelengths, which may be due to in-
creased particle size [7].

The properties of the commercial iron oxide pig-
ments are characterized in Table 3 [7].

Yellow pigments of the indicated brands are used
in industry as stencil and special-purpose paints, as
additives to color cements, as thermosensitive pig-
ments (up to 280oC), etc. Red pigments are used in
construction and for painting ships and plastics. Black
pigments are used in paints instead of carbon black,
for coloring fiber glass, and as an intermediate in
production of artist paints. The Fe3O4 powder is used
for xerocopying. In pigment properties, g-Fe2O3 is
similar to a-Fe2O3.

In covering power and oil absorption, the P2 and
P4 yellow pigments obtained correspond to Zh-0
commercial standard; samples P3, P5, and P6, to

Zh-1 standard; and samples P1 and P7, to Zh-2
standard. Red sample P4 corresponds to K standard,
grade 2; sample P3 corresponds to this standard in oil
absorption, and sample P5, in covering power. Sam-
ples P1, P2, P6, and P7 in their characteristics are
similar to English Red pigment. Sample P5 corre-
sponds to the black standard, and samples P23P5, to
the reddish brown standard.

CONCLUSIONS

(1) In the main characteristics, iron oxide pig-
ments (yellow, red, black, and reddish brown) syn-
thesized from solid waste correspond to commercial
pigments.

(2) Along with the use of Na2CO3, a nucleus-free
method of alkaline precipitation is suitable for syn-
thesizing goethite as intermediate in production of
pigments.

(3) Choice of the conditions of the goethite syn-
thesis allows control of the main characteristics of
pigments.
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Abstract-Conditions for complex formation in aqueous electrolyte solutions containing salts of aluminum
and hydroxy carboxylic acids were studied by 27Al and 19F NMR spectroscopy. The formation of complex
anions in the electrolytes at various pH and their discharge on the anode under conditions of a microplasma
process allowed preparation of surface layers containing a-Al2O3 on VT1-0 titanium. The interrelation
between the composition and properties of the coatings was studied.

It is known that the physicochemical and service
properties of coatings formed on metals and alloys
under microplasma anodizing conditions essentially
differ from the properties of common anodic films [1].
We have shown in [2] that certain factors should be
taken into account when selecting the electrolyte
composition and oxidation conditions for directed
synthesis of surface layers of required composition
on metals and alloys under the microarc oxidation
conditions. Among such factors are possible changes
in the forms of anionic complexes in solution depend-
ing on pH, both in the bulk of the electrolyte and
in a local area of the near-electrode space.

Electrolytes containing various anionic complexes
were used previously in the microarc oxidation of
aluminum [3], titanium [4], and some other metals
[5]. The resulting coatings had various physicochemi-
cal properties determined by their phase and chemical
compositions. At the same time, the composition of
the complex anions at various pH of the electrolyte,
the interactions between various anions in solutions
before and during oxidation, and also the mechanism
of the complex formation are poorly understood.

To obtain on aluminum protective coatings exhibit-
ing high resistance to wear and heat owing to the
presence of a-Al2O3, an electrolyte containing alumi-
num tartrate complexes and also fluorides [6, 7] was
developed. In [6], aluminum alloys were selected as
model materials ensuring high concentration of alu-
minum ions in the near-anode space during oxidation.
Depending on pH, the complex formation can involve
various functional groups of tartaric acid: carboxy

(3COOH), hydroxo (3OH), or both [8]. The presence
of such complexes in an electrolyte solution strongly
affects the composition and properties of the forming
surface structures [9].

Proceeding from model concepts developed for alu-
minum and its alloys [6, 9], we believe that develop-
ment of a process for obtaining solid layers on the
titanium surface by its oxidation in electrolytes con-
taining anions of hydroxy carboxylic acids should be
based on the following principles.

(1) Fluorine compounds do not form insoluble
compounds with titanium (in contrast to aluminum);
therefore, their presence in the electrolyte will result
in active etching of the substrate, thus hindering the
formation of a continuous uniform coating.

(2) To ensure formation of anionic complexes with
hydroxy acid ligands, aluminum(III)-containing com-
ponents should be added to the electrolyte.

(3) It is necessary to minimize formation of titani-
um(IV) complexes with hydroxy acid salts by select-
ing appropriate electrolyte composition and varying
its pH, as the existence of such complexes in solution
will result in the formation of coatings based on tita-
nium oxides and in decreased concentration of alumi-
num oxide in the film.

With the aim to obtain heat-resistant solid coatings
on titanium, we studied in this work the complex for-
mation in electrolytes containing aluminum salts
and certain hydroxy carboxylic acids, both aliphatic
(lactic, tartaric, and citric) and aromatic (salicylic).
For this purpose, we created conditions favoring
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the formation of aluminum(III) complexes with the
above-listed hydroxy acids in solution. Then, using
electrolytes containing complex anions, we formed
coatings on titanium under the microplasma condi-
tions and studied their composition and properties.

EXPERIMENTAL

Samples of VT1-0 grade titanium (99.4% Ti) in the
form of 5030-mm plates were oxidized. Aluminum
sulfate Al2(SO4)3 .18H2O and oxalate Al2(C2O4)3 .
nH2O, and also hydroxy carboxylic acids and their
salts (potassium tartrate K2C4H4O6 .0.5H2O, lactic
acid C3H6O3, potassium citrate K3C6H5O7, and sali-
cylic acid C7H6O3) were added to the electrolyte used
in the oxidation. The electrolyte pH was adjusted with
KOH and H2SO4. Sodium fluoride NaF was added
when studying the electrolytes by 19F NMR. All the
chemicals used in the work were of chemically pure
grade. The formation voltage was selected individual-
ly for each electrolyte solution within the limits 1703
300 V. The current density did not exceed 1 A cm32,
the oxidation time, 5310 min, and the electrolyte tem-
perature, +25oC. The electrolyte was cooled using a
refrigerating unit whose heat exchanger was placed
directly in the electrolytic cell.

The phase composition of coatings on a metallic
substrate was determined with a DRON 3.0 X-ray dif-
fractometer (CuKa radiation). The relative contents of
phases in films were estimated from the ratios of
intensities of their strongest lines. The NMR experi-
ments were carried out on a Bruker WP-80 SY radio-
spectrometer at room temperature with external sta-
bilization by deuterium. The chemical shifts di of 27Al
and 19F are given relative to [Al(H2O)6]3+ and CFCl3
references, respectively, using the relationship di =
(ni 3 n0)/n0 (n0 and ni are the frequencies of the sig-
nals of the reference and sample under study). The
microhardness of coatings was measured on a Neo-
fot-2 device using cross-sectional microsections pre-
pared with the use of epoxy resin. The differential
thermal (DTA) and thermogravimetric (TG, DTG)
analysis was performed with a Q-1500D derivatograph
(MOM, Hungary) in the course of heating coated
samples in open platinum crucibles in air or under
helium at a rate of 5 deg min31 to 1000oC, with the
aim to evaluate the probability of afteroxidation of
the titanium substrate during annealing in air. The
helium flow rate through the chamber was 10 l h31.

The mechanism of the complex formation of cer-
tain metals in solutions of tartaric acid and its salts
was studied in [10, 11]. It was found that, depending

on solution pH, aluminum(III) can form cationic,
neutral, and anionic tartrate complexes. The formation
of complexes involving oxotitanium(IV) ions TiO2+ is
the most typical for titanium in a strongly acidic medi-
um, where the most stable complexes with tartaric
acid ligands are formed. At pH < 1, titanium(IV)
forms [Ti(OH)2(C4H5O6)(C4H6O6)]+ cationic com-
plexes. In the range pH 137, the migration of tita-
nium-containing complexes to anode increases, sug-
gesting the conversion of cationic and neutral species
into the anionic species [Ti(OH)2(C4H4O6)2]23,
[Ti(OH)2(C4H2O6)]23, and [Ti(OH)2(C4H4O6) .
(C4H3O6)]33 with the charge increasing with pH [12].
The migration of complexes to the anode is reduced in
an alkaline medium owing to hydrolysis of titanium-
containing components with the formation of single-
charged ions.

Aluminum(III) anionic complexes, in contrast to
titanium(IV) complexes, are more stable in an alkaline
medium (pH 9310); therefore, when aluminum and
titanium compounds are present simultaneously in
solution, it is appropriate to select high pH values to
decrease the probability of the titanium(IV) complex
formation with tartrate ions and hence to reduce the
effect of titanium-containing compounds on the com-
position of a film formed on the anode.

Figure 1 shows the 27Al NMR spectra of solutions
(pH 2.5312) containing aluminum salts (sulfate or
oxalate), their mixtures with hydroxy acids (salicylic
or lactic), and salts of hydroxy acids (potassium tar-
trate or citrate).

Aluminum(III) cations in solution have either octa-
hedral or tetrahedral environment depending on the
solvent properties and the ligand type [13]. The 27Al
NMR chemical shifts of octahedral complexes are
in the region of 0 ppm, and those of tetrahedral com-
plexes are shited downfield (370 to 3100 ppm).
Thus, the 27Al chemical shifts furnish information
on the structure of aluminum complexes. A signal
with the 27Al NMR chemical shift of 0 ppm corre-
sponding to the [Al(H2O)6]3+ complex was recorded
in an aqueous solution of aluminum sulfate at pH 2.5
(Fig. 1, spectrum 1). When tartrate anions [C4H4O6]23

are added to the electrolyte at pH 10, a broad signal
with d = 334 ppm corresponding to the aluminum
tartrate complex [Al(OH)(C4H2O6)]23 [6] appears
(Fig. 1, spectrum 2). An increase in pH to 11 owing to
hydrolysis results in hydrolysis and breakdown of the
aluminum(III) tartrate complex, as demonstrated by
the appearance of the 27Al NMR signal with d =
380 ppm corresponding to the tetrahedral aluminum
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complex [Al(OH)4]3 (Fig. 1, spectrum 2). In a solu-
tion of aluminum oxalate at pH 2.5, aluminum exists
as the complex [Al(C2O4)3]33 (d = 310 ppm) (Fig. 1,
spectrum 4). When aluminum oxalate is added to
solutions containing potassium tartrate, the complex
[Al(OH)(C4H2O6)]23 is formed at pH < 12, giving a
broad 27Al NMR signal at d = 326 ppm (Fig. 1, spec-
trum 5). The hydrolysis of oxalate-containing solu-
tions results in the formation of the tetrahedral com-
plex [Al(OH)4]3 at higher pH (pH 12) than in sulfate-
containing solutions (pH 11), which is due to the ex-
istence in such systems of the complex [Al(C2O4)3]33

along with [Al(OH)(C4H2O6)]23 (Fig. 1, spectrum 3).

The 27Al NMR spectra of solutions containing
aluminum oxalate and lactic acid are shown in Fig. 1,
spectra 6 and 7. A signal with d = 313.9 ppm is ob-
served in the spectra at pH 9. This is the signal of an
aluminum anionic complex with lactic acid, which
exists without changes within a broad pH range,
pH 3310 (Fig. 1, spectrum 7). The tetrahedral com-
plex [Al(OH)4]3, which gives a signal with d =
379.9 ppm (Fig. 1, spectrum 6), is formed at pH 11.4
as a result of the hydrolysis of the lactate complex.
The obtained data agree with the results of studying
the structure of aluminum complexes with lactic and
citric acids by 27Al NMR [14]. For solutions contain-
ing aluminum salts and lactic acid, several signals
were observed, originating from the replacement of
water molecules in the complex [Al(H2O)6]3+ by
lactate ions (pH 335) [14]. An increase in pH to
738 resulted in the hydrolysis of this compound up
to formation of the anionic complex [Al(OH)4]3

(pH 10311).

Aluminum(III) complexes with citrate and salicy-
late ions have certain specific features. According to
[14], the presence of three carboxy groups and one
hydroxy group in the citrate ligand complicate the
determination of structural characteristics of the com-
plexes (as is also the case with the lactate ligand),
because of numerous possible coordination modes of
the ligand. In particular, formation of a structure
suggested in [15], in which aluminum is linked to two
carboxy groups and one hydroxy group, forming two
five-membered rings, is quite possible.

Salicylic acid, which belongs to the class of aro-
matic hydroxy acids, also forms complexes with alu-
minum(III) ions. Signals with d = 315.3 and d =
310.6 ppm are observed in the range of pH 3310 in
the systems aluminum oxalate3potassium citrate and
aluminum oxalate3cirtic acid, respectively. These
signals suggest formation of aluminum anionic com-

1
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4

5

6
7

8

9

d, ppm

Fig. 1. 27Al NMR spectra of solutions of aluminum salts
and hydroxy acids. (d) Chemical shift; the same for Fig. 2.
(1) Aluminum sulfate, pH 2.5; (2) aluminum sulfate + po-
tassium tartrate, pH 10311; (3) aluminum oxalate + potas-
sium tartrate, pH 12; (4) aluminum oxalate, pH 2.5; (5) alu-
minum oxalate + potassium tartrate, pH 10.8; (6) aluminum
oxalate + lactic acid, pH 11.4; (7) aluminum oxalate +
lactic acid, pH 9.0; (8) aluminum oxalate + potassium ci-
trate, pH 9.85; and (9) aluminum oxalate + salicylic acid,
pH 9.0.

plexes with citrate and salicylate ions in solution
(Fig. 1, spectra 8, 9).

In contrast to data in [14], the positions of the 27Al
NMR signals corresponding to aluminum(III) com-
plexes with anions of the above-listed hydroxy acids
or their salts did not change in the range of pH 3310,
i.e., the complexes formed in the solution are stable
under these conditions. Based on our experimental
data and on the approach developed in [8, 9], we can
presume the composition of the aluminum complexes
with the hydroxy acids in solutions. The following
anionic complexes can be formed in the range of pH
9310: [Al(OH)2(C3H4O3)]3, M = 149, with lactic acid;
[Al(C4H2O6)]3, Mr = 173 and [Al(OH)(C4H2O6)]23,
M = 190, with tartaric acid; [Al(C6H4O7)]3, Mr = 215,
[Al(OH)(C6H4O7)]23, M = 232, and [Al(OH)2 .

(C6H4O7)]33, M = 249, with citric acid; and [Al(OH)2 .
(C7H4O3)]3, M 197, [Al(C7H4O3)2]3, M = 275, and



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 1 2003

26 GNEDENKOV et al.

Table 1. Formation conditions, composition, and microhardness m of coatings on titanium
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Electrolyte ³ Concentration, g l31 ³ pH ³ m, MPa ³ Phase composition of coating*
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

K2C4H4O6 .0.5H2O, ³ 10 ³ 3.2 ³ 3200 ³TiO2-rutile
Al2(SO4)3 .18H2O ³ 2 ³ ³ ³

³ ³ ³ ³K2C4H4O6 .0.5H2O, ³ 10 ³ 9.8 ³ 5000 ³Al2TiO5, a-Al2O3, TiO2-rutile
Al2(SO4)3 .18H2O ³ 2 ³ ³ ³

³ ³ ³ ³K2C4H4O6 .0.5H2O, ³ 10 ³ 10.8 ³ 5500 ³Al2TiO5, a-Al2O3,
Al2C6O12 .nH2O ³ 10 ³ ³ ³

³ ³ ³ ³C3H6O3, ³ 10 ³ 9.8 ³ 4300 ³Al2TiO5
Al2C6O12 .nH2O ³ 31.8 ³ ³ ³

³ ³ ³ ³K3C6H5O7, ³ 8.1 ³ 9.8 ³ 4250 ³TiO2-rutile, Al2TiO5
Al2C6O12 .nH2O ³ 15.8 ³ ³ ³

³ ³ ³ ³C7H6O3, ³ 6.9 ³ 9.8 ³ 4800 ³Al2TiO5, a-Al2O3
Al2C6O12 .nH2O ³ 31.8 ³ ³ ³

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
* Components are given in the order of decreasing content in the coating.

[Al(OH)(C7H4O3)2]23, M = 292, with salicylic acid
(M is the molecular weight of the complex anion).

Without using other physical methods, the avail-
able data do not allow an unambiguous conclusion
on the composition and structure of the complexes
formed in the electrolytes. The difference in the posi-
tion of signals in the NMR spectra of these com-
pounds is no more than an evidence for their different
compositions and structures.

Since information furnished by the 27Al NMR
spectra is relatively poor compared to the 19F NMR
spectra, we added fluoride ions to the solutions con-
taining aluminum salts and tartrate ions. Then we
studied the aqueous solutions of aluminum fluoride3
tartrate complexes by 19F and 27Al NMR spectros-
copy. The 19F NMR spectra show that aluminum fluo-
ride3tartrate complexes [AlFn(C4H4O6)63 n]33 (n =
136) are present in aqueous solutions along with alu-
minum aquafluoride complexes (Fig. 2). In such sys-
tems, in contrast to bidentate oxalate ions, tartrate ions
behave as monodentate ligands [16].

d, ppm

Fig. 2. 19F NMR spectrum of aluminum(III) fluoride3
tartrate solution.

A question arises: To what extent are the composi-
tion and properties of electrolytic oxide layers affected
by the structure of complexes present in the electro-
lyte? To answer this question, we obtained coatings
on titanium from solutions containing aluminum sul-
fate and oxalate and anions of lactic, tartaric, citric,
and salicylic acids, using the microplasma anodizing
method. We found that such layers consist of titanium
and aluminum oxides (rutile TiO2, a-Al2O3, and
Al2TiO5) in various combinations depending on pH
and composition of the electrolyte (Table 1). Accord-
ing to the X-ray phase analysis, in view of the esti-
mated microhardness of the resulting surface layers,
we found that the coatings obtained from the electro-
lyte at pH from 3 to 5 contain titanium dioxide (rutile)
responsible for their moderate microhardness (up to
3200 MPa). Surface layers with a higher hardness
(5500 MPa), consisting of the double oxide Al2TiO5
and aluminum oxide a-Al2O3, were formed in alka-
line solutions of the electrolytes at pH 10.0310.8.
At such pH, more favorable conditions are created for
the formation of anionic complexes involving alumi-
num(III) ions and hydroxy acids.

At the same time, with the examined electrolytes,
we failed to eliminate the oxidation of the titanium
substrate by selecting anodic oxidation modes. It
resulted in the formation of titanium dioxide and the
double oxide Al2TiO5, which reduce the hardness
of the coatings compared to the coatings on aluminum
consisting of a-Al2O3 and having the microhardness
of up to 7000 MPa [6].

We estimated the heat resistance of coatings ob-
tained in the microplasma mode at various electrolyte
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Table 2. Thermal stability of coatings on titanium
ÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Com-
³

Electrolyte

³
Concen-

³
Anneal-

³ Temperature, oC ³ Phase composition of coatings
³ ³ ³ ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

posi- ³ ³ tration, ³ing condi-³ onset of ³onset of intense³
before annealing

³
after annealingtion no.³ ³ g l31

³ tions ³ oxidation³ oxidation ³ ³
ÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

1 ³Sample without ³ ³Helium ³ 680 ³ 780 ³X-ray amorphous³TiO2-rutile
³coating ³ ³Air ³ 650 ³ 760 ³phase ³
³ ³ ³ ³ ³ ³ ³2 ³C3H6O3, ³ 10 ³Helium ³ 780 ³ 910 ³Al2TiO5 ³Al2TiO5
³Al2C6O12 .nH2O ³ 31.8 ³Air ³ 750 ³ 900 ³ ³TiO2-rutile
³ ³ ³ ³ ³ ³ ³3 ³K2C4H4O6 .0.5H2O,³ 10 ³Helium ³ 790 ³ 920 ³Al2TiO5, ³Al2TiO5,
³Al2C6O12 .nH2O ³ 10 ³Air ³ 760 ³ 910 ³a-Al2O3 ³a-Al2O3, TiO2-rutile
³ ³ ³ ³ ³ ³ ³4 ³K3C6H5O7, ³ 8.1 ³Helium ³ 700 ³ 900 ³

TiO2-rutile, Al2TiO5³Al2C6O12 .nH2O ³ 15.8 ³Air ³ 680 ³ 890 ³
³ ³ ³ ³ ³ ³ ³5 ³C7H6O3, ³ 6.9 ³Helium ³ 800 ³ 915 ³Al2TiO5, ³Al2TiO5,
³Al2C6O12 .nH2O, ³ 31.8 ³Air ³ 780 ³ 910 ³a-Al2O3 ³a-Al2O3, TiO2-rutile

ÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

pH (within the range 10.0310.8). It was shown above
that this pH range ensures the formation of anionic
aluminum complexes with hydroxy acids in solution.
The discharge of the complexes on the anode allows
preparation of coatings containing aluminum oxide
a-Al2O3, ensuring their high hardness and heat resist-
ance.

We estimated the temperatures of the initial and
accelerated titanium oxidation by the points in which
the experimental TG curve deviates from the extra-
polated straight lines, and also by the inflection points
in the DTG curve. Also, we determined the phase
composition of the coatings before and after anneal-
ing. The corresponding experimental data are given
in Table 2.

Figure 3 shows the DTA, TG, and DTG curves
recorded in the course of annealing the samples coated
in an electrolyte containing salicylic acid (similar
curves are characteristic for all the samples studied).
According to Table 2, such coatings have the best
protective properties. No thermal effects and weight
changes were detected in the DTA curves of all the
coated titanium samples (Table 2) up to the tempera-
ture of the initial oxidation (6803800oC). The thermal
effect originating from the transition of a-Ti (hexag-
onal modification) to b-Ti (cubic modification) is
observed at 880oC. The temperature of this transition
should not depend on the annealing atmosphere,
which is indeed the case (Fig. 3). Above 8903920oC,
the sample weight quickly grows, as seen from the
TG curve (the stage of accelerated oxidation). At these
temperatures, the coating continuity is broken, which
is due to a certain extent to the difference in the ther-

mal expansion coefficients of the coating material and
titanium substrate; as a result, oxygen penetrates to
the metallic matrix and causes its active oxidation. At
the same time, according to the data of [6], aluminum-
based coatings exhibited a higher heat resistance.
Up to 870oC, the composition, properties, and weight
of samples did not change; the coating did not melt,
was not destroyed, and acted as a heat-resistant
crucible. Weaker protective properties of coatings on
titanium, as compared to coatings on aluminum ob-
tained in a similar electrolyte, are attributable not
only to the difference in the phase composition of the

Dm, mg

DTA(1)

DTA(2)

DTG(2)

DTG(1)

TG(2) TG(1)

T, oC

Endo
Exo

Fig. 3. DTA, TG, and DTG curves for samples coated from
the electrolyte containing salicylic acid. Heating rate
5 deg min31. (Dm) Change in the sample weight and
(T) temperature. Annealing (1) in a helium atmosphere
and (2) in air.
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layers under study (smaller content of a-Al2O3), but
also to the effect of the substrate (aluminum or titani-
um), which is manifested at temperatures higher than
620oC. As the aluminum substrate is completely
molten above this temperature [6], the difference in
the thermal expansion coefficients of the substrate and
coating is of no importance above 620oC and, there-
fore, it cannot affect the continuity of surface layers
responsible for the intensity of oxygen penetration
to the matrix. In the case of titanium samples (mp
1668oC) with surface layers obtained by microarc
oxidation, the difference in the thermal expansion
coefficients of the substrate and coating will be of
importance within the temperature range under study.

According to Table 2, all coatings under study
exhibit protective properties both in air and in a heli-
um atmosphere, decelerating oxidation of the titanium
substrate. The coatings obtained from electrolyte
nos. 3 and 5 exibit a higher degree of protection
(Table 2), which is due to the presence of a-Al2O3 in
them. The temperatures of the initial and accelerated
substrate oxidation are higher for these samples than
for the samples obtained from the other electrolytes.
This may be due not only to the coating structure, but
also to its morphology, porosity, homogeneity, and
presence of cracks. It follows from Table 2 that the
phase composition of coatings on titanium before and
after annealing, both in air and in helium, changes
insignificantly, indicating the high heat resistance and
low oxygen permeability of the coatings. The protec-
tive properties strengthen as the concentration of alu-
minum oxide in the surface layers increases. Presum-
ably, the complexes with higher molecular weights,
burning down in a plasma channel on the anode,
liberate considerable energy, which, in turn, promotes
the formation of the high-temperature modification of
aluminum oxide in the surface layer. Furthermore, the
benzene ring of salicylic acid can affect the nature,
temperature, and time of plasma chemical reactions
occurring at the anode and, correspondingly, the com-
position and properties of the forming surface layers.

CONCLUSION

The formation of complexes in electrolyte solutions
containing aluminum salts and hydroxy carboxylic
acids was proved by the 27Al and 19F NMR spectros-
copy. These complexes, being fairly stable in a wide
pH range, determine the composition and properties
of oxide layers formed in these electrolytes on titani-
um under the action of microplasma oxidation. The
presence of a-Al2O3 in the coatings is responsible for

their elevated microhardness and thermal stability
compared to the substrate. At the same time, differ-
ences in the composition and structure of the com-
plexes detected in the electrolyte by NMR do not give
rise to considerable differences in the composition and
protective properties of the forming layers.
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Abstract-The heats of solution of anabasine hydrochloride C10H14N2HCl and of the reaction of its aqueous
solution with crystalline AgNO3 at various dilutions were determined. The standard enthalpies of formation
of anabasine hydrochloride and its 36 analogs were calculated. The temperature dependence of the anabasine
hydrochloride heat capacity was studied within the 1733448 K range.

A study of thermochemical and thermodynamic
properties of alkaloids is of practical and theoretical
interest for purposeful synthesis of new derivatives
with preset properties. Up to now, data on thermo-
chemical and thermodynamic constants (both experi-
mental and calculated) of anabasine and its deriva-
tives were lacking. The goal of this work is the ex-
perimental study of thermochemical and thermo-
dynamic properties of anabasine hydrochloride and
calculation of the standard enthalpy of formation of
anabasine hydrochloride and its derivatives.

Calorimetric determination of the enthalpy of
C10H14N2HCl solution in water and of the reaction of
its aqueous solution with crystalline AgNO3 was per-
formed at dilutions (salt : water molar ratios) of
1 : 6000, 1 : 9000, and 1 : 18 000 under isothermal
conditions. The experimental error and variance
homogeneity in determination of thermal effects were
calculated using Student and Bartlett tests [1].

We calculated the heat of combustion of anabasine
hydrochloride by Karash and Frost methods [2] and
the heat of melting, by the empirical equation re-
commended in [3]. The enthalpies of formation Df H 0

(298.15) of C10H14N2HCl analogs were calculated
using the enthalpy increments of anions [4, 5].

EXPERIMENTAL

Chemically pure grade anabasine hydrochloride
was used. The enthalpy of solution of anabasine hy-
drochloride in water was measured in a DAK-1-1A
isothermal differential automatic calorimeter. The

thermal effects were recorded with a KSP-4 poten-
tiometer and, in parallel, with an IP-4 precision
integrator. The time of prethermostating of the com-
pound to be measured was 2 h. The calorimeter was
calibrated by applying a calibrated voltage to a built-
in electric motor and was checked by measuring
the heat of solution of triple-recrystallized KCl at
1 : 1600, 1 : 2400, and 1 : 3200 (salt : water molar
ratios) dilutions. The averaged measured heat of KCl
solution, 17 860+283 J mol31, is in good agreement
with the value of 17 577+34 J mol31 obtained in [6].

The heat of solution of anabasine hydrochloride
in water DH s

m

C10H14N2HCl(cr) + nH2O(l) = C10H14N2HCl(soln, nH2O)

+ DH s
m, (1)

was found at n = 6000, 9000, and 18 000 (Table 1).

The experimental values of DH s
m at various dilu-

tions (Table 1) were used for calculating the enthalpy
of solution of anabasine hydrochloride at infinite
(standard) dilution DH s

0. The molal concentrations m1,
m2, and m3 and the corresponding DH m

s(1), DH m
s(2), and

DH m
s(3) were calculated. The dependence of the en-

thalpy of solution (kJ mol31) on the molal concentra-
tion m1/2 is described by the equation

DH s
m(C10H14N2HCl) = 5.29 3 469.59m1/2, (2)

similarly to data of [7].

Using Eq. (2), we calculated the standard enthalpy
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Table 1. Enthalpy of C10H14N2HCl solution in water.
Dilution (salt : water molar ratios): (1) 1 : 6000,
(2) 1 : 9000, and ( 3 ) 1 : 18 000
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ
Sample of C10H14N2HCl, g³ DHs, J ³ DH s

m, kJ mol31

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
Dilution 1

0.0092 ³ 0.111 ³ 2.397
0.0091 ³ 0.095 ³ 2.074
0.0091 ³ 0.099 ³ 2.162
0.0091 ³ 0.100 ³ 2.183
0.0092 ³ 0.112 ³ 2.419

Average DHm
s(1) = 2.25+0.19

Dilution 2

0.0062 ³ 0.076 ³ 2.436
0.0062 ³ 0.072 ³ 2.307
0.0063 ³ 0.080 ³ 2.523
0.0062 ³ 0.071 ³ 2.275
0.0062 ³ 0.075 ³ 2.404

Average DHm
s(2) = 2.39+0.12

Dilution 3

0.0032 ³ 0.057 ³ 3.539
0.0031 ³ 0.055 ³ 3.525
0.0031 ³ 0.057 ³ 3.653
0.0031 ³ 0.052 ³ 3.333
0.0031 ³ 0.058 ³ 3.718

Average DHm
s(3) = 3.55+0.18

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ

of solution of anabasine hydrochloride in water,
DHs

0 = 5.29+0.33 kJ mol31. This value is essential for
calculating the standard heats of formation of ana-
basine derivatives.

The enthalpy of solution was used for determining
the heat of the reaction of aqueous anabasine hydro-
chloride with crystalline AgNO3 (Table 2):

C10H14N2HCl(soln, nH2O) + AgNO3(cr)

= C10H14N2HNO3(soln, nH2O) + AgCl2(cr.) 3 DHm
r. (3)

The progress of reaction (3) was monitored by
X-ray phase analysis (formation of crystalline AgCl)
and NMR spectroscopy (formation of anabasine ni-
trate). Crystalline C10H14N2HNO3 was separated
from the filtrate.

The isobaric heat capacity of anabasine hydrochlor-
ide was measured on an IT-C-400 device with the
error not exeeding +10.0% [8]. The time of measure-
ments over the 1733448 K range, including the treat-
ment of the experimental data, did not exceed 2.5 h.

Table 2. Enthalpy of reaction of aqueous solution of
C10H14N2HCl with AgNO3. Dilution (salt : water molar
ratios): (1) 1 : 6000, (2) 1 : 9000, and (3) 1 : 18 000
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ

Sample of AgNO3, g ³ DHr, J ³ DH r
m, kJ mol31

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄ
Dilution 1

0.0079 ³ 1.035 ³ 22.25
0.0078 ³ 1.015 ³ 22.10
0.0078 ³ 1.021 ³ 22.23
0.0078 ³ 1.025 ³ 22.32
0.0079 ³ 1.043 ³ 22.42

Average DHm
s(1) = 22.26+0.15

Dilution 2

0.0053 ³ 0.761 ³ 24.39
0.0053 ³ 0.751 ³ 24.07
0.0053 ³ 0.763 ³ 24.44
0.0053 ³ 0.769 ³ 24.64
0.0053 ³ 0.765 ³ 24.51

Average DHm
s(2) = 24.41+0.26

Dilution 3

0.0027 ³ 0.400 ³ 25.16
0.0026 ³ 0.383 ³ 25.02
0.0026 ³ 0.381 ³ 24.89
0.0026 ³ 0.387 ³ 25.28
0.0026 ³ 0.382 ³ 24.96

Average DHm
s(3) = 25.06+0.20

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ

The device was calibrated by measuring the calorim-
eter heat conductance Kc. Five experiments were
performed at each temperature, the results were
averaged, and the root-mean-square deviation

3
d for

the heat capacity and the random error 0
D for the

molar heat capacity were estimated. The calorimeter
operation was controlled by measuring the heat ca-
pacity of a-Al2O3. The Cp

0(298.15) value obtained,
76.0 J mol31 K31, is in good agreement with the refer-
ence value of 79.0 J mol31 K31 [9]. The results are
listed in Table 3.

From the data obtained, the equation describing the
Cp

0 = f (T) dependence for anabasine hydrochloride
over the temperature range 298.153448 K is as fol-
lows (J mol31 K31):

C0
p = (145+8) + (284+16) 0 1033T 3 (24.7+1.3) 0105T32.

(4)

To calculate DH 0(298.15) of C10H14N2HCl, we
estimated its standard heat of combustion by the
methods of Karash and Frost [2]. In the Karash’s
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method, the presence of oxygen, nitrogen, and chlor-
ine in the compound is estimated. In the Frost’s meth-
od, the effects of cyclenes and double bonds in their
rings are additionally taken into consideration. The
averaged heat of combustion of C10H14N2HCl is
35860 kJ mol31.

Taking into account the heat of combustion of
C10H14N2HCl

2C10H14N2HCl(l) + 27.5O2(g) = 20CO2(g) + 15H2O(l)

+ 2N2(g) + Cl2(g) 3 DH0
comb, (5)

we calculated the standard enthalpy of forma-
tion of liquid C10H14N2HCl, which is equal to
3229.9 kJ mol31. It should be noted that methods of
Karash and Frost are suitable only for calculating
DH 0 of combustion of liquid hydrocarbons. The
data required for calculating DfH

0 (298.15) of
C10H14N2HCl(l) by scheme (5) (excluding DH0

comb)
are taken from the handbook [10]. Since at 298.15 K
anabasine hydrochloride is crystalline, its DfH

0

(298.15) should be calculated for the solid state. We
estimated DH0

m(298.15) of C10H14N2HCl by the em-
pirical equation [3],

DH0
m = 44.4Tm 3 4400, (6)

valid for highly polar halides, and obtained the value
of 17.0 kJ mol31. The standard enthalpy of formation
of crystalline anabasine hydrochloride was calculated
by the equation

DfH
0(298.15)C10H14N2HCl(cr)

= DfH
0(298.15)C10H14N2HCl(l) 3 DH0

m (7)

and amounts to 3239.9+12.0 kJ mol31.

Then, using DH 0 of solution of C10H14N2HCl in
standard aqueous solution (5.29 kJ mol31),

DfH
0(298.15)C10H14N2HCl(soln, H2O, standard state)

= DfH
0(298.15)C10H14N2HCl(cr) + DH0

s, (8)

we calculated the standard enthalpy of formation of
C10H14N2HCl in aqueous solution: 3234.6 kJ mol31.

Using the equation

[DfH
0(298.15)C10H14N2H+(soln, H2O, standard state)]

= [DfH
0(298.15)C10H14N2HCl(soln, H2O, standard state)]

3 [DfH
0(298.15)Cl3(soln, H2O, standard state)], (9)

Table 3. Experimental heat capacities of C10H14N2HCl
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

T, K ³ Cp+
3
d, J K31 g31 ³ C0

p+
0D, J mol31 K31

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
173 ³ 0.6027+0.0094 ³ 120+5
198 ³ 0.6936+0.0096 ³ 138+5
223 ³ 0.8573+0.0195 ³ 170+11
248 ³ 0.9248+0.0138 ³ 184+16
273 ³ 0.9656+0.0311 ³ 192+17
298.15 ³ 1.0159+0.0315 ³ 202+17
323 ³ 1.0997+0.0101 ³ 219+6
348 ³ 1.1273+0.0235 ³ 224+13
373 ³ 1.1751+0.0358 ³ 233+20
398 ³ 1.2309+0.0155 ³ 245+9
423 ³ 1.2776+0.0156 ³ 254+9
448 ³ 1.3093+0.0333 ³ 260+18

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

we calculated the standard enthalpy of formation of
[C10H14N2H]+ in aqueous solution: 367.4 kJ mol31.

This value was used for calculating DfH
0 (298.15)

of 36 anabasine derivatives. In [4, 5], the system of
thermochemical enthalpy increments was developed,
allowing calculation of the standard heats of formation
of crystalline compounds by the scheme

Df H0(298.15)Mm(XaOb)n = [mDf H0(298.15)Mn+(soln,

H2O, standard state)]K + nDf Hi(298.15)XaOb
m3, (10)

where DfH
i(298.15) is the enthalpy increment of the

anion, and K is proportionality coefficient.

To calculate DfH
0(298.15) of derivatives by

scheme (1), it is sufficient to know DfH
0(298.15,

soln, H2O, standard state) of the cation, since K and
DfH

i(298.15) of anions are tabulated in [4, 5]. The
error of calculation is +5.0%. As applied to anabasine
derivatives, scheme (10) can be presented as follows
(by an example of C10H14N2HNO3):

DfH
0(298.15)C10H14N2HNO3(cr)

= [DfH
0(298.15)C10H14N2H+(soln, H2O, standard state)]K

+ DfH
i(298.15)NO3

3. (11)

The DfH
0 values for 36 anabasine derivatives, cal-

culated by scheme (11), are listed in Table 4.

CONCLUSIONS

(1) The enthalpy of solution of anabasine hydro-
chloride in water at various dilutions was experi-
mentally determined for the first time, and the stan-
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Table 4. Standard heats of formation of anabasine derivatives
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÒÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Compound ³ 3Df H 0(298.15), kJ mol31 º Compound ³ 3Df H 0(298.15), kJ mol31

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ×ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
C10H14N2HF ³ 391 º[C10H14N2H]4P2O7 ³ 2299
C10H14N2HBr ³ 187 º[C10H14N2H]H2PO2 ³ 674
C10H14N2HI ³ 120 º[C10H14N2H]3AsO4 ³ 1072
C10H14N2HClO4 ³ 197 º[C10H14N2H]H2AsO4 ³ 1013
C10H14N2HClO3 ³ 174 º[C10H14N2H]5As3O10 ³ 2430
C10H14N2HBrO3 ³ 161 º[C10H14N2H]2CO3 ³ 797
C10H14N2HIO3 ³ 317 º[C10H14N2H]2C2O4 ³ 957
[C10H14N2H]2S ³ 140 ºC10H14N2HAlO2 ³ 976
[C10H14N2H]2SO4 ³ 1037 ºC10H14N2HBO2 ³ 805
[C10H14N2H]2S2O3 ³ 803 ºC10H14N2HReO4 ³ 904
[C10H14N2H]SeO4 ³ 720 ºC10H14N2HMnO4 ³ 639
[C10H14N2H]2TeO4 ³ 890 º[C10H14N2H]2Cr2O7 ³ 1669
[C10H14N2H]2SO3 ³ 788 º[C10H14N2H]2CrO4 ³ 1015
[C10H14N2H]2SeO3 ³ 621 º[C10H14N2H]2WO4 ³ 1217
[C10H14N2H]2TeO3 ³ 650 º[C10H14N2H]MoO4 ³ 1045
C10H14N2HNO3 ³ 279 ºC10H14N2HVO3 ³ 973
C10H14N2HNO2 ³ 174 ºC10H14N2HNbO3 ³ 1153
[C10H14N2H]3PO4 ³ 1444 º[C10H14N2H]2Se ³ 177
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÐÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

dard enthalpy of anabasine hydrochloride solution,
standard enthalpies of formation of liquid and crystal-
line C10H14N2HCl, and its heats of combustion and
melting were calculated by indirect methods from
these data.

(2) The enthalpy of reaction of aqueous C10H14N2 .
HCl with AgNO3 at various dilutions was determined.

(3) The heat capacity of C10H14N2HCl was deter-
mined over the range 1733448 K, and the equation
Cp

0 = f (T) was derived for the 298.153448 K range.

(4) The standard heats of formation for 36 ana-
basine derivatives were calculated.
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Abstract-The solubility diagram of the ternary fullerene-containing system C603C703o-xylene at 25 and
320oC was studied.

Up to now, there have been virtually no systematic
studies on solubility in fullerene-containing multi-
component systems. At the same time, there are pub-
lished experimental data on the solubility of fullerenes
in a number of binary systems like fullerene C603
solvent or fullerene C703solvent [including aromatic
solvents (e.g., benzene, toluene, dichlorobenzenes,
xylenes, etc.), CCl4, CS2, alkanols, diols, etc.].
Compared to C60, the solubility of C70 is studied less
comprehensively, apparently, because of its more dif-
ficult accessibility. As to polythermal data on the
solubility of C60 and C70, there are published data for
several solvents only (carbon tetrachloride, toluene,
hexane, o-xylene, o-dichlorobenzene, and a few other
solvents). These studies covered the temperature range
from 320 to 110oC. The experimental data on the
solubility of fullerenes C60 and C70 in the most com-
mon solvents were published, in particular, in [135].

According to these works, individual fullerenes C60
and C70 do not form solid solutions with solvents.
However, formation of crystal solvates of a fixed
composition, e.g., C60 .2CCl4, C60 .2C6H5CH3, C60 .
0.5C6H5CH3, C60 .2C6H4(CH3)2, etc., was reported
in [6, 7]. In some cases (e.g., C60 .2CCl4), poly-
thermal phase equilibria in fullerene3solvent system
are complicated by polymorphic (a3b) transitions
occurring typically at comparatively low temperatures
(<0oC). The same holds for crystal solvates of ful-
lerene C70 for which formation of crystal solvates is
less typical.

We could not find any published data on mutual
solubility of two different fullerenes in one solvent or
of an individual fullerene in solvent mixtures, except
for the work [8] devoted to solubility diagrams in the
C603C703toluene system at 25oC and in the C603

C703o-xylene system at 80oC. It should be noted
that, along with purely scientific interest, studies of
the solubility diagrams of such ternary and more
complex systems are of undoubted practical interest,
associated with the prospects for a more or less com-
plete prechromatographic separation of fullerene mix-
ture components (above all, the main mixture com-
ponents, C60 and C70) based on the difference in their
solubilities.

EXPERIMENTAL

In this work, we used fullerenes C60 and C70 (99.9
and 99 wt % pure, respectively; content of the main
determinable impurities ca. 0.1 wt % C70 in C60 and
ca. 1 wt % C60 in C70), available from Klaster,
St. Petersburg, as well as analytically puregrade
o-xylene.

In solubility studies for the C603C703o-xylene sys-
tem at 25oC, the solution prepared by isothermal
saturation for 24 h was evaporated, which yielded
a fortiori equilibrium (freshly precipitated) solid
phase, which was used for repeated isothermal satura-
tion for 436 h at 25.00+0.05oC. Thus, we obtained
reproducible solubilities of C60 and C70, namely, of
9.25+0.1 and 15.17+0.2 g l31, respectively.

We studied experimentally the solubility in the
C603C703o-xylene system at 320oC by the freezing-
out technique. To this end, the prepared solid solution
C60 + C70 (m ; 2 g) and the solvent, o-xylene
(,10 ml), were stirred with a magnetic stirrer at 25oC;
the saturation time was 48372 h. The resulting solu-
tion was separated from the solid phase by filtration
and then placed into a Peltier cooler and frozen out for
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(A)C70, g l31

(a)

C60, g l31

(b) C60

C70
D, mass fraction

C, mass fraction

(B)C70, g l31

(a)

C60, g l31

(b) C60

C70
D, mass fraction

C, mass fraction

(C)C70, g l31

(a)

C60, g l31 C70
D, mass fraction

C60
C, mass fraction (b)

Fig. 1. (a) Solubility diagrams and (b) diagrams of distribution of the fullerene components between the liquid and solid phases
in the C603C703o-xylene system at (A) 80 [8], (B) 25, and (C) 320oC. (C70, C60) Solubility of C70 and C60, respectively;
(C) C60 content in solid solution; and (D) C60 content in liquid solution.

8310 h at 20+0.2oC with determination of the solution
composition at regular intervals. Next, the equilibrium
solution of the liquid phase was separated from the
solid phase, and the liquid and solid phases were
analyzed spectrophotometrically [9]. The solubilities
of C60 .2o-C6H4(CH3)2 and C70 .2o-C6H4(CH3)2 at
320oC were estimated by this method at 1.81+0.2 and
3.74+0.2 g l31, respectively.

The content (x values) of the fullerene components
C60 and C70 in the solid solutions (C60)x(C70)13x .
n o-C6H4(CH3)2 was determined by the Schreine-
makers method of wet residues. To determine the con-
tent of the solvent in the solid solutions, the solid

phase was separated from the mother liquor, washed
with diethyl alcohol, dried, weighed, and heated under
isothermal conditions at 120oC for 2 h. Next, the solid
phase was weighed once again, and the content of
the solvent in the solid phase n was determined from
the mass difference. The experiments yielded for
all the solid solutions at 320oC the compositions
(C60)x(C70)13x .n o-C6H4(CH3)2 with n = 2+0.3. This
is a bisolvate; the deviation from 2 is due to the resid-
ual amount of o-xylene in the solid phase. At 25oC
we observed a mixed pattern: The crystallization
branch of C60-rich solid solutions exhibited crystal-
lization of bisolvate solid solutions (C60)x(C70)13x .
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2o-C6H4(CH3)2 with n = 2+0.2, and the crystalliza-
tion branch of C70-rich solid solutions, crystallization
of nonsolvated solid solutions (C60)x(C70)13x.

C603C703o-C6H4(CH3)2 system (at 80oC). The
solubility in this system was studied earlier [8]. For
clarity and comparison, we presented in Fig. 1A the
solubility diagram and the diagram of distribution of
the fullerene components between the liquid and solid
phases (the mass fraction of C60 in the C60 + C70
mixture in the liquid and solid phases is the Jaenicke
index of the fullerene components).

As seen from Fig. 1A, at 80oC [8] the salting-in ef-
fect is observed in the crystallization branch of the
C60-rich solid solutions, i.e., the C60 solubility tended
to increase with increasing C70 concentration. By con-
trast, the crystallization branches of the C70-rich solid
solutions exhibited a salting-out effect, i.e., the C70
solubility tended to decrease with increasing C60 con-
centration.

At 80oC, substitution solid solution of the com-
position (C60)x(C70)13x free of o-C6H4(CH3)2 crystal-
lize in the system; a discontinuity is observed in crys-
tallization of solid solutions (the immiscibility region
corresponds to 0.21 < x < 0.82). In addition, there is
one nonvariant eutonic point (point E) corresponding
to mutual saturation with two solid solutions of
the same qualitative composition. Also, Ponomarev
et al. [8] mentioned a peculiar run of the crystalliza-
tion branch of solid solutions rich in C60 [monovari-
ant liquidus curve is almost tangent to the secant
0Z drawn from the figurative point of the solvent
o-C6H4(CH3)2] and showed that this tangency con-
tradicts the criteria of the solution resistance to in-
finitesimal state changes [10].

Solubility in the C603C703o-C6H4(CH3)2 system
at 25oC. The experimental data on the composition
of the equilibrium liquid phase for this system are
presented in Fig. 1B. In this system, the crystalliza-
tion branch of C60-rich solid solutions also exhibits
a salting-in effect (the solubility of C60 tends to in-
crease with increasing C70 concentration). By con-
trast, the crystallization branch of C70-rich solid solu-
tions exhibits a salting-out effect (the C70 solubility
tends to decrease with increasing C60 concentration).
Figure 1B also shows the distribution diagram (mass
fraction of C60 in the C60 + C70 mixture in the liquid
and solid phases). The system exhibits a discontinuity
in crystallization of solid solutions (it is slightly wider
compared to that at 80oC); the immiscibility region
corresponds to 0.17 < x < 0.84; there is one eutonic
nonvariant point (point E) corresponding to the
mutual saturation with two solid solutions of different

ci, g l31

t, h
Fig. 2. Variation with the cooling time t of the concentration
of the fullerene components ci in the solution saturated at 25oC
and subsequently cooled in a temperature-controlled cooler at
320oC. (1) C60, (2) C70, and (3) C60 + C70 (typical data for
solution E in Fig. 2); the same for Figs. 3 and 4.

qualitative compositions. Figure 1B also shows a
peculiar run of the crystallization branch of C60-rich
solid solutions: Similar to the case at 80oC, in the
close-to-eutonic region, the monovariant liquidus
curve is tangent to the secant 0Z drawn from the
figurative point of the solvent, o-C6H4CH3.

Solubility in the C603C703o-C6H4(CH3)2 system
at 320oC. The solubility diagram at this temperature
is of interest in view of the fact that polythermal crys-
tallization in prechromatographic separation of ful-
lerenes always proceeds via low-temperature recrystal-
lization of solid solutions. The melting point of
o-xylene is 325.1+0.1, which makes the temperature
region much below 320oC inaccessible.

According to our data, the fullerene C603fullerene
C703o-xylene system at 320oC is characterized by
substitution solid solutions of the composition (C60)x .
(C70)13x .2o-C6H4(CH3)2 with a discontinuity. The
DTA curves of the solid solution (C60)x(C70)13x .
n o-C6H4(CH3)2 obtained for the 253100oC range
suggest the presence of two solvent molecules of crys-
tallization in both kinds of solid solution. The TGA
data suggest, for example, that the solid solution
(C60)0.88(C70)0.12 .2o-C6H4(CH3)2 loses the crystal-
lization o-xylene in two stages within 43372oC. The
temperature corresponding to the loss of the crystal-
lization solvent is strongly dependent on the composi-
tion of the primary bisolvate and decreases by tens
of degrees with increasing mass fraction of C70 (de-
crease of x).

Figure 1C shows the experimentally determined
composition of the equilibrium liquid phase. At
320oC, this system exhibits a salting-in effect in the
crystallization branch of C60-rich solid solutions and
a salting-out effect in that of C70-rich solid solutions.
Figure 1C also shows the distribution diagram indicat-
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, mg

t, h
Fig. 3. Variation with time t of the mass of the fullerene
components ms

i in the solid solutions obtained upon cooling
in a temperature-controlled cooler (320oC) 2.5 ml of the
solution saturated at 25oC.

v, mg h31

t, h
Fig. 4. Variation with the cooling time t of the freezing-out
rate for the solid solution (C60)x(C70)1 3 x .2o-C6H4(CH3)2
obtained upon cooling in a temperature-controlled cooler
(320oC) 2.5 ml of the solution saturated at 25oC. v = dm /dt
is the solid phase separation rate.

ing that the system exhibits a discontinuity in crystal-
lization of solid solutions; the immiscibility region
gets even wider and now corresponds to 0.14 < x <
0.86. Also, the system has one eutonic nonvariant
point (point E) corresponding to mutual saturation
with two solid solutions of the same qualitative com-
position. In this case, similar to the cases of 80
and 25oC, the monovariant liquidus curve is nearly
tangent to the secant 0Z drawn from the figurative
point of the solvent o-C6H4CH3.

Studies of freezing-out of fullerenes at 320oC re-
vealed a peculiar fact. Thermodynamically, the pres-
ence of a solid phase in a crystalline form implies
[a perturbation of the solution corresponding to finite
changes in the state] [10]; hence, in our case, further
separation of the solid phase to attain steady-state
solution concentrations proceeded at a very low rate,
namely, within several hours (Figs. 234). This in-
volved changes in the composition of the [supersatu-
rated solution] (Fig. 2) and the mass of the fullerenes
separated into the solid phase (Fig. 3). Figure 4 shows

that the rate of separation of the fullerene components
varies nonmonotonically; this process is characterized
by a certain [pseudoinduction] period (0.531 h); the
separation rate attains a maximum (after 234 h), and
only then it tends to decrease to zero (after 8310 h).
This period is unusually long, and this very fact by no
means fits the classic phase formation theory.

CONCLUSIONS

(1) An experimental study of the phase diagram of
the C603C703o-xylene system at 320oC revealed for-
mation of extremely slowly degrading metastable states
corresponding to supersaturated liquid solutions.

(2) Comparison of the solubility diagrams of the
ternary system C603C703o-xylene at 80, 25, and
320oC showed the identity of the phase diagrams at
all the three temperatures: Each diagram exhibits two
crystallization branches of solid solutions (solvated
and nonsolvated) of the fullerenes in each other, ex-
hibiting a discontinuity and a eutonic nonvariant.

(3) The topology of the phase diagrams of the
C603C703o-xylene system in polythermal conditions
suggests the principal possibility of separation of C60
and C70 (and probably of other fullerenes) by poly-
thermal recrystallization.
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Abstract-A new method was proposed for separation of light fullerenes C60 and C70 based on realization of
two-phase extraction equilibria in multicomponent fullerene-containing systems C603C703solvent I3solvent II
and C603C703solvent I3solvent II3[inert component.] The principal possibility and high efficiency of the
extraction separation of light fullerenes were demonstrated.

The presently known regularly structured carbon
forms are subdivided into molecular and covalent
crystals. Molecular crystals are formed from individ-
ual cluster molecules. Covalent crystals are charac-
terized by polymeric structures. It is convenient to
describe the structure of covalent clusters in terms of
infinite graphs. Diamond is characterized by a fourth-
order uniform graph. By realizing this graph in a
three-dimensional space, it is possible to depict the
diamond structure corresponding to the closest pack-
ing of carbon atoms. Graphite is described by a dis-
connected graph consisting of an infinite number of
two-dimensional lattices. Each lattice can be realized
on a plane as a hexagonal network. The third allo-
tropic modification of carbon, carbyne, is described in
terms of infinite number of simple paths which all
can be arranged on a straight line. In 1973, Soviet
chemists Bochvar and Gal’perin [1] performed theo-
retical calculations and concluded that carbo-
s-icosahedron should be a stable molecule with a
singlet ground state.

In the middle 1980s, astrophysicists, using new
optical spectrophotometers, revealed in the spectra of
[carbon stars] (red giants) and comet tails an absorp-
tion band at 216 nm. Researchers assumed that such
objects and interstellar dust can contain small clusters
of carbon atoms, Cn. American physicists Rolling,
Cox, and Calder tested an assumption that Cn can
exist under laboratory conditions. They performed
high-vacuum evaporation of graphite when exposed to
a powerful laser beam. Using a mass spectrometer,
these researchers detected in a graphite vapor a set of
Cn clusters containing 13150 carbon atoms. It should
be noted that small clusters (n < 40) contained both
even and odd numbers of carbon atoms, and larger

ones, even numbers only. In 1985, Kroto et al. [2]
reproduced this experiment, though under somewhat
different conditions, and obtained mass spectra with
peaks corresponding to m /z of 720 and 840. Kroto
et al. assumed that these peaks correspond to indivi-
dual molecules, C60 and C70, and advanced a hypo-
thesis that the C60 molecule has a form of a truncated
icosahedron with the Ih symmetry, and the C70 mole-
cule, a more extended ellipsoid-like structure with
the D5h symmetry. These assumptions were sub-
sequently confirmed. Polyhedral carbon clusters were
termed fullerenes.

A detailed mechanism of formation of fullerenes
still remains to be elucidated. By now, only general
ideas have been advanced concerning the carbon skel-
eton growth via successive addition of C2 particles,
which, evidently, dominate in graphite vapor [3].

The structural difference between fullerenes and
graphite consists, above all, in that the former com-
prise pentagons. The very first pentagon surrounded
by hexagons gives corannulene with a nonplanar
structure. The same result can be obtained with forma-
tion of a heptagon [4]. The peculiar structural features
of fullerenes, namely, all bonds unsaturated and no
substituents, allow only two types of primary reac-
tions: detachment of electrons and addition of elec-
trons or groups. Fullerenes exhibit electrophlicity and
are good electron acceptors. They are prone to addi-
tion of nucleophiles, as well as of free radical and
carbenoid moieties. Virtually all the reactions known
for fullerenes were realized for C60 and C70. As to
the chemical properties of higher fullerenes, the in-
formation is scarce.

Certain physical properties and structure of ful-
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lerene C60 were reported by Prassides et al. [5]: cubic
crystal structure, space group Fm3m (T > 260 K) and
Pa3 (T < 260 K); carbon cage diameter 7.1 A; bond
length C=C 1.391, C3C 1.455 A; nonvalent distance
between the C60 molecules in a crystal 3.1 A; volume
modulus 18 GPa; density 1.65 g cm33. Spectral
characteristics: electron affinity 2.632.8 eV; ionization
potential 7.6 eV; band gap 1.9 eV; 13C NMR chemi-
cal shift 142.68 ppm; IR frequencies 528, 577, 1183,
1429 cm31; Raman frequencies 1250, 1422, 1467,
1573 cm31; and refractive index 2.2 (630 nm). The
structure of the C70 cluster was determined by elec-
tron diffraction [6]. It was found that it has a fuller-
ene-type structure of the ellipsoidal form, point group
D5h. The C3C bond length varies from 1.37 to 1.47 A.
The shortest bonds are those linking the vertices of
two different pentagons, and the longest are those
located in five-membered rings. The [height] of the
molecule is equal to 7.8 A. The equatorial section of
C70 has a diameter of 6.94 A. Formally, the D5h-C70
cluster can be obtained from two halves of the C60
cluster with five pairs of carbon atoms inserted in the
equatorial plane.

The D5h-C70 cluster, similar to Ih-C60, contains
only isolated five-membered rings. The C70 molecule
contains atoms of five types, and its spectra exhibit
the corresponding number of signals. The carbon
atoms in C70 molecule are nonequivalent, which is
responsible for different chemical shifts observed in
the 13C NMR spectra. Fowler [7] and Iijima [8] dis-
cussed the structures of higher fullerenes with the
number of carbon atoms n > 84, as well as of those
with a greater n (giant fullerenes), including extended
fullerene-type carbon structures. It was suggested to
simulate the structure of giant fullerenes by spherical
models. It can be assumed that giant fullerenes have
a complex [matreshka] or bulb-like structure. Certain
giant fullerenes can have a cylindrical form or give
more complex network structures (capsulenes, bar-
relenes, tubulenes, torenes) [8].

By now, crystalline C60 samples and doped sys-
tems like MnC60 have been synthesized. Such salts
with alkali metals at n = 3 exhibit superconducting
properties: compounds with K ions have Tc = 18 K
and those with Rb ions, Tc = 28 K [9]. The reliably
reproducible critical temperature Tc achieved for the
cesium3rubidium salt Cs2RbC60 is equal to 33 K [5].
It was found that superconducting transition tempera-
tures for some halogen-doped fullerenes exceed 60 K
[10]. Fullerenes were used for preparing films having
nonlinear optical properties suitable for application
in optical limiters (shutters) and light diodes, as well

as for generation of third harmonics in optical laser
radiation. Also described are optical elements consist-
ing of fullerene C60, which exhibits high nonlinear
third-order susceptibility, and a polymer or a glass as
the binder [11]. Thin fullerene films are used in wave
guides. Materials having magnetic properties were
prepared by dispersing globular Cn (n = 60, 70, 84)
bound to La, Na, K, Cs, or Rb ions in a polymeric
material [12]. Magnetic materials containing Cn ex-
hibit stable ferromagnetic properties at room tempera-
ture and can be easily prepared. Materials containing
C60 and its derivatives are suitable for tunnel diodes,
electroluminescent devices, organic solar elements,
optical memory devices, field-effect transistors, etc.
[13].

Fullerenes exhibit photoelectric properties such as
photoconductivity and photovoltaic effect. This makes
them suitable for manufacturing various devices
underlain by induced processes such as current gen-
eration by illuminating fullerene interfaces. Semicon-
ductor materials containing C60 or C70 are responsible
for rectifying and photosensitive properties of devices
utilizing these materials. It was shown [14] that
heterostructures based on semiconducting conjugated
polymers and acceptors chosen from amongst ful-
lerenes are suitable as photodiodes and photovoltaics;
also described is their use as optical memory cells.
The experiments reported in [15, 16] showed that
crystalline C60 powder can be converted to diamond
by nonhydrostatic compression. This allows prepara-
tion of diamond-like (possibly, optically transparent in
the visible range) films with physical and chemical
properties close to those of single-crystalline diamond.
This application field of fullerenes and/or their mix-
tures seems the most promising today.

Intercalation compounds of fullerenes with transi-
tion metals exhibit a catalytic effect in hydrogenation;
they can be prepared by reaction of transition metal
compounds with fullerene or fullerene-containing
soot, involving activation in solution [17]. Hydro-
genated or fluorinated fullerenes are suitable as solid
lubricants or additives to lubricating oils [18]. Ful-
lerene-containing fuel compositions were developed
for internal-combustion engines; they include gaso-
line, allotropic forms of carbon soluble in hydrocar-
bons, and a dispersing agent [19]. Engines utilizing
such fuel compositions are characterized by reduced
emissions of undesired exhaust gases. Compounds
containing fullerenes and hydrogenated catalysts are
suitable for application in adsorption, concentration,
and purification processes, as well as for storage,
transfer, hydrogen reduction, and regeneration of acid
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storage batteries [20]. Electric batteries also utilize
fullerene-containing anodes and/or cathodes. Solar
cells employ C60-doped semiconductors for creating
n, i, and p conductivities in formation of homo- and
heterojunctions. Such solar cells have long service
lives, and their manufacture requires no toxic materi-
als [21].

In 1990, Kratchmer et al. [22] described for the
first time a method for preparing several grams of
carbon clusters by graphite electrode burning in an
electric arc under He. The mass ratio of the main
components obtained by this procedure, C60/C70, is
typically 4/1. The content of higher clusters is ca. 1%
of the fullerene mass. Also, fullerenes can be prepared
by heating carbon-containing compounds in a hot
plasma in front of a refractory shielding plate for col-
lecting fullerene-containing solid products. Another
method for preparation of fullerenes is burning car-
bon-containing substances (e.g., C6H6) at 14003
3000 K followed by collection of fullerene-containing
condensates with the C70/C60 ratio within 0.2635.7
[24]. The yield and composition of fullerenes are
governed by selectively controlled burning conditions
and other parameters such as the C/O ratio, pressure,
temperature, keeping time, diluent concentration, and
gas supply rate. Also, graphite can be heated by
directly passing electric current or using ultra-high-
frequency radiation under an inert gas atmosphere
[25, 26].

The resulting mixture of fullerene-containing prod-
ucts should be separated. This is usually done by ful-
lerene extraction from fullerene soot [27, 28]. Light
fullerenes C60 and C70 can be separated by different
methods: chromatography [28, 29], low-pressure sub-
limation [30], or a method based on the difference in
the polythermal solubilities of light fullerenes [29, 31,
32]. The latter method is of interest, above all, for
prechromatographic separation of fullerenes; it allows
isolation of individual 90395% pure fullerenes in a
yield of up to 80% of the total fullerene content.

EXPERIMENTAL

In this work, fullerenes were synthesized by the
standard method of graphite rod erosion in a high-
temperature plasma under helium [22]. This yielded
fullerene-containing soot with a total fullerene content
of ca. 8.4 wt %. The fractional composition, %, of ful-
lerenes was as follows: C60 81.3, C70 17.9; sum of
higher fullerenes C76, C84, etc. 0.8. Next, the fullerene
mixture was extracted with o-xylene in a Soxhlet-type
counterflow extractor. The residual amount of the ful-

lerene sum in the fullerene soot was under 0.1%. The
fullerene mixture in the form of o-xylene solutions
with a total fullerene concentration of ca. 7.8 g l31

was separated chromatographically on two series-
connected columns packed with graphite-like filler.
This gave C60 and C70 of 99.9 and 99.0 wt % purity,
respectively (the only significant impurity is C70 in
C60 and C60 in C70) in the yields of 85 and 60%,
respectively. The concentrations of fullerenes C60 and
C70 in the liquid phase were determined spectropho-
tometrically from the optical densities of solutions in
o-xylene at the wavelengths l1 = 335.7 and l2 =
472.0 nm [33]; solid mixtures of fullerenes were
first dissolved without residue in o-xylene and then
analyzed similarly. The concentrations of organic
solvents (o-xylene, isobutylamine, monoethanolamine,
etc.) in the coexisting phases were determined chro-
matographically on 3700 (Khromatograph plant, Mos-
cow) and LKhM-8MD (N2 carrier gas, Chromaton N
AW DMCS, mobile phase PEG-6000) gas chromato-
graphs. In analysis of liquid phases for H2O content
we used helium as the carrier gas and Porapak Q as
the sorbent. The content of the solvents in the solid
phases was determined gravimetrically, by evapora-
tion to a constant weight at a temperature of up to
150oC and residual pressure of about 15 mm Hg.

The aim of this work is to test the suitability, in
principle, of the extraction methods based on realizing
two-phase liquid I3liquid II equilibria for separation
and purification of the fullerene components. As far as
we know, such equilibria in fullerene-containing
systems have not been studied previously.

Suitable for this purpose are systems whose main
components (solvents) have a fairly large concentra-
tion range of immiscibility. The physicochemical
properties of the coexisting phases should differ sig-
nificantly; in this case, the distribution coefficients of
the fullerene components between the phases can be
expected to differ significantly from unity. The distri-
bution coefficients should also be significantly dif-
ferent for fullerenes C60 and C70. The most rigorous
requirement related to the process feasibility is that
the solubility of fullerenes C60 and C70 in both equi-
librium phases should be significant, namely, no less
than 503100 mg of fullerenes in 1 l of solution.

Fullerene C603fullerene C703o-xylene3isobutyl-
amine3H2O system at 25oC. Analysis of the coexist-
ing phases showed that the content, wt %, of the main
components of the solvent (o-xylene, isobutylamine,
and H2O) is as follows: o-xylene 3, isobutylamine
81, H2O 16 for the lower (amine) phase and o-xylene
65, isobutylamine 35, and H2O 0.1 for the upper
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A, mg l31 Kd = 16.1

B, mg l31

Fig. 1. Distribution of fullerenes C60 and C70 between the
amine and o-xylene phases at 25oC. Fullerene content
in (A) isobutylamine and (B) o-xylene phase. System:
(133) C603C703o-xylene3isobutylamine3H2O, (4) C603
o-xylene3isobutylamine3H2O, and (5) C703o-xylene3
isobutylamine3H2O. Fullerene: (1, 4) C60, (2, 5) C70, and
(3) C60 + C70.

A, mg l31 (a)

B, mg l31

A, mg l31 (b)

B, mg l31

Fig. 2. Distribution of fullerenes (a) C60 and (b) C70 bet-
ween the monoethanolamine and o-xylene phases in the
fullerene C603fullerene C703o-xylene3monoethanolamine
system at 25oC. Content of fullerenes C60 and C70 in
(A) o-xylene and (B) monoethanolamine phase.

(xylene) phase. The content of these components in
the phases is virtually independent of the fullerene
content, as the coexisting phases are extremely dilute
with respect to fullerene components. The total mole
fraction of these components was estimated at Xf ,
103431036 and Xf , 103331035 for the amine and
xylene phases, respectively.

Figure 1 shows the distribution of the fullerene
components C60 and C70 between the amine and xyl-
ene phases for the quaternary systems C603o-xylene3
isobutylamine3H2O and C703o-xylene3isobutylamine3
H2O and the quinary system C603C703o-xylene3iso-
butylamins3H2O at 25oC. In these diagrams, the con-
tent of the macrocomponents (o-xylene, isobutyl-
amine, and H2O) is fixed, as well as the ratio of ful-
lerenes C60 and C70 in the quinary system. The ob-
tained distribution diagrams proved to have an un-
expectedly simple form of straight lines (this allowed
their uniform geometric representation in Fig. 1). The
distribution coefficients of C60 and C70 in all the three
studied systems proved to be invariant, irrespective of
whether both or one of the fullerenes were present in
solution (the fullerenes did not compete during extrac-
tion and were extracted independently). Moreover, the
distribution coefficients of both fullerenes C60 and
C70 proved to be equal, namely, Kd = 16.1.

This fact is fairly difficult to interpret. Straight-line
distribution diagrams are typical, above all, for sys-
tems with ideal (with respect to the components being
extracted) phases. It is unlikely that fullerenes are ex-
tracted in the form of monomers solvated by solvent
molecules (in any case, this contradicts the data re-
ported by Golubkov et al. for o-xylene solutions [34,
35]). It remains to be suggested that fullerenes form
a mixture of individual associates like (C60)p(Solv)rl
and (C70)q(Solv)r2 and are extracted in these forms,
and the coexisting phases are ideal specifically with
respect to the extracted species rather than to unas-
sociated monomers.

The fact that the distribution coefficients in extrac-
tion of C60 and C70 are identical means that extraction
separation in the fullerene C603fullerene C703o-xyl-
ene3isobutylamine3H2O system is impossible.

Fullerene C603fullerene C703o-xylene3mono-
ethanolamine system at 25oC. Figures 2a and 2b
show the distribution of the fullerene components C60
and C70 between the monoethanolamine and o-xylene
phases in the quaternary system C603C703o-xylene3
monoethanolamine at 25oC.

The content of the macrocomponents, o-xylene and
monoethanolamine, is fixed in the diagram (because
of the extremely low mutual solubility of o-xylene
and monoethanolamine of ca. 1 wt %). Also fixed is
the overall ratio of C60 and C70 (46.5 wt % C60). Fig-
ure 3 presents the relative mass content of C60 (in the
C60 + C70 mixture) in the coexisting phases as a func-
tion of the C70 concentration in the monoethanol-
amine phase of the C603C703o-xylene3monoethanol-
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amine system at 25oC. For clarity, the overall com-
position of the fullerene mixture being distributed
(Yov = 46.5 wt % C60) is shown with a dotted line.

The distribution diagrams for the C603C703o-xyl-
ene3monoethanolamine system are more complex
than those for the fullerene C603fullerene C703o-xyl-
ene3isobutylamine3H2O system. The distribution
diagrams for C60 and C70 are curved (concave toward
the concentration simplex axes) throughout the con-
centration range studied. It should be noted that, in the
case of fullerene C60 (Fig. 2a), the curvature is much
stronger compared to C70 (Fig. 2b). At all the con-
centrations, the monoethanolamine phase is richer in
both fullerenes than the o-xylene phase, since the co-
efficients of fullerene distribution between these
phases are always significantly over unity. Figures 2a
and 2b suggest that, with increasing concentration, the
distribution coefficients for C60 tend to monotonically
increase from ca. 2 (for dilute solutions with the total
fullerene concentration in the monoethanolamine
phase cf < 100 mg l31) to 7 (for concentrated solu-
tions with the maximal total concentration cf ,
8400 mg l31). By contrast, the distribution coefficients
for C70 tend to monotonically decrease with increas-
ing concentration from 12 (for dilute solutions) to
8.5 (for concentrated solutions). Figure 3 shows that,
with increasing total fullerene concentration, the rela-
tive mass concentration of C60 (in the C60 + C70 mix-
ture) in the coexisting phases gradually approaches the
overall composition of the mixture being distributed
(Yov = 46.5 wt % C60), shown in Fig. 3 with a dotted
line. In solutions dilute with respect to the fullerene
components, fullerene C70 passes predominantly (rela-
tive to C60) to the monoethanolamine phase, and ful-
lerene C60, to the o-xylene phase. In concentrated
solutions, this effect is leveled. The relative contents
of fullerene C60 (in C60 + C70 mixture) in the coexist-
ing phases approach each other and the overall com-
position of the fullerene mixture, i.e., the selectivity
of the phase distribution for C60 and C70 is lost.

Thermodynamically, it is fairly clear that the co-
existing phases (or even one of them) are nonideal
with respect to extractable species (Figs. 2, 3). The
fact that both phases are nonideal with respect to non-
associated fullerene components C60 and C70 was
mentioned earlier [34, 35]. However, the appearance
of the distribution diagrams suggests that at least one
of the liquid phases in the system under study is not
even ideally associated, i.e., it is not ideal with re-
spect to the associated and solvated extractable fuller-
ene species. We observed such ideal association in
the case of the fullerene C603fullerene C703o-xylene3

o-Xylene phase

Monoethanolamine phase
Yov

c, mg l31

Y, wt %

Fig. 3. Relative content of C60 (in the C60 + C70 mixture)
Y in the coexisting phases as a function of the C70 concen-
tration c in the monoethanolamine phase of the fullerene
C603fullerene C703o-xylene3monoethanolamine system.
Dotted line: overall composition of the fullerene mixture
being distributed, Yov = 46.5 wt % C60.

isobutylamine3H2O system. In view of the facts that
the system with isobutylamine also contains the
o-xylene-based phase and that the distribution dia-
grams for the fullerene components are straight lines,
it can be assumed that specifically the monoethanol-
amine phase is nonideally associated.

It should be noted that fullerenes C60 and C70 can
be separated by extraction in the fullerene C603ful-
lerene C703o-xylene3monoethanolamine quaternary
system at 25oC. Figures 2 and 3 suggest that the ful-
lerene components can be efficiently separated only in
the case of comparatively dilute solution with the total
fullerene concentration cf < 2000 mg l31. The best
results are obtained at still lower concentrations: cf <
500 and even cf << 100 mg l31. It should be men-
tioned, however, that very dilute solutions (cf <
100 mg l31) are unfavorable, because large amounts of
the solvents involved, which should be subsequently
evaporated, make the process power- and labor-con-
suming. At high concentrations (cf > 2000 mg l31),
the separation is also inefficient because of fairly low
separation factors. Hence, the optimal concentration
for separation of C60 + C70 mixtures of an averaged
composition (from 20 to 80 wt % of C60 in the C60 +
C70 mixture) is 500+200 mg l31.

Fullerene C603fullerene C703o-xylene3dimethyl-
formamide (DMF)3H2O system at 25oC. Analysis
of the system showed that the content, wt %, of the
main solvent components (o-xylene, DMF, and H2O)
in the coexisting phases is as follows: o-xylene 14,
DMF 67, and H2O 19 in the lower (DMF) phase, and
o-xylene 48, DMF 44, and H2O 8 in the upper
(o-xylene) phase.

Figures 4a and 4b show the distribution of the ful-
lerene components C60 and C70 between the DMF and
o-xylene phases in the C603C703o-xylene3DMF3
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A, mg l31 (a)

B, mg l31

A, mg l31 (b)

B, mg l31

Fig. 4. Distribution of (a) C60 and (b) C70 between the
DMF and o-xylene phases in the fullerene C603fullerene
C703o-xylene3DMF3H2O system at 25oC. C60, C70 ful-
lerene content in (A) o-xylene phase and (B) DMF phase.

DMF phase
Yov

o-Xylene phase

c, mg l31

Y, wt %

Fig. 5. Relative content of C60 in the C60 + C70 mixture
in the coexisting phases Y as a function of the C70 concen-
tration c in the DMF phase of the fullerene C603fullerene
C703o-xylene3DMF3H2O system at 25oC. Dotted line:
overall composition of the fullerene mixture being distri-
buted, Yov = 77.7 wt % C60.

H2O quinary system at 25oC. The overall composi-
tion of the C603C70 mixture used was fixed at
77.7 wt % C60.

The distribution diagrams for C60 and C70 also
proved to be curved throughout the concentrated range
studied. It should be noted that, in the distribution
diagram for fullerene C70, the curvature is much
stronger compared to C60, and the o-xylene phase is
always richer in both fullerenes than the DMF phase.
The distribution coefficients (the concentration ratio
of the o-xylene to DMF phase) vary for C60 insig-
nificantly with increasing concentration and are esti-
mated at ca. 200 (Fig. 4a). The distribution coeffi-
cients for C70 vary more strongly with increasing

concentration; they monotonically increase from 1
(for dilute solutions with the C70 concentration in the
o-xylene phase of under 20 mg l31) to 4 (for
concentrated solutions with the C70 concentration in
the o-xylene phase of over 200 mg l31) (Fig. 4b).

Of principal importance is the fact that the separa-
tion factor equal to the ratio of the C60 and C70 distri-
bution coefficients is large, namely, 50 < Ks < 200,
which offers promise for phase separation. Indeed, the
o-xylene phase predominantly accumulates C60 (803
84 wt %), and the DMF phase, C70 (92397 wt %).
Figures 4 and 5 suggest that the separation is the most
efficient in dilute solutions, though in comparatively
concentrated solutions the separation is very efficient
as well. Evidently, the optimal concentrations for
separation of C60 and C70 are 80031000 mg l31. It is
impossible to markedly increase the total fullerene
concentration in solution relative to the indicated
range, as a solid phase is immediately formed in the
DMF phase, which disturbs the extraction equilibrium.

Thermodynamically, Figs. 4 and 5 also suggest that
both coexisting phases are nonideal with respect to the
extractable species.

CONCLUSIONS

(1) The extraction equilibria liquid I3liquid II were
studied in the C603C703o-xylene3monoethanolamine
quaternary system and C603C703o-xylene3dimethyl-
formamide3H2O and C603C703o-xylene3isobutyl-
amine3H2O quinary systems at 25oC.

(2) The diagrams of distribution of the fullerene
components between the coexisting liquid phases were
obtained. It is possible to achieve noticeable extractive
separation of C60 and C70 in the monoethanolamine
system at the total fullerene concentration in the
o-xylene phase of 500+200 mg l31. The optimal con-
centration for separation in the dimethylformamide
system is cf = 900+100 mg l31. No extractive separa-
tion was achieved in the isobutylamine-containing
system.
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Abstract-New copper-containing fungicides based on peat and granulated and powder-like anthracite were
prepared and studied; the optimal conditions of their preparation were determined.

Although numerous chemical agents for plant
protection (in particular, fungicides) are available,
search for new more effective and convenient-to-use
preparations is still an urgent problem due to increas-
ing requirements to safety for humans and preserva-
tion of the activity at prolonged storage.

Though copper-containing fungicides are well
known [135], in this work we tried to prepare new
copper-containing fungicides with carbon materials as
supports.

It was found [6311] that, in sorption of copper(II)
compounds on activated carbons, various forms of
sorbed copper(II) are formed, depending on the proc-
ess conditions, chemical nature of the sorbent surface,
and structure of the carbon material. The carbon sur-
face is active, it can bear an electrical charge and con-
tain various functional groups. Hence, contact with
salt solutions can be accompanied by the exchange of
anions (with the release of OH3 ions into solutions)
and cations (with acidic functional groups in the oxi-
dized samples). At anion exchange in the presence of
copper(II) salts, hydroxides and basic salts are formed
in the carbon pores. Also [8311], at contact with con-
centrated solutions, the multilayer coverage of the
pore surface with copper(II) compounds is possible.
Such preparations (impregnated carbons), in which
granules (particles) of activated carbon support are
filled with a certain compound, are widely used as
chemosorbents, catalysts, etc. [8311].

As for carbon materials modified with copper(II)
compounds, it is known [8310] that they can contain
a water-soluble (WS) fraction sorbed in the interlayer
or intrapore space and an acid-soluble fraction in
the form of basic salts or copper(II) bound by cation
exchange. Such a variety of the forms of bound
copper(II) allows synthesis of preparations with the

controlled amount and rate of release of fungicidal
and antimicrobial copper(II) species into the environ-
ment. As a result, we can obtain highly active fun-
gicides (bactericides) with a lower content of cop-
per(II) and lower toxicity compared to known copper-
containing agents.

The aim of this work was to prepare modified car-
bon materials with fungicidal and antimicrobial prop-
erties, to determine the optimal synthesis conditions,
and to obtain a series of experimental samples for full-
scale tests. For this purpose we prepared about
30 samples, mainly based on granulated and powdered
anthracite.1 In some cases, natural peat was used as
copper support. Modification was performed in the
static sorption mode: a weighed portion (531000 g)
of the carbon material was shaken for 4 h with the
required volume (1535000 ml) of a copper(II) chloride
solution of appropriate concentration. To determine
the optimal synthesis conditions, we varied the type of
the initial material, its granulation, copper(II) salt
concentration, pH value, etc. In special tests we re-
corded the copper(II) sorption isotherms (Fig. 1) and
performed washing out of weakly bound (WS) cop-
per(II) (Fig. 2) and desorption of copper(II) (sorbed or
bound by ion exchange) from the sorbent surface.

As seen from Table 1, the samples studied con-
tained different amounts of sorbed copper(II). Using
sorption isotherms and the ratio of the sample weight
to solution volume, we can calculate the required
amount of copper(II) in the preparation. Copper(II) is
strongly sorbed on both anthracite and peat (Fig. 1).
ÄÄÄÄÄÄÄÄÄÄÄÄ
1 Due to the short supply of special-purpose activated carbons

for rapidly expanding areas of their application, utilization of
cheap carbon materials, e.g., activated anthracite, is an urgent
problem. Search for new processes to obtain valuable products
from the waste of powdered anthracite production is also im-
portant.
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Table 1. Conditions of modification of carbon materials to impart to them fungicidal and antimicrobial activity
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ

Sample ³
Carbon sorbent, treatment procedure

³ Treatment with CuCl2, ³
cCu, wt %

no. ³ ³ mg-equiv l31 ³
ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ

1 ³Peat ³ 5 ³ 540
2 ³" ³ 3 ³ 16
3 ³" ³ 2 ³ 14
4 ³" ³ 1 ³ 24
5 ³" ³ 0.1 ³ 0.45
6 ³" ³ 0.01 ³ 0.05
7 ³APA* ³ 5 ³ 37.6
8 ³" ³ 3 ³ 3.8
9 ³" ³ 2 ³ 4.2

10 ³" ³ 1 ³ 4.3
11 ³APA treated with 1% NaOH solution and washed with water ³ 0.1 ³ 1.1
12 ³APA treated with NH3 vapor and washed with water ³ 0.1 ³ 1.1
13 ³APA ³ 0.015 ³ 0.08

³AGA,** particle size, mm: ³ ³
14 ³ 130.5 ³ 5 ³ 60.8
15 ³0.530.2 ³ 5 ³ 60.8
16 ³0.230.1 ³ 5 ³ 60.8
17 ³0.230.1 ³ 2 ³ 3.2
18 ³AGA treated with 1% NaOH solution and washed with water ³ 0.1 ³ 1.2
19 ³AGA treated with NH3 vapor and washed with water ³ 0.1 ³ 1.2
20 ³Anthracite washed with water and 0.1 M KOH solution (0.013 ³ 4 ³ 64.0

³0.0005 mm particle size) ³ ³
21 ³Anthracite (0.0130.0005 mm particle size) ³ 0.1 ³ 12.8

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ
* (APA) Activated powdered anthracite.

** (AGA) Activated granulated anthracite.

As seen from Table 1, at high copper(II) concentra-
tions the content of sorbed copper(II) is almost in-
dependent of the anthracite granulation. With decreas-
ing concentration of the initial CuCl2 solution, the
content of sorbed copper(II) on the finer anthracite

A, mg-equiv g31

ce, g-equiv l31

Fig. 1. Isotherms of copper(II) sorption A from industrial
copper-containing solution on (1) granulated activated
anthracite and (2) peat. (ce) Equilibrium concentration of
copper(II). (1) Sample no. 15, m = 5 g, V = 25 ml, contact
time 5 h; (2) sample no. 5, m = 20 g, V = 100 ml, contact
time 4 h.

particles became smaller than that on the coarser par-
ticles.

Along with the fractional composition of the car-
bon material, pH of the initial solution also affects
sorption of copper(II) and forms of its binding with

ce, mg-equiv l31

V, l

Fig. 2. Desorption of copper(II) ions from copper-modified
anthracite samples by triple treatment with distilled water
(3 0 5 l). (ce) Equilibrium concentration of copper(II) and
(V) water volume. Copper(II) content in anthracite, %:
(1) 1.5 and (2) 3.
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Table 2. Fungicidal and antimicrobial activity of copper-containing carbon materials in laboratory tests
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Sample
³

Carbon material

³
Fraction

³ Inhibition of spore growth,³ Antimicrobial activity* with respect to

no.
³ ³

composi-
³ %, in indicated time, h ³ indicated cultures

³ ³ ÃÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄ
(Table 1)³ ³ tion, mm ³ 3 ³ 24 ³ 80 ³ 13 ³ 5a ³ 8982 ³ 8163 ³ 549
ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄ

³Untreated peat ³Natural ³ 14.3 ³ 40.0 ³ 3 ³ + ³ + ³ ++ ³ + ³ +
³Untreated anthracite ³0.530.2 ³ 2.5 ³ 47.0 ³ 61.8 ³ + ³ + ³ + ³ + ³ +

1 ³Peat ³Natural ³100.0 ³ 92.3 ³ 100.0 ³ + ³ + ³ + ³ + ³ ++
2 ³" ³" ³ 97.9 ³ 90.0 ³ 100.0 ³ +++ ³ +++ ³ +++ ³ + ³ +++
3 ³" ³" ³ 97.6 ³ 90.0 ³ 100.0 ³ +++ ³ +++ ³ +++ ³ ++ ³ +++
4 ³" ³" ³ 96.6 ³ 94.0 ³ 100.0 ³ +++ ³ +++ ³ +++ ³ ++ ³ +++
5 ³" ³" ³ 55.2 ³ 93.5 ³ 3 ³ Not determined
6 ³" ³" ³ 8.0 ³ 51.6 ³ 3 ³ Not determined
7 ³Anthracite ³Powdered ³ 97.7 ³ 97.0 ³ 100.0 ³ + ³ + ³ ++ ³ ++ ³ +
8 ³" ³" ³100.0 ³ 90.0 ³ 100.0 ³ +++ ³ +++ ³ +++ ³ ++ ³ +++
9 ³" ³" ³100.0 ³ 94.0 ³ 100.0 ³ +++ ³ +++ ³ +++ ³ ++ ³ +++

10 ³" ³" ³100.0 ³ 94.0 ³ 99.1 ³ + ³ +++ ³ +++ ³ ++ ³ ++
12 ³" ³" ³ 99.0 ³ 95.0 ³ 3 ³ Not determined
13 ³" ³" ³ 3 ³ 3 ³ 3 ³ Not determined
14 ³" ³ 130.5 ³100.0 ³ 98.0 ³ 100.0 ³ + ³ + ³ + ³ + ³ +
15 ³" ³0.530.2 ³ 97.7 ³ 94.0 ³ 100.0 ³ + ³ + ³ + ³ + ³ +
16 ³" ³0.230.1 ³ 96.6 ³ 92.0 ³ 100.0 ³ + ³ ++ ³ + ³ + ³ +
17 ³" ³Commercial³ 93.9 ³ 89.4 ³ 3 ³ Not determined

Reference³3Cu(OH)2 .CuCl2 . xH2O³ 3 ³ 40.4 ³ 51.0 ³ 79.8 ³ ++ ³ ++ ³ +++ ³ ++ ³ ++
ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄ

Water (blank test) ³ 3 ³ 3 ³ 3 ³ + ³ + ³ + ³ + ³ +
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄ
* Antibacterial activity was determined using the phytopathogenic cultures Predomanas lachrymans (13 and 5a strains) and Ervinia

(8982, 8163, and 549 strains); (+) weak sensitivity, sterile area diameter 15 mm; (++) moderate sensitivity (15325 mm); and
(+++) high sensitivity (more than 25 mm).

the sorbent. However, this effect is appreciable only in
dilute solutions and at rather low pH values, whereas
in concentrated solutions sorption is almost indepen-
dent of pH.

The conditions of copper(II) desorption are impor-
tant, because the amount and forms of desorbed cop-
per(II) strongly affect the fungicidal and phytotoxic
properties of carbon materials.

Experiments on the kinetics of copper(II) washing
out with water from samples with a fairly high metal
content showed that copper(II) is actively washed out
in the first 5 min. This fact suggests that the diffusion
factors do not noticeable affect the copper desorption,
and at longer contact with water the copper desorption
increases only slightly. The residual copper(II) content
after treatment with water for 1 h was 6.4 mg g31.
We failed to remove all the sorbed copper from the
samples with water, which suggests that it occurs in
activated carbon in different chemical forms.

Based on our experimental results and preliminary
data on the fungicidal activity, obtained at the

Ukrainian Research Institute of Plant Protection
(Kiev, Ukraine), we prepared a pilot series of the
samples for the field plant protection tests. We deter-
mined the sorption capacity and desorption of cop-
per(II) in single and multiple treatments with water
(Fig. 2). As seen, in successive treatments copper(II)
is gradually washed out.

Our preparations (Table 1) were tested under the
laboratory conditions. We determined the growth in-
hibition factors for the fungus spores of Alternaria
tenrus, Phytophthora infestans, etc., which are patho-
gens of crops, causing potato and tomato phyto-
phthora infection, potato alternariosis, and root rot of
many plants (Table 2). For some samples we also
determined the antimicrobial activity.

Analysis of our experimental data showed that
unmodified carbon materials exhibit no fungicidal and
antimicrobial properties (Table 2). With addition of
copper(II), almost all the samples acquire the fungi-
cidal activity. It should be noted that the strong inhibi-
tion of the spore growth was observed with both the
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anthracite samples impregnated with concentrated
(135 N) copper(II) chloride solutions, which probably
contain all the above forms of bound copper and sig-
nificant amounts of weakly bound water-soluble
species, and with the samples treated with dilute solu-
tions, which contain smaller amounts of readily re-
movable copper(II). Therefore, there are good grounds
to expect that such preparations can provide the re-
quired fungicidal effect at lower copper(II) consump-
tion.

Sample nos. 17 and 18, treated after sorption with
alkali, showed high activity; the fungicidal activity of
modified peat may be of practical interest. After such
a treatment, copper(II) in the sorbent can occur as
oxychloride, i.e., in the form similar to the reference
compound 3Cu(OH)2 .CuCl2 .xH2O, x = 033 or hy-
droxide; certain its fraction also can be bound by the
cation-exchange mechanism.

Comparison of the fungicidal activity of the sam-
ples (Table 2) showed that some samples, e.g., modi-
fied copper-containing samples of anthracite (sample
nos. 8310) and peat (sample nos. 234) are more effec-
tive in the spore growth inhibition and in suppression
of a series of phytopathogenic bacteria as compared
to the reference. Since the above preparations were
obtained using concentrated solutions and they con-
tained significant amounts of water-soluble copper(II),
we assume that their antimicrobial properties are pre-
dominantly determined by the released copper(II).

The results of the laboratory tests on the fungicidal
and antimicrobial activity of copper-containing carbon
materials suggest that they are promising for agricul-
tural use.

In the field tests, we used the samples with various
forms of bound copper(II), prepared by impregnation
of carbon material with both concentrated and dilute
solutions of copper(II) chloride. After sorption, the
samples were washed to remove excess copper(II)
with distilled water (sample no. 16) and with water
and alkaline solution (sample no. 20). In the latter
case, we assume that the major fraction of copper in
the sample occurs in the form close to 3Cu(OH)2 .

CuCl2 .xH2O.

The vegetation tests showed phytotoxicity of sam-
ple nos. 16 and 20, whereas sample no. 21 with a

small content of copper(II) exhibited no such activity;
no phytotoxicity was observed in the field tests. Sam-
ple no. 21 with the copper content by an order of
magnitude smaller than in the reference exhibited a
fungicidal activity in the field tests.

CONCLUSION

Copper-modified anthracites show promise as fun-
gicidal and antibacterial preparations for vegetable
growing and storage.
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Abstract-Methods of low-temperature adsorption of nitrogen and X-ray phase analysis were applied to study
structural characteristics of aluminum hydroxides synthesized under industrial conditions. A mechanism
of formation of the porous structure of aluminum hydroxides was suggested.

Aluminum oxide is widely used in manufacture of
adsorbents and catalysts, being, therefore, a large-
tonnage product of industrial chemistry. Recent
studies have shown that synthesis of a support is one
of the most important procedures in catalyst manufac-
ture technology. As a support frequently serves active
aluminum oxide (AAO), determining the dispersity
and distribution of the active component and diffusion
limitations on mass-transfer processes in a catalyst
[1, 2].

It is commonly believed that there exists the op-
timal pore size of a catalyst for any particular type of
raw materials. However, despite that the literature
contains a voluminous material concerning the syn-
thesis techniques and the structure of aluminum hy-
droxides and oxides of varied morphology, data on
the influence of particular industrial procedures on
the texture of aluminum oxide obtained by reprecipita-
tion are rather scarce [337].

The aim of this study was to establish the mech-
anism of texture formation in AAO in the course of its
industrial synthesis and to analyze the influence
exerted by the conventional procedures on its texture
characteristics.

EXPERIMENTAL

Aluminum hydroxides (AH) were synthesized
under industrial conditions by batch precipitation
using the sulfate process. The hydroxide samples
were analyzed for the content of impurities: Na+

ions (in terms of Na2O), by flame photometry on a
Flapho-4 instrument; SO3

23 ions, by a procedure de-
scribed in [8]. The texture characteristics were deter-

mined on an ASAP 2010 Micromeritics universal
analyzer of surface area and porosity. Adsorption iso-
therms were measured at 77 K, degassing was done
at 773 K to a residual pressure of 1034 mm Hg. The
specific surface area Ssp was determined by thermal
desorption of nitrogen. Ssp was calculated with ac-
count of the adopted surface area of the nitrogen mole-
cule (0.162 nm2). The density of nitrogen in the
normal liquid state was 0.808 g cm33. The relative
error in Ssp measurements was +3%. The pore volume

Vp, cm3 g31

Vp, cm3 g31

Vp, cm3 g31

Fig. 1. Isotherms of adsorption3desorption of nitrogen
(77 K) from AH samples. (Vp) Measured pore volume and
(P /P0) relative pressure of nitrogen. Precipitation tempera-
ture, oC: (1) 40, (2) 50, and (3) 80.
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Table 1. Effect of precipitation temperature Tp on the texture characteristics of aluminum hydroxides
ÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄ

Tp,
³

SBET,
³

Vp, cm3 g31 ³Distribution of pores, cm3 g31/%,³ I* .104, cm3 g31 A31, ³
SO3

23 ³
Na2O

oC
³

m2 g31
³ ³ with respect to diameter, A ³ at indicated diameter, A ³ ³

³ ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄÁÄÄÄÄÄÄ
³ ³ V

S
³ V ³ 13350 ³ 503100 ³ >100 ³ 16322 ³ 36337 ³ 42346 ³ %

ÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄ
40 ³ 370 ³ 0.44 ³ 0.46 ³ 0.31/68 ³ 0.04/9.4 ³ 0.11/24 ³ 3 ³ 520 ³ 3 ³ 2.24 ³ 0.016
50** ³ 460 ³ 0.61 ³ 0.63 ³ 0.37/59 ³ 0.11/17 ³ 0.15/21 ³ 70 ³ 280 ³ 3 ³ 1.82 ³ 0.012
60 ³ 404 ³ 0.71 ³ 0.72 ³ 0.31/43 ³ 0.30/42 ³ 0.11/15 ³ 30 ³ 175 ³ 175 ³ 1.79 ³ 0.013
70 ³ 405 ³ 0.84 ³ 0.85 ³ 0.28/32 ³ 0.27/32 ³ 0.30/36 ³ 35 ³ 160 ³ 130 ³ 2.27 ³ 0.016
80 ³ 423 ³ 0.97 ³ 0.98 ³ 0.36/37 ³ 0.29/30 ³ 0.33/34 ³ 30 ³ 180 ³ 20 ³ 1.78 ³ 0.011
ÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄ
* I is the intensity of pore size distribution peaks.

** The porogram has a peak at 82 A (intensity 0.002 cm3 g31 A31).

Vp and pore size distribution were calculated from the
desorption portion of the isotherm, using the standard
Barrett3Joyner3Highland procedure [9]. The measure-
ment error was +13%. X-ray studies were carried out
with a DRON-2 diffractometer (FeKa radiation with
b-filter). The range of 2q angles in which measure-
ments were made was 0o3100o.

It is reasonable to start the discussion of the results
obtained with analysis of adsorption isotherms
(Fig. 1), since the shape of the hysteresis loop is
related to a certain type of the pore structure.

AH precipitated at 40oC shows a type II adsorption
isotherm with a hybrid hysteresis loop H23H3 by the
IUPAC classification. The cumulative specific surface
area SS exceeds the specific surface area found by
BET (SS : SBET = 1.27 for the given sample). This
indicates that the deposit has tubular pores with con-
strictions [9, 10].

Raising the precipitation temperature to 50oC
changes the type of the hysteresis loop from H23H3
to H3. The steep slope of the adsorption branch points
to the absence of mesopores with medium diameters,
and the narrow hysteresis loop, to uniformity of the
pores. A hysteresis loop of this type is characteristic
of slitlike pores between two parallel plates, open
on all sides.

Raising the AH precipitation temperature further
does not change the type of isotherms and hysteresis
loops; a certain broadening of the hysteresis loop
indicates an increasing diversity of pores, and the
steeper adsorption branch of the isotherm at medium
and high relative pressures confirms the formation of
mesopores of large diameter.

The texture characteristics of the AH synthesized
are listed in Table 1. In view of the fact that larger
part of AH samples had finely porous structure and

the peaks in pore size distributions in porograms
(Fig. 2) lie fairly close to one another, we used the
intensities of these peaks assuming that they are pro-
portional to the contribution of pores of a given
diameter to the total pore volume.

The pore structure of AH precipitated at 40oC
(Ssp = 370 m2 g31; Vp = 0.44 cm3 g31) is characterized
by high-intensity peak of the pore size distribution
(0.052 cm3 g31 A31) at 37 A, and, in accordance with
the descending run of the porogram in the initial por-
tion of the curve, there is a peak with undeterminable
intensity in the range of narrow (<14 A) pores. The
pore volume is 0.31 cm3 g31 (68% of Vp) in the range
13350 A and 0.043 cm3 g31 (9.4% of Vp) in the range
503100 A (Table 1, Fig. 2).

With account taken of the type of the hysteresis
loop and data of [11], it may be assumed that the hy-

D, A

dVp/dD, cm3 g31 A31

Fig. 2. Pore volume (Vp) distribution curves for AH sam-
ples. (D) Pore diameter; the same for Fig. 3. Precipitation
temperature, oC: (1) 40, (2) 50, and (3) 60.
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Table 2. Variation of texture characteristics with time for AH samples precipitated at low temperature*
ÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

t,
³

SBET,
³

Vp
³

Vdes
³ I 0104, cm3 g31 A31, at indicated ³Distribution of pores, cm3 g31/%,

³
m2 g31

³ ³ ³ diameter, A ³ with respect to diameter, A

³ ÃÄÄÄÄÄÄÁÄÄÄÄÄÄÅÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄdays
³ ³ cm3 g31 ³ 23 ³ 36 ³ 46 ³ 51 ³ 66 ³ 50 ³ 50380 ³ >80

ÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄ
1** ³ 224 ³ 0.50 ³ 0.50 ³ 8sh ³30sh*** ³ 40sh ³ 45sh ³ 66sh ³ 0.05/10 ³ 0.21/43 ³ 0.24/47

25 ³ 259 ³ 0.45 ³ 0.46 ³ 15sh ³97 ³ 65sh ³ 68sh ³ 80 ³ 0.11/23 ³ 0.26/56 ³ 0.10/21
75 ³ 286 ³ 0.52 ³ 0.52 ³ 18sh ³92 ³ 3 ³ 105sh ³130 ³ 0.10/20 ³ 0.35/68 ³ 0.06/12
ÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄ

* (t) Aging time.
** The porogram contains a broad peak of pore volume distribution at 80 A (I = 0.0070 cm3 g31 A31).

*** Peak in the pore volume distribution at 33 A; (sh) in the form of a shoulder.

droxide precipitate is formed by fibrillar fragments of
[gel-like] boehmite [10].

Raising the precipitation temperature to 50oC leads
to the appearance of peak in the pore size distribution
at 16 A with intensity of 0.007 cm3 g31 A31, and the
intensity of the peak at 37 A decreases from 0.052 to
0.028 cm3 g31 A31. The specific surface area of this
AH is 459 m2 g31, and the pore volume, 0.63 cm3 g31.
Such a strong increase in the specific surface area is
probably due to dispersion of fibrillar particles of gel-
like boehmite to give plates of [microcrystalline boeh-
mite] [10], which form, via undirected mutual coordi-
nation, slit-like pores of the diameter exceeding 50 A.
The volume of pores with the diameter less than 50 A
is 0.372 cm3 g31, which is close to the corresponding
value for AH obtained at 40oC (0.31 cm3 g31); how-
ever, it constitutes only 59% of Vp. It may be stated
that the increase in the pore volume is due to the for-
mation of secondary porosity in the range 503100 A,

D, A

dVp/dD, cm3 g31 A31

Fig. 3. Pore volume (Vp) distribution curves for AH sam-
ples precipitated at low temperature, (1) 1, (2) 25, and
(3) 75 days after the synthesis.

without appearance of any peak in the pore size distri-
bution.

Raising the precipitation temperature further leads
to a gradual shift of the peak in the pore size distribu-
tion at 42 A to larger diameters (to 50360 A), where-
as the position of the peaks at 25 and 36 A remains
virtually unchanged. The measured pore volume first
grows (Tp = 50360oC) in the range 503100 A (to
0.3030.36 cm3 g31) and then (Tp > 70oC) at diameters
exceeding 100 A (also to 0.3030.33 cm3 g31), and the
specific surface area decreases. In the diameter range
13350 A, all the hydroxides synthesized have approx-
imately the same pore volume of 0.3030.36 cm3 g31.

The hydroxides obtained at T < 50oC are the most
labile systems in which crystallization and structuring
of a precipitate occur spontaneously in the course of
time (Table 2, Fig. 3). For example, a broad peak in
the pore size distribution at the pore diameter of 80 A,
observed for AH obtained at 20oC, is probably shifted
upon storage to about 66 A as a result of partial dis-
persion of pore-forming particles, which is indicated
by a considerable increase in the specific surface area
of the hydroxide.

To bring crystallization processes in low-tempera-
ture AH (Tp < 50oC) to completion, the hydroxide is
stabilized in industrial practice by keeping its disper-
sion in mother liquor at 102oC for 1 h. Variation of
the texture of cold-precipitated AH with the tempera-
ture of its stabilization is illustrated in Table 3 and
Fig. 4.

The initial cold-precipitated hydroxide has a bidis-
perse structure with peaks of about the same intensity
at 20 and 36 A in the pore size distribution, low pore
volume (0.37 cm3 g31), and large specific surface area
(357 m2 g31) (Table 3, Fig. 4).
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Table 3. Effect of stabilization temperature Tst on texture characteristics of AH precipitated at 20oC
ÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Tst, oC
³ Na2O ³ SO3

23 ³ SBET, ³ Vdes,
³ Diameter D, A, and intensity I 0104, cm3 g31 A31

ÃÄÄÄÄÄÄÁÄÄÄÄÄÄ´ ³ ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ
³ % ³ m2 g31

³ cm3 g31
³ D1 ³ I1 ³ D2 ³ I2 ³ D3 ³ I3

ÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ
30 ³ 0.080 ³ 1.62 ³ 357 ³ 0.35 ³ 20.2 ³ 175 ³ 35.9 ³ 173 ³ 3 ³ 3

50 ³ 0.040 ³ 1.83 ³ 291 ³ 0.34 ³ 25.4 ³ 58 ³ 36.0 ³ 641 ³ 3 ³ 3

60 ³ 0.025 ³ 2.64 ³ 274 ³ 0.31 ³ 25.0 ³ 58 ³ 35.6 ³ 560 ³ 3 ³ 3

70 ³ 0.020 ³ 1.81 ³ 297 ³ 0.37 ³ 25.4 ³ 78 ³ 3 ³ 3 ³ 40.4 ³ 326
80 ³ 0.020 ³ 1.27 ³ 334 ³ 0.42 ³ 25.1 ³ 100 ³ 3 ³ 3 ³ 40.4 ³ 476
90 ³ 0.086 ³ 1.73 ³ 318 ³ 0.41 ³ 25.4 ³ 96 ³ 36.6 ³ 202 ³ 46.0 ³ 271

102 ³ 0.070 ³ 1.46 ³ 306 ³ 0.42 ³ 25.4 ³ 80 ³ 36.6 ³ 176 ³ 50.0 ³ 270
ÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ

Raising the stabilization temperature to 60oC in-
creases the intensity of the peak in the pore size distri-
bution at 36 A from 0.173 to 0.560 cm3 g31 A31, and
the peak at 20 A is shifted to 25 A, with its intensity
decreasing from 0.175 to 0.058 cm3 g31 A31. In the
process, the type of the hysteresis loop remains vir-
tually unchanged. It may be assumed that fibrils of
gel-like pseudoboehmite with the pore size distribu-
tion peak at 36 A are formed under these conditions.
Further increase in the stabilization temperature leads
to a decrease in the intensity of the peak at 36 A from
0.560 to 0.202 cm3 g31 A31 (90oC) and appearance
of a peak at 40 A, gradually shifted to around 50 A
with increasing stabilization temperature. No sig-
nificant change in the specific surface area or pore
volume occurs in the process. Consequently, it may be
assumed that pores 40 A in diameter are formed with-
in a structure constituted by fibrillar fragments as a
result of hydrothermal transformations of the hydrox-
ide. This is indicated by a change of the type of the
hysteresis loop from H3 to H2, which points to forma-
tion of bottle-shaped pores. It may be assumed that no
microcrystalline boehmite is formed in stabilization
of low-temperature hydroxide, which is indicated by
the absence of pores more than 100 A in diameter.
The total pore volume remains rather small.

To elucidate the mechanism of texture formation in
AH, we studied its morphology by X-ray phase analy-
sis. The results obtained are listed in Table 4, whence
follows that, depending on AH precipitation and stabi-
lization temperatures, the precipitate contains pseudo-
boehmite, gibbsite, and bayerite in various ratios.

Raising the temperature of AH precipitation and
stabilization makes the content of bayerite in the pre-
cipitate lower and the size of bayerite microcrystals
larger. If account is taken of the fact that bayerite
microcrystals are characterized by presence of slitlike
micropores 15320 A in diameter [10, 12], then the

high-intensity peaks in the pore size distribution,
observed at 18320 A for low-temperature AH samples
(Table 4, sample nos. 1 and 8) are due to the presence
in the precipitate of a hydroxide of just bayerite
morphology. Raising the temperature of stabilization
or precipitation leads to disappearance of these peaks,
with another peak appearing, instead, in the pore size
distribution at 22325 A. The intensity of this peak
does not correlate with the content of gibbsite or
bayerite in AH.

The content of trihydroxides decreases when the
precipitation is performed at lower pH. For example,
the content of gibbsite in AH obtained at 20oC and
stabilized at 50oC decreases from 11% to zero with
the precipitation pH decreasing from 9.6 to 8.8. As
follows from Table 4, the precipitation pH affects the
rate of hydrolysis to a much greater extent than the
process temperature does. For example, stabilization
at 100oC of AH precipitated at 20oC decreases the

Vp, cm3 g31
dVp/dD, cm3 g31 A31 (b)(a)

D, A

Fig. 4. (a) Isotherms of adsorption3desorption of nitrogen
and (b) pore volume (Vp) distribution curves for AH pre-
cipitated at 20oC. (D) Pore diameter and (P /P0) relative
pressure of nitrogen. AH stabilization temperature, oC:
(1) 60 and (2) 102.
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Table 4. Effect of synthesis conditions on the phase composition of AH
ÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Sam-

³
Temperature

³ Pseudoboehmite ³

Phase composition,*
³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄ´

ple
³ of AH prep- ³ crystallite size along ³ defectiveness along in- ³

unit cell size, A

³
wt %³ aration, oC ³indicated crystallograph-³ dicated crystallographic³ ³

³ ³ ic axis, A ³ axis, % ³ ³
ÃÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÅÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÅÄÄÄÄÂÄÄÄÄÂÄÄÄÄÅÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄ

no.

³ Tp ³ Tst** ³ b ³ a ³ c ³ b ³ a ³ c ³ b ³ a ³ c ³ Pbm ³ Byr ³ Gbs
ÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄ

1 ³ 20 ³ 30 ³ 9.70 ³ 26.80 ³ 21.70 ³ 5.2 ³ 26.6 ³ 10.0 ³ 12.9 ³ 3.7 ³ 2.7 ³ 34.5 ³ 41.7 ³ 20.8
2 ³ 20 ³ 70 ³16.03 ³ 55.42 ³ 36.94 ³ 11.5 ³ 24.0 ³ 3.0 ³ 13.0 ³ 3.7 ³ 2.7 ³ 81.5 ³ 3 ³ 3

3 ³ 20 ³102 ³18.25 ³ 65.16 ³ 24.89 ³ 10.0 ³ 24.7 ³ 5.8 ³ 12.7 ³ 3.7 ³ 2.8 ³ 91.1 ³ 3 ³ 8.8
4 ³ 20 ³ 50 ³ 9.70 ³ 44.00 ³ 22.12 ³ 13.9 ³ 24.7 ³ 5.2 ³ 12.9 ³ 3.7 ³ 2.7 ³ 97.7 ³ 3 ³ 3

5 ³ 60 ³ 50 ³19.99 ³ 68.67 ³ 30.85 ³ 8.5 ³ 20.4 ³ 8.0 ³ 12.5 ³ 3.7 ³ 2.8 ³ 58.0 ³ 30.2 ³ 11.7
6 ³ 50 ³100 ³19.67 ³ 63.67 ³ 41.44 ³ 5.6 ³ 2.0 ³ 5.9 ³ 12.5 ³ 3.7 ³ 2.8 ³ 96.6 ³ 3 ³ 3

7 ³ 50 ³ 70 ³20.33 ³ 52.06 ³ 14.36 ³ 11.6 ³ 21.4 ³ 6.9 ³ 12.6 ³ 3.7 ³ 2.8 ³ 97.0 ³ 3 ³ 3

8 ³ 40 ³ 50 ³10.68 ³ 43.1 ³ 55.07 ³ 10.7 ³ 2.8 ³ 6.8 ³ 12.8 ³ 3.7 ³ 2.7 ³ 32.7 ³ 46.1 ³ 21.2
9 ³ 40 ³102 ³21.25 ³ 81.54 ³ 79.02 ³ 9.3 ³ 1.8 ³ 3.0 ³ 12.6 ³ 3.7 ³ 2.8 ³ 80.0 ³ 16.6 ³ 3.3

10 ³ 20 ³ 50*** ³14.50 ³ 60.70 ³ 33.86 ³ 10.4 ³ 22.8 ³ 7.8 ³ 12.7 ³ 3.7 ³ 2.8 ³ 91.8 ³ 3 ³ 7.7
11 ³ 20 ³ 50****³16.60 ³ 54.98 ³ 25.49 ³ 9.81³ 23.1 ³ 6.3 ³ 12.8 ³ 3.7 ³ 2.7 ³ 88.9 ³ 3 ³ 10.9
ÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄ

* Pbm, pseudoboehmite; Byr, bayerite; Gbs, gibbsite.
** pH 9.2.

*** pH 9.4.
**** pH 9.6.

content of gibbsite from 21 to 9% (pH 9.4), and
lowering the precipitation pH to 8.8 leads to disap-
pearance of gibbsite in the precipitate already at 50oC.

According to the results of X-ray phase analysis,
gibbsite and bayerite crystallize in the form of coarse
microcrystals 130 to 1000 A in size, and pores of
about the same diameter are not manifested in the
porograms. Raising the precipitation and stabilization
temperatures leads to higher amount of a hydroxide
with the pseudoboehmite morphology in the precipi-

Fig. 5. (1) Microcrystalline structure of pseudoboehmite
and (234) ways of its coordination. Fragment: (2) I (D ;

22325 A), (3) II (D = 37 A), and (4) III (D ; 40360 A).

tate, and it is this hydroxide that determines the tex-
ture characteristics of the precipitate.

A microcrystallite of pseudoboehmite is shown
schematically in Fig. 5. With account of the structure
of the double polymeric molecule of pseudoboehmite
[10], the (010) plane of the microcrystallite, contain-
ing vectors a and c, is saturated with terminal hydroxy
groups, and the (100) plane, containing vectors b and
c, is the most defective (Table 4). This points to a
noncoherent coordination of boehmite microcrystalites
in this plane [10].

At the same time, coordination between primary
microcrystallites of pseudoboehmite is the most prob-
able in the (010) plane via formation of bridging
OH groups or hydrogen bonds. The cleavage planes of
unit cells of pseudoboehmite contain excess water (up
to 1.7 mol per mole of Al2O3) firmly bound by
H bonds in the interplanar space, which is indicated
by strong broadening of diffraction peaks correspond-
ing to the (010) plane. It is this water that ensures
lability of contacts between pseudoboehmite micro-
crystallites.

Comparison of data on the phase composition of
AH and their texture characteristics allows the follow-
ing interpretation of the data obtained. Pores 20325 A
in diameter, appearing in the course of AH structur-
ing, may be due to mutual coordination of like faces,
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Table 5. Peaks in the pore size distribution in AH samples
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Temperature of AH preparation, oC³ Peaks in pore diameter distribution at indicated D, A

ÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Tp

³
Tst

³ calculation ³ experiment
³ ÃÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ
³ ³ D1 ³ D2 ³ D3 ³ D1 ³ D2 ³ D3

ÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
20 ³ 70 ³ 23 ³ 33 ³ 3 ³ 25 ³ 36 ³ 3

20 ³ 102 ³ 27 ³ 38 ³ 55 ³ 25 ³ 37 ³ 50
20 ³ 50* ³ 17 ³ 23 ³ 33 ³ 17 ³ 25 ³ 36
60 ³ 50 ³ 28 ³ 40 ³ 48 ³ 25 ³ 40 ³ 45
50 ³ 70 ³ 27 ³ 38 ³ 61 ³ 25 ³ 36 ³ 60
20 ³ 50** ³ 25 ³ 36 ³ 3 ³ 26 ³ 36 ³ 3

20 ³ 50*** ³ 23 ³ 33 ³ 3 ³ 25 ³ 36 ³ 3

ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ
* pH 9.2. ** pH 9.4. *** pH 9.6.

formed by the (010) and (001) planes, of pseudo-
boehmite microcrystallites along the a-axis, to give
fragment I in Fig. 5.

Pores 32336 A in diameter are probably formed via
coordination of the (010) planes of microcrystallites to
give fragment III (Fig. 5), with translation of the
image in the direction perpendicular to the plot plane.
Pores with larger diameters are formed via non-
coherent dimerization of microcrystallites along the
b-axis. The calculated and actual values of the pore
size distribution peaks are listed in Table 5.

The main criterion characterizing the strength of
intercrystallite binding in pseudoboehmite is its unit
cell size along the b-axis, determined by the amount
of interplanar water. For example, at the unit cell size
exceeding 12.5 A (H2O content higher than 1.4 mol
per mole of Al2O3), the hydroxide is described as
gel-like pseudoboehmite, which is characterized by
bottle-shaped pores formed via directed mutual coor-
dination of primary particles of pseudoboehmite,
small pore volume, and labile intercrystallite contacts
of [coagulation] nature (van der Waals or hydrogen
bonds) [10, 11]. The contacts are easily destroyed
under peptization or other external actions. Virtually
all AH samples precipitated at low temperature can be
related to gel-like pseudoboehmites even after stabili-
zation. Further structuring of the precipitate occurs
via noncoherent coordination of the (100) planes of
pseudoboehmite microcrystallites (which is indicated
by high defectiveness along the crystallographic
axis a) to give fibrillar fragments in the direction
perpendicular to the plane of the figure.

If the size of the unit cell of pseudoboehmite along
the b-axis is less than 12.5 A, then the hydroxide is
a microcrystalline pseudoboehmite with large pore

volume formed via undirected mutual coordination of
microcrystallites to give slitlike pores without any
clearly pronounced peak in the pore size distribution
and firm contacts between primary particles. These
contacts are of [crystallization] nature [11] (content of
interplanar water less than 1.4 mol per mole of Al2O3)
and do not disintegrate under the action of peptizing
agent. Hydroxides obtained at 50oC are formed of
microcrystalline pseudoboehmite to a greater extent.

It follows from Table 4 that, for most of the hy-
droxides synthesized, the crystallite size along the
b-axis exceeds the size of the unit cell of pseudo-
boehmite along the same axis. Therefore, it was as-
sumed that the probable dominant [crystallization
center] [13] is fragment II (Fig. 5) formed via mutual
coordination of dimeric microcrystallites to give pores
33337 A in diameter. For example, hydroxides syn-
thesized at 20oC (pH 8.839.6) and stabilized at 50oC
contain 90% pseudoboehmite and have a virtually
unimodal pore structure (Vp ; 0.40 cm3 g31) with the
pore size distribution peak at 37 A (60370% of Vp)
having intensity of 0.0530.07 cm3 g31 A31.

The formation of pores of large diameters in sta-
bilization of AH prepared at low temperature is prob-
ably due to occurrence of hydrothermal conversion
within fibrillar structures [10], which are accompanied
by a discrete local increase in pore diameter (Fig. 5,
fragment III). This is indicated by a change in the type
of the hysteresis loop from H23H3 to H2 (bottle-
shaped pores). No destruction of fibrillar fragments
occurs in stabilization, which is confirmed by insig-
nificant changes in the specific surface area and pore
volume.

The diameters of the forming pores were calculated
in terms of the suggested mechanism of AH structur-
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ing, and the calculated and true values are listed in
Table 5.

Synthesis of the hydroxides at temperatures above
50oC leads to destruction of fibrillar particles along
the longest axis [in the (100) plane] to give short
fragments with pores 37 and 42 A in diameter (which
is indicated by the 30% greater specific surface area of
these samples), forming secondary pores of diameter
more than 100 A via undirected mutual coordination
[probably, in the (010) plane]. The forming pores of
the secondary pore system constitute up to 60% of
the pore volume in high-temperature hydroxides.

CONCLUSIONS

(1) Industrial cold-precipitated hydroxides (Tp ;
50oC) are gel-like pseudoboehmites with small pore
volume (up to 0.4 cm3 g31) associated with pores 25
and 36 A in diameter. Their pore structure is due to
fibrillar pseudoboehmite fragments containing pores
with diameters mainly in the range 36337 A. Stabili-
zation of cold-precipitated hydroxides leads to forma-
tion of bottle-shaped pores as a result of hydrothermal
synthesis within fibrillar structures, with distribution
peaks appearing in the range 40360 A. The specific
surface area and pore volume remain virtually un-
changed upon stabilization.

(2) Hot-precipitated hydroxides (Tp > 50oC) are
formed of finely crystalline pseudoboehmite with slit-
like pores open on all sides. The pore structure is
due to undirected mutual coordination of platelike
particles, with crystalline contacts formed between
them. The hydroxides are characterized by large pore
volume (>0.6 cm3 g31) without any clearly pro-
nounced peak in the pore size distribution.

(3) It is proposed that conventional discrimination
of hydroxides into microcrystalline and gel-like
should be based on the size of the unit cell of pseudo-
boehmite along the b-axis. The unit cell is equal to, or
greater in size than 12.5 A for gel-like pseudo-
boehmite, and less than, or equal to 12.5 A for micro-
crystalline pseudoboehmite.

(4) The morphology of the hydroxides is deter-
mined by the conditions of their synthesis and stabili-
zation temperature. Raising the precipitation and sta-
bilization temperature and lowering the pH value
favors formation of an aluminum hydroxide with

pseudoboehmite morphology. Trihydroxides (bayerite
and gibbsite) take no part in the formation of the tex-
ture of the precipitate.

(5) Based on the results obtained, a model of tex-
ture formation in aluminum hydroxide precipitate is
proposed and peaks in pore size distribution are calcu-
lated. The calculated and actual positions of peaks
in the distribution are close.
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Abstract-Extraction of lanthanides(III) [La(III)3Lu(III)] and yttrium(III) with toluene solution of trialkyl-
benzylammonium naphthenate mixture was studied. The equations of extraction isotherms taking into account
formation of the extractable complexes (R4N)2[Ln(NO3)3A2] (A is naphthenate anion) were obtained. The
extraction constants of lanthanides [La(III)3Lu(III] and yttrium(III) were calculated.

Organic solutions of quaternary ammonium base
(QAB) salts with organic anions are widely used for
extractive recovery and separation of nonferrous and
platinum metals [1, 2]. We found no information on
extraction isotherms of rare-earth metals(III) (Ln) with
such binary extractants. In order to fill this gap in
the extraction chemistry of lanthanide(III) and yttri-
um(III), we studied extraction of theses metals (as ni-
trates) with a toluene solution of trialkylbenzylam-
monium naphthenate.

The concentration of trialkylbenzylammonium
naphthenate (TABANP) in toluene was 0.42 M.
The general formula of TABANP is C6H5(C7H153
C9H19)3N+A3, where A3 is the naphthenate anion. In
our experiments we used a mixture of naphthenic
acids (natural carboxylic acids containing carboxy
groups bound to five-membered rings, Mav = 220).

Trialkylbenzylammonium naphthenate was pre-
pared as follows: (1) an organic solution of trialkyl-
benzylammonium chloride was converted to the hy-
droxide by triple contact with aqueous 537 M NaOH;
(2) the excess alkali was removed by repeated scrub-
bing of the organic phase with distilled water until
pH of the wash water decreased to 839; (3) trialkyl-
benzylammonium hydroxide was mixed with stoi-
chiometric amount of naphthenic acids and this mix-
ture was dissolved in toluene (chemically pure grade).
The resulting binary extractant was washed with dis-
tilled water to pH 7.

The concentration of naphthenic acids in the organ-
ic phase was determined by two methods: two-phase
potentiometric titration [2] and titration with aqueous
alkali of the organic phase diluted with ethyl alcohol,
with phenolphthalein as indicator. The amount of the

QAB salt was determined by the method reported in
[3]. Ln(III) nitrates were prepared by dissolving the
corresponding Ln(III) oxides (ultrapure grade) in nitric
acid (analytically pure grade). Extraction was carried
out in graduated tubes at the 1 : 1 ratio of the organic
and aqueous phases. Changes in the volumes of the
organic and aqueous phases did not exceed 2 rel. %.
The Ln(III) concentration in both the initial and equi-
librium aqueous phases was determined by titration
with a standard aqueous solution of disodium ethyl-
enediaminetetraacetate in the presence of xylenol
orange as indicator [4]. The Ln(III) concentration in
the organic phase was determined as the difference
between its content in the initial and equilibrium
aqueous phases taking into account the changes in
the volumes of the aqueous and organic phases after
extraction.

The relative errors in preparing solutions were
within +0.5%; in determining Ln(III) concentration,
+ (0.532)%; and in determining the distribution coef-
ficients, +(133)%. The IR spectra of the organic phase
(thin liquid layer between KBr plates) were recorded
on UR-20 IR spectrometer (Germany) within the 7003
1900 cm31 range against the pure solvent (toluene).

Figure 1 shows the extraction isotherms of Ln ni-
trates with 0.420 M TABANP in toluene at 298+
0.5 K. It is seen that all the extraction isotherms show
saturation with respect to Ln(III) at CS : [Ln3+](o) 6
2 : 1 {CS is the total TABANP concentration in the
organic phase and [Ln3+](o) is the equilibrium Ln(III)
concentration in the organic phase; the indices (a)
and (o) refer to the aqueous and organic phases, re-
spectively}. This fact shows that lanthanides(III)
are extracted in the form of mixed-ligand complexes
(R4N)2[Ln(NO3)3A2] [5].
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Fig. 1. Extraction isotherms of Ln(III) nitrates with
0.420 M TABANP in toluene at T = 298 K and pH 3.
[Ln3+](o) and [Ln3+](a) are the equilibrium Ln(III) concen-
trations in the organic and aqueous phases, respectively.
(a) Ln(III): (1) La, (2) Pr, (3) Sm, (4) Gd, (5) Dy, (6) Er,
and (7) Yb; (b) Ln(III): (1) Ce, (2) Nd, (3) Eu, (4) Tb,
(5) Ho, (6) Tm, (7) Lu, and (8) Y.

Extraction of Ln(III) with TABANP can be de-
scribed by the equation of a heterogeneous chemical
reaction

Ln3+(a) + 3NO3

3(a) + 2R4NA(o)

= (R4N)2[Ln(NO3)3A2](o). (1)

The concentration extraction constant is expressed by

[(R4N)2Ln(NO3)3A2](o)
K2

ex = ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
[Ln3+](a) [NO3

3]3(a) [R4NA]2(o)

Dex
= ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ, (2)

[NO3

3]3(a) [R4NA]2(o)

where Dex is the LnIII) distribution coefficient.

The correlation between the concentration (K2
ex)

and thermodynamic (Kex
0.2) extraction constants is

described by

Y [(R4N)2Ln(NO3)3A2](o)
Kex

0.2 = K2
exÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ, (3)

Y4
+

Y2 (R4NA)(o)

where Yj(o) are the molar activity coefficients of the
extractable complex and free TABANP in the organic
phase, and Y+ is the mean ionic molar activity coef-
ficient of Ln(III) nitrates in the aqueous phase.

Assuming that

Y [(R4N)2Ln(NO3)3A2](o)
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ = const = 1,

Y2 (R4NA)(o)

Eq. (3) can be transformed to the form

Kex
0.2 = K2

ex/Y4
+
. (4)

Analysis of published data on the mean ionic molar
activity coefficients of Ln(III) nitrates [639] showed
that their dependence on the Ln(III) molar concentra-
tion is fairly well described by Eq. (5) given in [10]:

ln Y
+

= C1/3(a) + BC(o), (5)

where C(a) is the molar concentration of Ln(III) ni-
trate in the aqueous solution, and A and B are empiri-
cal parameters. The dependence described by Eq. (5)
is divided in two separate portions, corresponding to
the 0.530.6 M and 0.633.0 M concentration ranges.
The parameters A and B were reported in [5, 11].

The mathematical treatment of the extraction iso-
therms was performed assuming that two extractable
complexes (i = 2 and 3) are formed in the organic
phase. The following set of material balance equations
was used:

CS = [R4NA](o) + 2K0.2
ex [Ln3+](a) [NO3

3]3(a) [R4NA]2(o)Y4
+
,

(6)

[Ln3+](o) = K0.2
ex [Ln3+](a) [NO3

3]3(a) [R4NA]2(o)Y4
+
, (7)

where CS is the total TABANP concentration in the
organic phase, [Ln3+](o) and [Ln3+](a) are the Ln(III)
equilibrium concentrations in the organic and aqueous
phases, respectively, and [R4NA](o) is the concentra-
tion of free TABANP in the organic phase. Equa-
tions (6) and (7) were solved for K ex

0.2 by the nonlinear
least-squares technique [12].

Some results of the mathematical treatment of the
extraction isotherms performed assuming formation of
only one extractable complex, (R4N)2[Ln(NO3)3]A2,
are listed in Table 1. These data show that the calcu-
lated values of log K ex

0.2 are virtually independent of
the composition of the aqueous and organic phases.
The calculated Ln(III) concentrations in the organic
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Table 1. Calculated parameters of the extraction isotherms of Ln(III) nitrates with 0.420 M TABANP in toluene at
T = 298.15 K
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ

[Ln3+](a) ³ [Ln3+](o) ³ [Ln3+]calc(a) ³ Difference, % ³ Y
+

³ log Dex ³ log Kex
0.2

ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄ
Lanthanum(III)

0.465 ³ 0.050 ³ 0.9494 ³ 1.27 ³ 0.217 ³ 30.97 ³ 2.24
0.722 ³ 0.100 ³ 0.0971 ³ 2.91 ³ 0.198 ³ 30.86 ³ 2.27
0.985 ³ 0.129 ³ 0.1340 ³ 33.91 ³ 0.192 ³ 30.88 ³ 2.16
1.820 ³ 0.159 ³ 0.1617 ³ 31.67 ³ 0.194 ³ 30.91 ³ 2.18
1.545 ³ 0.180 ³ 0.1777 ³ 1.28 ³ 0.201 ³ 30.93 ³ 2.30
1.839 ³ 0.192 ³ 0.1892 ³ 1.43 ³ 0.214 ³ 30.98 ³ 2.36
2.162 ³ 0.197 ³ 0.1972 ³ 30.08 ³ 0.234 ³ 31.04 ³ 2.22

Cerium(III)

0.473 ³ 0.046 ³ 0.0521 ³ 313.33 ³ 0.214 ³ 31.01 ³ 2.18
0.723 ³ 0.101 ³ 0.1024 ³ 31.40 ³ 0.200 ³ 30.85 ³ 2.25
1.011 ³ 0.135 ³ 0.1417 ³ 34.96 ³ 0.195 ³ 30.87 ³ 2.17
1.294 ³ 0.162 ³ 0.1664 ³ 32.73 ³ 0.199 ³ 30.90 ³ 2.17
1.584 ³ 0.179 ³ 0.1824 ³ 31.87 ³ 0.208 ³ 30.95 ³ 2.16
1.805 ³ 0.191 ³ 0.1904 ³ 0.33 ³ 0.219 ³ 30.98 ³ 2.30
2.147 ³ 0.197 ³ 0.1984 ³ 30.70 ³ 0.242 ³ 31.04 ³ 2.17

Neodymium(III)

0.484 ³ 0.026 ³ 0.0248 ³ 4.72 ³ 0.210 ³ 32.27 ³ 1.83
0.756 ³ 0.074 ³ 0.0761 ³ 32.89 ³ 0.209 ³ 31.01 ³ 1.77
1.005 ³ 0.116 ³ 0.1157 ³ 0.23 ³ 0.208 ³ 30.94 ³ 1.80
1.270 ³ 0.144 ³ 0.1475 ³ 32.45 ³ 0.215 ³ 30.95 ³ 1.74
1.572 ³ 0.170 ³ 0.1716 ³ 30.95 ³ 0.230 ³ 30.97 ³ 1.76
1.818 ³ 0.182 ³ 0.1843 ³ 31.27 ³ 0.248 ³ 31.00 ³ 1.72
2.032 ³ 0.192 ³ 0.1919 ³ 0.06 ³ 0.266 ³ 31.20 ³ 1.81

Dysprosium(III)

0.840 ³ 0.046 ³ 0.0459 ³ 0.18 ³ 0.232 ³ 31.26 ³ 1.04
1.075 ³ 0.083 ³ 0.0842 ³ 31.49 ³ 0.241 ³ 31.11 ³ 1.02
1.235 ³ 0.109 ³ 0.1099 ³ 30.83 ³ 0.251 ³ 31.05 ³ 1.03
1.340 ³ 0.129 ³ 0.1251 ³ 3.03 ³ 0.260 ³ 31.02 ³ 1.09
1.703 ³ 0.164 ³ 0.1644 ³ 30.26 ³ 0.299 ³ 31.02 ³ 1.03
2.027 ³ 0.186 ³ 0.1847 ³ 0.67 ³ 0.347 ³ 31.04 ³ 1.09

Yttrium(III)

1.364 ³ 0.077 ³ 0.0771 ³ 30.17 ³ 0.358 ³ 31.25 ³ 31.15
1.629 ³ 0.128 ³ 0.1243 ³ 32.88 ³ 0.421 ³ 31.10 ³ 31.10
1.714 ³ 0.142 ³ 0.1372 ³ 33.36 ³ 0.445 ³ 31.08 ³ 30.08
1.890 ³ 0.160 ³ 0.1593 ³ 0.45 ³ 0.502 ³ 31.07 ³ 30.14
2.171 ³ 0.181 ³ 0.1826 ³ 30.88 ³ 0.615 ³ 31.08 ³ 30.20

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ
Note: [Ln3+](a) and [Ln3+](o) are the equilibrium Ln(III) concentrations in the aqueous and organic phases, respectively. The

difference between the calculated and experimental values of the Ln(III) concentrations in the organic phase is given.

phase agree with the experiment to within 134 rel. %.
Thus, our model adequately describes the extraction
isotherms of Ln(III) nitrates with TABANP in toluene.

The average values of the extraction constants with
rms deviations are given in Table 2. These results
show that log Kex

0.2 decreases from lanthanum(III) to

lutetium(III), and Y is the least extractable. Thus, tri-
alkylbenzylammonium naphthenates can be used for
separating cerium-group lanthanides(III) from other
lanthanides(III) and yttrium(III) from lanthanides(III).

Figure 2 shows the IR spectra of (R4N)(RCOO)
and (R4N)[M(NO3)3(RCOO)2], where M = Er(III),
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Table 2. Average values of the extraction constants
(log Kex

0.2) of Ln(III) nitrates with 0.420 M trialkylbenzyl-
ammonium naphthenate in toluene at 298.15 K
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Ln(III) ³ log Kex
0.2

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
La ³ 2.24+0.05
Ce ³ 2.20+0.05
Pr ³ 1.95+0.06
Nd ³ 1.78+0.04
Sm ³ 1.70+0.04
Eu ³ 1.54+0.03
Gd ³ 1.27+0.03
Tb ³ 1.22+0.04
Dy ³ 1.05+0.03
Ho ³ 0.81+0.10
Er ³ 0.59+0.06
Tm ³ 0.40+0.03
Yb ³ 0.15+0.06
Lu ³ 0.08+0.06

Y ³ 30.13+0.05
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Note: The errors are given as rms deviations (s).

Pr(III), and Y(III). The bands of antisymmetric (nas)
and symmetric (ns) stretching vibrations of carboxy
groups are the most sensitive to complexation with
metal ions [13, 14]. For free TABANP, these bands are
observed at approximately 1480 and 1400 cm31, re-
spectively. The difference between the frequencies of
the symmetric and antisymmetric stretching vibrations
D = n

as
3 n

s is ~80 cm31, which indicates that in
TABANP the quaternary ammonium cations are bound
to naphthenate anions by predominantly electrostatic
forces. Formation of the extractable complex (R4N) .
[Er(NO3)3(RCOO)2] results in a high-frequency shift
of the antisymmetric absorption band (nas

~1600 cm31),
and a low-frequency shift of the symmetric absorption
band (ns

~ 1370 cm3) (Fig. 2). As a result, the dif-
ference D = n

as
3 n

s increases to approximately
230 cm31. This means that Ln(III) cations are bound
to carboxy groups [13, 14] by coordination bonds.

The spectra of the complexes (R4N)[Ln(NO3)3 .
(RCOO)2] also contain the absorption bands of the
nitrate anions (nas

~1320, ns
~1500, n2

s
~1040 cm31,

n5
as/n3

s
~835, and n6 ~7303750 cm31). The difference

D = n1
s
3 n4

as is about 200 cm31, which shows that ni-
trate anions are coordinated with Ln(III) cations [13,
14]. These IR data confirm our above conclusion
about formation of mixed-ligand (R4N)[Ln(NO3)3 .
(RCOO)2] complexes in the organic phase.

CONCLUSIONS

(1) Extraction of lanthanide and yttrium nitrates
from aqueous solutions with trialkylbenzylammonium

n, cm31

Absorption

Fig. 2. IR spectra of compounds: (1) TABANP, (2) (R4N) .
[Er(NO3)3(RCOO)2], (3) (R4N)[Pr(NO3)3(RCOO)2], and
(4) (R4N)[Y(NO3)3(RCOO)2]. (n) Wave number.

naphthenate in toluene was studied within a wide con-
centration range of these metals at 298.15 K. The ex-
traction isotherms show saturation with respect to
Ln(III) at CS : [Ln3+](o) 6 2 : 1.

(2) The complexes (R4N)[Ln(NO3)3(RCOO)2]
are formed in the organic phase. The extraction con-
stants of Ln(III) were calculated. IR spectrosopic
studies showed that carboxy and nitrate anions are
mainly coordinated with Ln(III) cations.

(3) Extraction of lanthanides (III) with trialkyl-
benzylammonium naphthenates in toluene decreases
in going from lanthanum(III) to lutetium(III). The ex-
tractability of yttrium(III) is considerably lower than
that of lanthanides (III). Trialkylbenzylammonium
naphthenates can be used for separating cerium-group
lanthanides(III) from other lanthanides(III) and yttri-
um(III) from lanthanides(III).
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Abstract-A method of preparing composite ion exchangers based on macroporous cation exchangers and
nickel(III) hydroxide was developed, and their suitability for deep purification of nickel(II) sulfate solutions
to remove small amounts of cobalt(II) was demonstrated.

Cobalt(II) is the most difficultly removable impur-
ity in nickel(II) salts. On the other hand, the cobalt
content in nickel(II) compounds is rigidly limited. The
most efficient method of cobalt(II) separation from
nickel(II) salts is based on different stability of Co(III)
and Ni(III) hydroxides (HO) and involves treatment of
nickel(II) salts with freshly deposited Ni(OH)3 [134].
Cobalt(II) is oxidized and precipitated as Co(III) HO,
while nickel(III) is reduced to Ni(II) and passes into
the solution. This method is fairly labor-consuming
and does not always provide the required degree of
cobalt recovery. As follows from [5], more efficient
purification of Ni(II) to remove Co(II) can be attained
by passing a solution of Ni(II) salt through a column
packed with a granulated ion exchanger containing
Ni(III) HO, e.g., with a macroporous cation exchanger
with Ni(III) HO introduced into its granules.

The goal of this work is to develop a method of
preparing composite ion exchangers based on KU-23
sulfonic cation exchanger or KM-2p carboxylic cation
exchanger and nickel(III) HO and assess the suitabil-
ity of the ion exchangers obtained for purification
of Ni(II) salts to remove Co(II).

EXPERIMENTAL

Nickel(III) and cobalt(III) hydroxides were pre-
pared by successive treatment of 0.2 M metal(II) sul-
fate solutions with 0.5 M solutions of NaOH and
Na2S2O8. The precipitates formed were kept to ma-
ture for 24 h, separated from the mother liquor,

washed with water, dried in air at 70oC, crushed, and
sieved. Experiments were performed with 0.230.5-mm
grains of Ni(III) HO.

Preliminarily, the cation exchangers were condi-
tioned by the standard method: successive treatment
with NaOH and HCl solutions including intermediate
and final washing with water [6]. Experiments were
performed under static and dynamic conditions. The
ratio of the ion exchanger weight (g) to the solution
volume (ml) in the experiments under static condi-
tions was 1 : 100, and time of phase contact, 537 days.
In experiments under dynamic conditions, we used the
preliminarily fractionated composite ion exchangers
with 0.531.0-mm grains in the air-dry state. Ion ex-
changers were placed into 10-ml glass columns (the
bed height to inner diameter ratio H : D was 15 : 1).
The rate of the solution flow through the column was
close to 1 specific volume (sp. vol.) per hour. The
sorption kinetics was studied by the limited volume
method [6, 7]. The effective diffusion coefficients of
Co(II) ions were calculated by Dryden3Kay equation
[7], and the activation energies were found from the
temperature dependence of the diffusion coefficients.
The Ni(II) concentration in the solutions was deter-
mined complexometrically and (at low concentrations)
photocolorimetrically [8]. pH of solutions was meas-
ured with glass (ESL-47-07) and AgCl (EVP-AM-3)
electrodes and an I-120 ion meter. The nickel(II) con-
tent in samples of composite ion exchangers was
determined by dissolution of the mineral constituent
in 1 M H2SO4 with the subsequent determination
of Ni(II) in the solution. The Co(II) behavior was
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monitored using 60Co tracer. The specific b-radioac-
tivity (counts per unit time) of samples was measured
on a KRK-1-01A device with a BDIB-01-1 counter
equipped with a PSO2-4 scaler.

To determine the Ni(III) and Co(III) HO redox
potentials, the voltage of the cell

Ni, Ni(OH)3 ³ ³ Ag,
[Co(OH)3] ³ 1 M NiSO4 ³ AgCl, KClsat

was measured with an ShCh-1413 digital voltmeter.
Preliminarily, electrodes were prepared by pressing
one of the compounds studied [composite ion ex-
changer, Ni(III) or Co(III) HO] ground to the pow-
dered state onto an etched nickel plate with the de-
veloped surface. This plate was placed into a fluoro-
plastic casing equipped with a lead connected to the
plate. The mounted electrode was placed in a small
bath filled with a 1 M NiSO4 solution. An AgCl elec-
trode was used as a reference electrode.

The first stage of preparing composite ion ex-
changers based on cation exchangers and Ni(III) HO
involved saturation of cation exchangers with Ni(II)
ions. The maximal capacity of both cation exchangers
with respect to Ni(II) ion was attained at pH close to
the onset of the Ni(OH)2 precipitation (pH 6.236.3).
Therefore, saturation of cation exchangers with Ni(II)
ions was performed at pH 6.036.2. To find the op-
timal Ni(II) concentration for saturation of cation ex-
changers, we measured the isotherms of Ni(II) sorp-
tion. It follows from Fig. 1 that the sorption isotherms
flatten out at the Ni(II) equilibrium concentration of
0.0330.04 M.

However, to reduce the volume of the solution
passed through the column, a 0.1 M Ni(II) solution
was taken. In this case, the total dynamic capacity
of the cation exchanger with respect to Ni(II) was
2.2 mmol g31 for KU-23 and 2.8 mmol g31 for
KM-2p, which practically coincided with the maximal
capacity observed in the sorption isotherms at equi-
librium (Fig. 1). After saturation with Ni(II) ions,
the cation exchangers were washed with 233 sp. vols.
of distilled water and were then treated with 5 sp. vols.
of 0.5 M NaOH to convert the sorbed Ni(II) into the
HO form. Then, the cation exchangers were treated
with an Na2S2O8 solution to convert Ni(OH)2 into
Ni(III) HO. In the process, the cation exchanger color
changed from green to black. Observation of micro-
scopic sections of the cation exchanger granules
(magnification 100) showed that oxidation of Ni(II)
HO to Ni(III) HO was uniform throughout the section.
It was noted that the Na2S2O8 solution washed out a
part of nickel from the column packed with the cation

c, mM

E, mmol g31

Fig. 1. Isotherms of nickel(II) sorption from solution
with pH 6.1+0.05 on cation exchangers (1) KM-2p and
(2) KU-23. (E) Capacity of ion exchanger with respect to
nickel(II) ion and (c) concentration of Ni(II) in the equi-
librium solution.

exchanger, especially from the column with KU-23.
At the optimal concentration of Na2S2O8 (~0.2 M),
the washout did not exceed 4310% (depending on the
support), and the cation exchanger grains rapidly
turned black. Finally, the ion exchangers were washed
to remove excess oxidant. The nickel content was 2.7
and 1.9 mmol g31 in the obtained samples of the com-
posite ion exchangers based on KM-2p and KU-23
cation exchangers, respectively.

The chemical stability of the combined ion ex-
changers was evaluated by washout of Ni(II) ions with
2 M NaNO3 solutions of various acidities. It was
found that the mineral constituent of the composite
cation exchangers did not dissolve in solutions with
pH 638. However, even small acidification caused
noticeable dissolution. In solutions with pH 5, 233%
of the total amount of nickel contained in the com-
posite ion exchangers and in granulated Ni(III) HO
dissolved. In solutions with pH < 1, dissolution of the
mineral constituent was virtually complete.

Sorption of cobalt(II) ions on Ni(III) HO should
proceed due to its oxidation and formation of poorly
soluble Co(III) HO in the cation exchanger phase
by the reaction

Ni(OH)3 + Co2+ 6
4 Co(OH)3 + Ni2+.

In general, the properties of Ni(III) HO in cation
exchanger granules may differ from those of Ni(III)
HO in the pure form. To predict the use of composite
ion exchangers for removing Co(II) from solutions of
Ni(II) salts, we compared the redox potentials of both
forms of Ni(III) HO and of Co(III) HO. As seen from
Table 1, the Ni((OH)3/Ni(OH)2 redox potential for
Ni(III) HO in the composite ion exchanger based on
KM-2p resin and pure Ni(III) HO are virtually the
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Table 1. Redox potentials of materials containing Ni(III) and Co(III) HO
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Material
³ jM(OH)i /AgCl, Ag ³ jM(OH)i /H+, H2

³ j0
M(OH)i /H+, H2

[9]
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ V

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Ni(III) HO ³ 0.18+0.02* ³ 0.40+0.02** ³ 0.48
KM-2p3Ni(III) HO ³ 0.16+0.02* ³ 0.38+0.02** ³ 3

Co(III) HO ³ 30.10+0.02* ³ 0.12+0.02** ³ 0.17
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
* (jM(OH)i /AgCl, Ag) Potential vs. AgCl electrode.

** (jM(OH)i /H+, H2
) Potential vs. hydrogen electrode.

same and close to the reference data [9]. At the same
time, they are noticeably higher than the potential
of Co((OH)3/Co(OH)2 couple. Therefore, at the con-
tact of an ion exchanger containing Ni(III) HO with a
solution containing Co(II), Co(II) should undergo
oxidation and precipitate in the form of Co(III) HO.

E, mmol g31

c, mM
Fig. 2. Isotherms of cobalt(II) sorption from 1 M NiSO4
solution at pH 6.1+0.05 on ion exchangers (1) KM-2p3
Ni(III) HO, (2) Ni(III) HO, and (3) KU-233Ni(III) HO.

(a)

t1/2 [s]

(b)

t, s
Fig. 3. Plots (a) F3t1/2 and (b) 3ln (1 3 F)3t for Co(II) sorp-
tion from 1 M NiSO4 on KM-2p3Ni(III) HO ion exchanger.
Initial concentration of Co(II) 1 mM, pH 6.10+0.05. Tem-
perature, K: (1) 293, (2) 308, (3) 324, and (4) 338.

To find optimal conditions of sorption of Co(II)
ions from 1 M solution of NiSO4, we studied the in-
fluence of the solution acidity and measured the sorp-
tion isotherms. The capacity of the ion exchangers
with respect to Co(III) increases with increasing pH
and reaches a maximum at pH 6.036.3 [at higher pH,
Ni(II) HO starts to precipitate]. Within the entire
range of Co(II) concentrations in the solution, the
capacity of the composite ion exchanger based on
KM-2p resin with respect to cobalt(II) is practically
equal to the capacity of pure Ni(III) HO (Fig. 2).
The capacity of the composite ion exchanger based on
KU-23 resin is substantially lower, which is caused
by the lower content of Ni(III) HO in it.

The study of the kinetics of Co(II) sorption from
1 M NiSO4 on the composite ion exchanger based on
KM-2p resin and on pure Ni(III) HO showed that
the rate of Co(II) sorption on both ion exchangers
depends on the ion exchanger grain size and is virtual-
ly independent of the intensity of solution agitation.
This shows that the internal diffusion is the rate-
determining stage of the sorption. This is confirmed
by the noticeable increase in the sorption rate after
interrupting the process for 30 min, the linear depen-
dence of the degree of equilibrium attainment F on
t1/2 (time), deviation from the straight line of the
3ln (1 3 F) vs. t plot in the region of low F values
(Fig. 3), and the value of Biot B` test (Table 2). It fol-
lows from Table 2 that the composite ion exchanger
KM-2p3Ni(III) HO has better kinetic characteristics
than pure Ni(III) HO. The effective diffusion coef-
ficient D of Co(II) in sorption on the composite ion
exchanger is approximately three orders of magnitude
higher than that on pure Ni(III) HO. The activation
energy Ea (59362 kJ mol31) is close to the limiting
value of Ea characteristic for processes controlled by
internal diffusion [7]. Presumably, the rate of the
chemical reaction also affects the process kinetics.

Removal of the Co(II) impurity from Ni(II) salt
solutions under dynamic conditions was studied as
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Table 2. Kinetics of cobalt(II) sorption from 1 M NiSO4 solution with pH 6.1
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ

Ion exchanger ³ T, K ³ t0.5,* min ³ D, cm2 s31 ³ B` ³ Ea, kJ mol31

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄ
Nickel(III) HO ³ 293 ³ 3380 ³ 3.9 0 10312 ³ 111 ³

³ 308 ³ 273 ³ 1.5 0 10311 ³ 343 ³ 62+3
³ 323 ³ 94 ³ 7.8 0 10311 ³ 521 ³
³ 338 ³ 54 ³ 1.2 0 10310 ³ 455 ³
³ ³ ³ ³ ³

KM-2p3Ni(III) HO ³ 293 ³ 327 ³ 2.0 0 1039 ³ 76 ³
³ 308 ³ 64 ³ 7.6 0 1039 ³ 80 ³ 59+3
³ 323 ³ 36 ³ 3.1 0 1038 ³ 110 ³
³ 338 ³ 25 ³ 4.8 0 1038 ³ 113 ³

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ
* (t0.5) Half-time of exchange (sorption).

applied to purification of 1 M NiSO4 solution to re-
move cobalt (1 mM) at pH 6.0. When the solution
was passed through a column with pure granulated
Ni(III) HO, the flow rate rapidly decreased and, after
passing 10 sp. vols., did not exceed 0.1% of the initial
value at fully opened clips at the input and output
of the column and excess hydraulic pressure of about
0.1 MPa. This is caused by mechanical breakdown of
the ion exchanger, which makes it useless in columns,
although that, presumably, under other conditions a
stronger ion exchanger can be obtained, as demon-
strated in [5]. With composite ion exchangers, there
are no such problems. When KM-2p cation exchanger
containing Ni(III) HO was used, the Co(II) content in
the solution of Ni(II) sulfate was decreased by a factor
of more than 100 (to the background level) after pas-
sing 80 sp. vols. of the solution (Fig. 4a). The com-
posite ion exchanger based on KU-23 resin gives
somewhat worse results.

Since the mineral constituent of the composite ion
exchangers readily dissolves in acids, the regeneration
was performed as follows. After saturation with
Co(II), the ion exchanger was washed with water to
remove the initial solution, and then 1 M H2SO4 was
passed through the column. Virtually complete Co(II)
desorption is attained after passing 10 sp. vols. of the
acid (Fig. 4b). The average concentration of the
macrocomponent, Ni(II) in the desorbate, was 0.13
0.12 M. After desorption, the cation exchanger was
washed with water, and then it was again saturated
with Ni ions and treated with solutions of alkali and
oxidant as described above. After three cycles of
preparation3sorption3regeneration, the total dynamic
capacity of the composite ion exchanger based on
KM-2p resin with respect to cobalt(II) did not change
noticeably as compared to the first cycle.

CONCLUSIONS

(1) A method was proposed for preparing com-
posite ion exchangers based on macroporous cation
exchangers and Ni(III) hydroxide by ion-exchange
saturation of cation exchangers with Ni(II) ions and
successive treatment with alkali and oxidant with
intermediate and final washing with water.

(2) The composite ion exchanger based on KM-2p
carboxylic cation exchanger is not inferior to pure
granulated nickel(III) hydroxide in selectivity to
cobalt ions and noticeably exceeds it in kinetic char-
acteristics.

(3) The suitability of the composite ion exchanger
based on KM-2p cation exchanger and Ni(III) hydrox-
ide for exhaustive purification of nickel sulfate solu-
tions to remove cobalt(II) impurities was confirmed.
The composite ion exchanger based on KU-23 cation
exchanger is less efficient.

(a)

(b)

Fig. 4. Output curves of (a) Co(II) sorption from 1 M
NiSO4 solution with pH 6.1 on ion exchangers (1) KU-233
Ni(III) HO and (2, 3) KM-2p3Ni(III) HO in the (2) first
and (3) third sorption cycles and (b) Co(II) desorption from
(4) KU-233Ni(III) HO and (5) KM-2p3Ni(III) HO with
1 M H2SO4. Initial concentration of Co(II) 1 mM.
(c /c0) Ratio of Co(II) concentration in the initial solution to
its concentration in the eluate and (V) volume of the passed
solution [number of specific (column) volumes].
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Abstract-The influence of electrolysis conditions on the kinetics of formation of the chromium3cobalt alloy
in acid sulfate electrolytes containing monoethanolamine was studied along with the composition, current
efficiency, and physicochemical characteristics of the coatings.

Electrodeposition of chromium and chromium al-
loys from nontoxic solutions containing chromi-
um(III) compounds remains an urgent problem.
Because of strong tendency of chromium(III) ions to
complexation, chromium plating sulfate electrolytes
are unstable, which is one of their major drawbacks.
The composition of chromium(III) complexes depends
on many factors including chromium sulfate concen-
tration, pH, temperature, nature of ligands, etc. [1].
Two chromium(III) sulfate modifications, violet and
green, exist, depending on the composition of com-
plexes. Violet chromium(III) sulfate in aqueous solu-
tions forms hexaaqua cations [Cr(H2O)6]3+ [2], which
are slowly hydrolyzed at 20325oC [3]. At higher tem-
peratures (40345oC), the hydrolysis is markedly ac-
celerated, and green chromium(III) sulfate (GCS) is
formed. The conversion of violet chromium(III) sul-
fate to GCS is accompanied by a shift of the peaks
in their absorption spectra to longer wavelengths [4].
In moderately dilute and concentrated solutions, GCS
forms polynuclear anionic complexes consisting of
several coordination spheres. In these complexes,
Cr3+ ions are bound by hydroxo or oxo bridges and
by SO4

23 ions [1, 3]. The modification of chromi-
um(III) sulfate solutions essentially affects chromium
plating [537]. Chromium virtually is not deposited
from violet solutions and is deposited with a very low
current efficiency (CECr = 537%) from GCS solu-
tions. The higher current efficiency (up to 35340%)
was attained in chromium plating from [modified]
solutions obtained by aging of GCS (keeping at 203
25oC for 20325 days) [7]. The modified GCS is more
stable; it retains its composition for a long time
(6 months), as indicated by spectral measurements.
The absorption peaks for the modified GCS (l1 =
4153416, l2 = 5823583 nm; e1 ; e2 = 37) occupy

an intermediate position between the peaks for the
violet solution and GCS [4].

The addition into the solutions of modified GCS of
monoethanolamine (MEA) or urotropin [7] allows
deposition of mirror-lustrous protective and decorative
chromium coatings 10315 mm thick. The sulfate elec-
trolytes containing urea [8], glycine [5], formic acid
[9], or other complexing additives are more stable.
However, chromium coatings deposited from them are
also thin. The use of pulsed current makes it possible
to increase the thickness of chromium coatings to
40 mm [10]. Recently, new electrolytes containing
oxalic acid have been developed, allowing the thick-
ness of chromium coatings to be increased to 100 mm
[11, 12].

The thickness of coatings can be increased by in-
creasing electrolysis time tel at a given current den-
sity. At the same time, pHs and Ts in the near-cath-
ode region vary with increasing tel. This results in
formation of basic chromium compounds and initiates
complex transformations in solutions of modified
GCS. It was found by thermography [13] that, at the
cathodic current density Dc = 30 A dm32, the tempera-
ture Ts of chromium plating electrolyte based on
modified GCS increases to 35oC after 10 min and to
45oC after 20 min of electrolysis. As a result, modi-
fied GCS in the near-cathode layer is converted into
GCS, and the current efficiency by chromium de-
creases drastically. Therefore, it is appropriate to
examine the influence exerted by electrolysis condi-
tions (Dc, pH, etc.) on the current efficiency by chro-
mium and chromium alloys and on their composition
and physicochemical properties at tel not exceeding
10315 min. At the same time, it should be noted that
study of the electrodeposition kinetics of chromium
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cCo, % CE, %

Fig. 1. Influence of electrolyte pH on (1, 1`) cobalt con-
tent cCo in the chromium3cobalt alloy and (2, 2`) current
efficiency by the alloy CE. tel = 5 min, T = 25oC. Dc,
A dm32: (1, 2) 25 and (1`, 2`) 35.

and chromium alloys at a longer electrolysis time is
also of certain interest.

It was established previously [14] that protective
properties of chromium coatings deposited from
MEA-containing solutions of modified GCS can be
improved by electrochemical modification with cobalt.
The introduction of CoSO4 into the Cr3Co plating
electrolyte based on modified GCS makes it possible
to extend the range of Dc values at which lustrous
coatings are deposited and increases the throwing
power of the electrolyte [15]. The use of pulsed
current has been recommended in [16, 17] to stabilize
the composition of the plated Cr3Co alloy. In this
work, we continued a study of the electrodeposition of
Cr3Co alloy from MEA-containing solution of modi-
fied GCS along with a study of some physicomech-
anical properties of the alloy.

EXPERIMENTAL

The study was performed in an electrolyte con-
taining (M) 0.5 modified GCS, 0.5 Na2SO4, and
0.032 MEA. To the electrolyte, from 1 to 5 g l31

CoSO4 was added. The current efficiency by the alloy
CEal was determined gravimetrically using a copper
coulometer and with account taken of the alloy com-
position. The content of cobalt in the alloy was deter-
mined spectrophotometrically with nitroso-R salt, and
the chromium content, by oxidation to chromium(VI).
The cathodic polarization was studied galvanodynam-
ically (6 mA min) on a P-5827 M potentiostat using
a KSP self-recording potentiometer. All potentials
are given relative to silver chloride electrode which

served as a reference. Platinum was used as auxiliary
electrode. The character of the total and partial polari-
zation curves was shown in [17]. Here we report the
partial current densities of formation of hydrogen,
chromium(II) ions, and metallic cobalt and chromium.
The partial currents were determined by decomposi-
tion of the total current on the basis of data on the
current efficiencies by hydrogen, cobalt, and chromi-
um. The current spent for chromium(II) ion formation
by the reaction Cr3+ + e 6 Cr2+ was determined from
the difference between the total current and partial
currents of formation of hydrogen, cobalt, and chro-
mium. The polarization curves were taken galvano-
statically in a hermetically sealed two-chamber cell
for 15 min. The amount of evolved hydrogen was
determined volumetrically. The quality of the cathodic
deposits was judged from the outward appearance.
The reflectivity of the coatings was studied on an
FM-58 M photometer, and their morphology, on an
MIN-7 microscope. The hardness of the cathodic
deposits HV was determined on a PMT-3 device. The
indicator load was 100 g. The internal stresses (ISs)
were determined by the method of flexible cathode
[18, 19].

The composition of the Cr3Co alloy and the cur-
rent efficiency by the alloy CEal as functions of the
electrolyte pH and Dc are shown in Fig. 1. As seen,
with the pH increasing from 0.5 to 1.0, the cobalt
content in the alloy decreases from 4 to 2.2% at Dc =
25 A dm32 (curve 1), and CEal increases from 5.8 to
16.2% (curve 2). This trend keeps for Dc within 153
30 A dm32, i.e., in the range corresponding to deposi-
tion of lustrous coatings. At Dc = 35 A dm32 the
maximal current efficiency by the alloy is attained,
40%.

At pH varied within the indicated range (Table 1),
the partial current spent for alloy deposition (at Dc =
20 A dm32) increases by a factor of about 8.2, that of
chromium deposition, by a factor of 7.8, and that of
hydrogen formation decreases by a factor of 1.7. The
partial rate of cobalt deposition decreases simultane-
ously. These data explain why the current efficiency
by the alloy increases and the alloy becomes enriched
with chromium. Apparently, a decrease in the rate of
the discharge of Cr2+ ions is due to the formation of
a cathodic film from basic chromium(III) compounds
(the solubility product SPCr(OH)3

= 6.31010331 <
SPCr(OH)2

= 2010315), which exerts a stronger effect
at higher pH.

It should be noted that the formation of colloidal
Cr(OH)3, which forms a passivation film owing to the
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Table 1. Partial current densities of formation of hydrogen, chromium(II), cobalt, and chromium at various pH of the
electrolyte (T = 25oC)
ÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ

pH
³

Dc, A dm32
³

3E, V
³ iH2

³ iCr2+ ³ iCo0 ³ iCr0

³ ³ ÃÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ
³ ³ ³ A dm32

ÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ
0.5 ³ 20 ³ 1.22 ³ 15.19 ³ 4.40 ³ 0.19 ³ 0.22

³ 30 ³ 1.41 ³ 19.02 ³ 10.10 ³ 0.16 ³ 0.38
³ 40 ³ 1.63 ³ 22.76 ³ 16.42 ³ 0.12 ³ 0.70

0.75 ³ 20 ³ 1.05 ³ 14.00 ³ 5.24 ³ 0.15 ³ 0.61
³ 30 ³ 1.25 ³ 18.46 ³ 10.43 ³ 0.10 ³ 1.01
³ 40 ³ 1.44 ³ 21.83 ³ 16.62 ³ 0.09 ³ 1.46

1.0 ³ 20 ³ 0.82 ³ 9.10 ³ 9.08 ³ 0.11 ³ 1.71
³ 30 ³ 1.13 ³ 10.70 ³ 14.23 ³ 0.08 ³ 4.99

ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ

absorption on active sites of the cathode, is fairly ef-
ficiently suppressed in the electrolyte containing MEA
as a luster-producing and buffer additive [7]. Without
MEA, the coatings are deposited in a very narrow Dc
range and are dull. In the presence of MEA, the alloy
coatings deposited in the indicated pH range are
mirror-lustrous. Increasing pH to 1.0 makes narrower
the Dc range, and at Dc = 35 A dm32 dull coatings are
deposited. At pH > 1.0 and Dc > 35 A dm32, the
quality of the coatings is appreciably impaired, which
is evidently due to incorporation of basic chromi-
um(III) compounds. The coatings become coarsely
disperse and brittle, with a developed crack pattern.

The development of crack pattern in the cathodic
deposits under certain electrolysis conditions is typi-
cal not only for chromium alloys but also, and to a
greater extent, for chromium coatings deposited from
commercial electrolytes [20] (based on CrO3) and
from sulfate electrolytes. One of the reasons why the
crack pattern is formed is the appearance of internal
stresses owing to incorporation of hydrogen. The
forming chromium hydrides are instable and can crys-
tallize in the form of hexagonal crystals Cr2H3CrH or
face-centered cubic crystals CrH3CrH2 [21]. Spon-
taneous transformation of the metastable hexagonal
modification of chromium into the stable body-cen-
tered cubic modification is accompanied by a decrease
in the deposit volume and by appearance of large
internal stresses. As the cobalt content in the alloy
increases, for example, from 1 to 5% (Fig. 2, curve 1),
ISs decrease by a factor of approximately 1.3, which
is evidently due to decreased hydrogenation [17].

The cathodic current density markedly affects
ISs. For example, with Dc increasing from 30 to
60 A dm32, ISs increase by a factor of approximately
1.5 (at the cobalt content in the alloy of 5%). This

may be due to incorporation of basic chromium com-
pounds and to increased hydrogen absorption. The
dependence of ISs on Dc for chromium coatings
deposited from sulfate electrolytes is similar [22].

As seen from Fig. 3, increasing the cobalt content
in the alloy increases the hardness of the cathodic
deposits. The HV for the 1% cobalt alloy obtained at

ISs, kg mm32

cCo, %

Fig. 2. Internal stresses ISs in the cathodic deposits of
the alloy vs. the cobalt content in the alloy cCo.
pH 0.75; the same for Figs. 3 and 5. Dc, A dm32: (1) 30,
(2) 40, and (3) 60.

HV, kg mm32

cCo, %

Fig. 3. Microhardness HV of the chromium3cobalt alloy
vs. the cobalt content in the alloy cCo. Dc, A dm32: (1) 40,
(2) 50, and (3) 60.
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Table 2. Partial current densities of formation of hydro-
gen, chromium(II), cobalt, and chromium at various elec-
trolysis times
ÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄ

tel,
³ Dc,

³ iH2
³ iCr2+ ³ iCo0 ³ iCr0

³ ÃÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄ
min ³ A dm32

³ A dm32

ÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄ
5 ³ 20 ³ 13.64 ³ 4.67 ³ 0.37 ³ 1.32

³ 30 ³ 18.05 ³ 9.52 ³ 0.26 ³ 2.17
³ 40 ³ 21.24 ³ 15.42 ³ 0.22 ³ 3.12

10 ³ 20 ³ 13.80 ³ 4.85 ³ 0.28 ³ 1.07
³ 30 ³ 18.26 ³ 9.76 ³ 0.19 ³ 1.79
³ 40 ³ 21.56 ³ 15.61 ³ 0.17 ³ 2.66

20 ³ 20 ³ 14.00 ³ 5.24 ³ 0.15 ³ 0.61
³ 30 ³ 18.46 ³ 10.43 ³ 0.10 ³ 1.01
³ 40 ³ 21.83 ³ 16.62 ³ 0.09 ³ 1.46

ÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄ

Dc = 40 A dm32 (curve 1) is 490 kg mm32, and for
the 9% cobalt alloy obtained under similar conditions
it increases to 620 kg mm32. The increase in HV may
be due to the formation of a solid solution in the alloy

HV, kg mm32

Dc, A dm32

Fig. 4. Influence of the cathodic current density Dc on
the microhardness HV of the Cr3Co alloy. Electrolyte pH:
(1) 0.5, (2) 0.75, and (3) 1.0.

cCo, % CE, %

tel, min
Fig. 5. Influence of the electrolysis time tel on (133) cobalt
content in the alloy cCo and (1`33`) current efficiency
by the alloy CE. Dc A dm32: (1, 1`) 30, (2, 2`) 40, and
(3, 3`) 60.

containing up to 10% cobalt [17]. As known [23], the
hardness HV of solid solutions is always higher than
that of the components. The hardness is strongly af-
fected by the cathodic current density. For example,
with Dc increased from 40 to 60 A dm32, the hardness
of the Cr3Co alloy containing 5% Co increases from
580 (Fig. 3, curve 1) to 960 kg mm32 (curve 3). The
similar effect of Dc on the hardness of cobalt coatings
has been demonstrated in [24326]. Electrolytic chro-
mium is characterized by high hardness, which is
ascribed to incorporation of hydrogen and oxygen,
internal stresses, and grain size [20]. The dependence
of HV of chromium on its hydrogen content was not
confirmed by the available experimental data. On
heating, hydrogen is comparatively easily evolved
from electrolytic chromium, and at 500oC virtually no
hydrogen remains, with the hardness remaining the
same. The direct correlation of HV with CE has not
been revealed either. The major factors determining
HV of electrolytic chromium are the presence of
oxygen in it and the grain size. The effect exerted by
oxygen on the chromium hardness is due to the dis-
tribution of dispersed chromium oxide in its bulk. The
dependence of HV of the chromium3cobalt alloy on
the electrolyte pH is presented in Fig. 4. With pH in-
creasing, e.g., from 0.5 to 0.75 (Dc = 60 A dm32),
HV increases from 720 (curve 1) to 925 kg mm32

(curve 2), which can be explained by incorporation of
basic chromium(III) compounds into the cathodic
deposit, increasing the oxygen content.

Table 2 shows that, as tel increases from 5 to
20 min, the partial current of hydrogen evolution in-
creases and that of Cr3Co alloy formation decreases.
As a result, CEal decreases, e.g., from 14 to 6.5% at
Dc = 40 A dm32 (Fig. 5, curve 2`). It should be noted
that the partial current of hydrogen evolution de-
creases at Dc = 20340 A dm32, with the decrease
being more pronounced at longer tel, and the alloy is
enriched with cobalt. For example, the alloy deposited
at Dc = 40 A dm32 contains 1.5% cobalt after tel =
5 min and 3.5% cobalt after 20 min of electrolysis
(Fig. 5, curve 2). With the electrolysis time increased
to 30 min, the cobalt content increases by about 4%.
One of the reasons why the alloy becomes chromium-
depleted at longer tel is the pHs growth favoring for-
mation of chromium(III) hydroxide impeding chromi-
um deposition. Another reason is the increase in Ts
after 20 min of electrolysis, which is accompanied by
GCS formation and by even sharper decrease in the
chromium current efficiency. Evidently, this tendency
is retained when chromium is deposited jointly with
cobalt.
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It should be noted that, with increasing tel, the
chromium(II) ion formation accelerates (Table 2). For
example, at Dc = 40 A dm32 the partial current of
chromium(II) formation increases from 15.42 to
16.62 A dm32. Accumulation of Cr2+ ions should in-
crease the rate of the formation of metallic chromium,
in accordance with the reaction Cr2+ + 2e 6 Cr0. At
the same time, Table 2 shows that actually the rate of
chromium formation decreases by a factor of 2.2 with
increasing tel (Table 2). This suggests occurrence of
the more probable three-electron reaction Cr3+ + 3e 6
Cr0. Such a scheme of electrolytic reduction of chro-
mium from sulfate electrolytes has been considered
previously [27, 28].

With increasing tel, the ISs in the cathodic deposits
grow, which is due to increase in pHs and hydrogen
absorption of the coatings promoted by incorporation
of chromium(III) hydroxide. As a result, the quality
of the coatings is impaired. Lustrous coatings are
deposited at tel shorter than 30335 min; semilustrous
coatings, at longer electrolysis times; and dull coat-
ings, at tel > 60 min.

CONCLUSIONS

(1) The method of partial curves showed that, as
pH of the electrolyte is increased from 0.5 to 1.0,
the partial current of hydrogen and cobalt formation
decreases and that of chromium formation grows.
Under these conditions, the alloy is enriched with
chromium, and the current efficiency by the alloy
increases.

(2) With increasing tel, the partial currents of chro-
mium and cobalt formation decrease and that of hy-
drogen formation grows, the relative content of cobalt
in the alloy increases, and the current efficiency by
the alloy decreases substantially, especially after
30 min of electrolysis. The fact that the partial current
of chromium(III) ion formation increases with elec-
trolysis time and the current efficiency by the alloy
does not grow suggests occurrence of the three-elec-
tron reaction of the formation of metallic chromium at
its joint deposition with cobalt.

(3) The internal stresses decrease with increasing
cobalt content in the alloy and grow with increasing
cathodic current density. The cathodic current density
markedly affects the alloy hardness. For example,
with Dc increased from 20 to 40 A dm32, the hardness
grows from 480 to 1100 kg mm32.

(4) To obtain protective and decorative Cr3Co
alloy coatings up to 20 mm thick, we recommend an

electrolyte containing modified green chromium(III)
sulfate and monoethanolamine.
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Abstract-X-ray photoelectrom spectroscopy was used to study the composition of the initial and electro-
chemically reduced cobalt coating formed by the adsorption procedure involving treatment of a carbon glass
electrode in a solution of Co(II) ammine complexes, hydrolytic washing in water, and conversion to sulfide
in Na2S solution.

Sulfides of many metals have low electrical resis-
tivity [1] and can be used as electroconducting sub-
layers for decorative metal plating of plastics and in
manufacture of printed-circuit boards. Nonstoichio-
metric copper sulfide (Cu2 3 xS), whose formation,
composition, and electrochemical properties are
studied in detail [238], is widely used for this purpose.
Electrochemical deposition of metals can occur only
after reduction of Cu2 3 xS to metal [7, 8]. To obtain
a reliable metal coating, it is, however, necessary to
perform plating in two or three cycles.

Cobalt sulfide coatings [9] formed in one cycle are
also used today as electroconducting layers. Nickel
can be deposited on it in two or three cycles, as
on Cu2 3xS. Formation, electrochemical activity, and
modification of the cobalt sulfide layer have been
described in [9312]. At the same time, the composi-
tion of such coatings after reduction was not studied.

In this work, we used X-ray photoelectron spec-
troscopy (XPS) to determine the composition of the
cobalt sulfide coatings before and after electrochemi-
cal reduction.

EXPERIMENTAL

The cobalt sulfide coating was formed by the ad-
sorption procedure involving treatment of the working
electrode in a solution containing 0.18 M CoSO4 .
7H2O and 0.12 M (NH2OH)2 .H2SO4, to which
NH4OH (25% solution) was added to pH 11.0. This
was followed by hydrolytic washing with distilled
water, conversion to sulfide in 0.13 M Na2S aqueous
solution, and washing with distilled water. This com-
prised one cycle of formation of the cobalt sulfide

coating. The coatings studied by XPS were formed in
three cycles, each 30 s, at 25+1oC.

The sulfide coatings were electrochemically re-
duced in a 0.1 M KClO4 solution at T = 20+1oC in
a YaSE-2 standard cell. An SU-1200 carbon glass
with a working surface area of 1 cm2 was the working
electrode. Saturated silver chloride electrode was the
reference electrode, and platinum gauze, the auxiliary
electrode. The potentials E were recalculated relative
to standard hydrogen electrode. The voltammograms
(VA) were measured with a PI-50-1 potentiostat and a
PR-8 programmer and were recorded with an XY
RECORDER A3 self-recording potentiometer. The
scanning rate of the potential was 601032 V s31.

The composition of the sulfide coatings was studied
by X-ray photoelectron spectroscopy (XPS) on an
ESCALAB-MK II Vacuum Generator Scientific
spectrometer (the United Kingdom). As a source of
soft X-ray radiation served a magnesium anode
(1253.6 eV, 300 W). The pressure in the analytical
chamber of the spectrometer was 1.33 0 1038 Pa.
An AG-2 argon gun (beam energy 20 eV, current
20 mA) in a preparative chamber was used to study the
depth distribution of elements. The rate of the surface
etching was 2 nm min31, and etching time, 30, 60, and
120 s. The accuracy of the method was +0.1 at. %. In
study of the Co sulfide coatings by XPS, we recorded
the Co2p3/2 photoelectron spectra. The empirical
factors of sensitivity of these elements were taken
from the literature [13], and the recorded spectra were
compared with the reference spectra [14].

In [10], the electrochemical behavior of a cobalt
sulfide coating in 0.1 M KClO4 was studied by cyclic
voltammetry. It was found that the Co(III) compounds
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0.5 mA cm32

1 mA cm32C1

C1

E, V

Fig. 1. Cyclic potentiodynamic curves taken in 0.1 M
KClO4 solution. Two deposition cycles; T = 20oC; Vsc =
501032 V s31. Electrode: (1) carbon glass and (2) carbon
glass coated with cobalt sulfide.

(a)

(b)

c, at. %

c, at. %
t, s

t, s
c, at. % (c)

t, s

Fig. 2. Content of the elements c in the cobalt sulfide
coating formed in three cycles vs. the time t of etching with
Ar+ ions. Coating: (a) initial and (b, c) reduced in 0.1 M
KClO4 solution at the potential scanned from Est to 30.85
and 31.3 V, respectively.

are reduced to Co(II) in the potential range from 30.4
to 30.9 V (Fig. 1). Namely, reduction of CoOHS to
CoS and Co(OH)2 (cathodic current peak C1) was
suggested.

In the XPS study of the sulfide coating, we paid at-
tention to the distribution of Co, O, and S elements
over the surface and throughout the depth of the coat-
ing (Fig. 2). Our results show that the surface of the
initial and reduced coatings contains up to 65 at. %
oxygen. About 20 at. % oxygen was found in deeper
layers of the coating. The measured binding energies
Eb of Co2p3/2 (780.6+0.1 eV) and O1s (531.0+0.3,
529.7+0.1 eV) electrons (Table 1; Figs. 3a, 3b) sug-

(a)

(b)
Eb, eV

Eb, eV

(c)

Eb, eV

S2p

Fig. 3. XPS of the cobalt sulfide coatings. (A) Intensity and
(Eb) binding energy; the same for Figs. 4, 5. (a) Co2p3/2,
(b) O1s, and (c) S2p; the same for Figs. 4, 5. The etching
time (s) is denoted at curves; the same for Figs. 4 and 5.
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Results of XPS analysis of the cobalt sulfide coating*
ÄÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ

Coat- ³
t,

³ Eb, eV ³ IO /ICo ³ Is /ICo ³
Coating com-³ ÃÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄ´ing

³ s ³ Co2p3/2 ³ O1s ³ S2p ³ OH3 ³ SO3
23 ³ CoS ³ CoSO3 ³

position
no.** ³

ÄÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
1 ³ 0 ³778.1, 780.9 ³529.7, 531.1 ³ 162.6, 167.8 ³ 1.88 ³ 1.9 ³ 7 ³ 2.7 ³Co(OH)3

³ 30 ³778.1, 780.9 ³529.7, 531.1 ³ 162.3, 166.7 ³ 1.39 ³ 0.98 ³ 1.53 ³ 0.27 ³CoS
³ 60 ³778.1, 780.9 ³529.7, 531.1 ³ 162.3, 166.7 ³ 1.02 ³ 0.71 ³ 1.44 ³ 0.19 ³CoSO3, CoOHS

2 ³ 0 ³778.0, 780.9 ³529.7, 531.1 ³ 162.7, 166.9 ³ 2.02 ³ 5 ³ 10.4 ³ 5.2 ³Co(OH)2
³ 30 ³778.0, 780.9 ³529.7, 531.1 ³ 162.8 ³ 1.0 ³ 0.38 ³ 1.35 ³ 0.13 ³CoS
³ 60 ³778.0, 780.9 ³529.7, 531.1 ³ 162.8 ³ 0.92 ³ 0.29 ³ 1.25 ³ 0.12 ³CoSO3

3 ³ 0 ³778.1, 780.5 ³529.7, 531.0 ³ 162.3, 167.5 ³ 1.84 ³ 1.93 ³ 5.16 ³ 1.25 ³Co, CoS
³ 30 ³778.1, 780.5 ³529.7, 531.0 ³ 162.3 ³ 1.1 ³ 0.47 ³ 1.55 ³ 0.17 ³Co(OH)2
³ 60 ³778.0, 780.6 ³529.7, 531.1 ³ 162.3 ³ 0.77 ³ 0.36 ³ 1.33 ³ 0.09 ³CoSO3

ÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ
* (IO/ICo, Is/ICo) Intensity ratio of oxygen to cobalt and of sulfur to cobalt, as calculated from Figs. 335; (t) time of Ar+ etching.

** Coating no.: (1) initial and (2, 3) reduced at the potential scanned from the steady-state potential to 30.85 and 31.3 V, respectively.

gest that oxygen occurs in the forms of Co(OH)2,
CoIIIOHS, and CoSO3. These compounds were de-
tected not only on the surface, but also in deeper
layers of the coating. At the same time, a large
amount of oxygen on the surface may be due to ad-
sorption and chemisorption of the oxygen compounds
of cobalt and also of water and oxygen molecules.

Apart from oxygen compounds of cobalt, the cobalt
sulfide coatings formed in three cycles contain CoS
(EbS2p = 166.7+0.1 eV) (Table 1, coating no. 1).
This compound was detected after the upper layer 1 or
2 nm thick was etched with Ar+ ions. The amount of
CoSO3 abruptly decreases with depth. The intensity
ratios calculated from the S2p and Co2p3/2 spectra for
cobalt(II) sulfide and sulfate are different on the sur-
face of the sulfide coating and at a depth of 2 nm
(Table 1). Compared to CoSO3, the amount of CoS
amount is larger by a factor of approximately 2.6 on
the surface and by a factor of 5.6 and 7.5 at a depth of
1 and 2 nm, respectively. This fact suggests that
CoSO3 is formed solely on the coating surface, where-
as in deeper layers CoS dominates. CoSO3 may be
formed owing to oxidation of S23 with Co(III) [15]:

6CoOOH + 6S23 + 3H2O = CoSO3 + 5CoS + 12OH3. (1)

Accprding to reaction (1), the amount of forming
CoSO3 should be smaller by a factor of 5 than that
of CoS. The S2p spectra (Fig. 3c) shows that the
amount of sulfite (Eb ; 166.7 eV) is smaller than that
of sulfide (Eb ; 162.13162.7 eV). The coating con-
tains about 19 at. % S on the surface and from 29 to
34 at. % S in deeper layers (Fig. 2a). The binding
energies in the S2p spectrum do not correspond to
elemental sulfur (Eb = 164.1+0.1 eV), i.e., it is absent

in the coating. This result is in agreement with the
voltammetric data. The current peak of sulfur reduc-
tion was not revealed in the voltammograms of reduc-
tion of the cobalt sulfide coatings (Fig. 1).

In the sulfide coating reduced at the potential E
scanned from the steady-state potential Est to 30.85 V,
the CoSO3 amount on the surface (IS /ICo = 5.2) is
two times that in the initial coating (IS /ICo = 2.7). The
CoSO3 amount in deeper layers abruptly decreases
(IS/ICo = 0.12).

In the coating partially reduced to E = 30.85 V,
cobalt sulfide CoS (Eb = 778.0+0.1 eV) is present
both on the surface and in deeper layers, because the
reduction occurs at E < 31.0 V [10], i.e., in the range
of hydrogen evolution [16]. The CoS content on the
surface is 1.5 times higher than in initial coating. The
IS /ICo ratio for CoS, as calculated from the Co2p3/2
and S2p spectra (Figs. 4a, 4c), is 10.4 and 7.0 for the
initial and reduced coatings, respectively (Table 1,
coating nos. 1, 2). Apparently, the increased amount
of CoS on the surface of the reduced coating is due to
the reduction of the Co(III) compound, i.e., CoOHS
(Fig. 1, curve 2, cathodic current peak C1), which
occurs in the range of E from 30.4 to 30.9 V with
formation of CoS and Co(OH)2. The results obtained
confirm the assumption [10] that the current peak C1
at E = 30.75 V in the cyclic voltammogram taken in
a 0.1 M KClO4 solution is due to the reduction of
the Co(III) compound containing not only oxygen but
also sulfur, i.e., of CoOHS.

CoS obtained by deposition from aqueous solutions
of salts is sparingly soluble (SP 10322) [17]. The
solubility of the CoS precipitate decreases further with
time. This is explained by appearance of new bonds
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(a)

Eb, eV

(b)

Eb, eV

S2p
(c)

Eb, eV

Fig. 4. XPS of the cobalt sulfide coatings reduced in 0.1 M
KClO4 solution at the potential E scanned from Est to
30.85 V.

due to oxidation of Co(II) to Co(III) and hydrolysis to
CoIIIOHS. We found no published XPS data for
CoOHS.

After the reduced coating was etched with Ar+ ions
for 30 and 60 s, the IS/ICo intensity ratio decreased to
1.35 and 1.25, respectively (Table 1, coating no. 2).
Probably, the decrease in the CoS decrease at depths
of 1 and 2 nm is due to the formation of Co(OH)2,
which is a product of CoOHS reduction. Cobalt(II)
hydroxide, Co(OH)2, can block the electrode surface,
change its electrical properties, and impede further
reduction of CoOHS.

(a)

(b)

Eb, eV

S2p
(c)

Eb, eV

Eb, eV

Fig. 5. XPS of the cobalt sulfide coatings reduced in 0.1 M
KClO4 solution at the potential E scanned from Est to
31.3 V.

We studied the composition of the sulfide coatings
reduced at the potential E scanned from Est to 31.3 V,
i.e., after the potential of CoS reduction was attained.
The results (Table 1, Figs. 5a35c) show that the sur-
face layer of the coating consists of Co(OH)2, CoS,
and CoSO3. Cobalt sulfite was present solely on
the surface and was absent at a depth of 1 nm. The
oxygen to cobalt intensity ratio IO/ICo (Table 1, coat-
ing no. 3) for Co(OH)2 and CoS decreases. Cobalt(II)
sulfide was detected both on the surface and at a depth
of 132 nm.

The IS /ICo ratio for CoS, calculated from the
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spectral data (Figs. 5a, 5c) is 5.16. This value is
lower than that for initial sulfide coating (Table 1,
coating no. 1). This result may be due to the reduction
of CoS to metallic Co at the potential E scanned down
to 31.3 V, which is supported by the Co L3VV Auger
spectra (kinetic energy Ek 772.5, 774.3 eV). Metallic
cobalt was found both on the surface and at a depth of
132 nm. It should be noted, however, that the CoS
reduction after electrochemical treatment to 31.3 V is
incomplete. This conclusion was confirmed not only
by X-ray photoelectron spectroscopy but also by
cyclic voltammetry.

CONCLUSIONS

(1) The composition of the cobalt sulfide coating
was studied by X-ray photoelectron spectroscopy. The
coating reduced in 0.1 M KClO4 solution and the ini-
tial coating contain about 60 at. % oxygen on the sur-
face and ~20 at. % oxygen in deeper layers. This
result may be due to adsorpton and chemisorption of
oxygen compounds of cobalt and also of water and
oxygen molecules.

(2) The initial cobalt sulfide coating is a mixture
of the compounds CoS, CoSO3, Co(OH)2, and
CoOHS, whereas the reduced coating is a mixture of
Co0, CoS, CoSO3, and Co(OH)2. The presence of
Co(II) compounds shows that the reduction is incom-
plete, even after attaining the potential of extensive
hydrogen evolution.

(3) The large amount of CoS in the partially re-
duced (to 30.85 V) cobalt sulfide coating shows that
the cathodic peak in the cyclic voltammograms at E =
30.75 V is due to the reduction of CoOHS.
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Abstract-The recovery of platinum(IV) from hydrochloric acid solutions containing an excess amount of
iron(III) with liquid tri-n-octylamine31,2-dichloroethane membranes under conditions of galvanostatic dialysis
was studied. The influence exerted by the current density and by the composition of aqueous solutions
and liquid membranes on the rate of platinum(IV) transport and efficiency of separation of the metals was
analyzed and the optimal process conditions were determined.

Recovery of platinum metals from hydrochloric
acid solutions in the presence of macroscopic impuri-
ties of non-noble metals is of primary practical in-
terest. The ability of platinum metals to form stable
anionic chloro complexes under the conditions under
which the nonferrous metals and iron are present as
impurities allows use of anion-exchange extraction
with amine salts [1, 2] and high-voltage dialysis [3]
for their separation. However, in systems with amines,
the high stability of the forming compounds makes
back extraction of platinum metals difficult, which
hinders application of the extraction techniques [4].
It has been shown previously that application of an
electric field facilitates back extraction of platinum,
palladium, and ruthenium from tri-n-octyalime (TOA)
solutions [5]. Electrodialysis of liquid TOA-con-
taining membranes has been used to recover palladi-
um from dilute acid solutions [6] and separate the
metal from excess amounts of iron, nickel [7], and
copper [8].

The aim of this study was to analyze electrodialytic
transport of platinum from binary hydrochloric acid
mixtures with iron(III) across TOA-based liquid
membranes bounded by cellophane films.

EXPERIMENTAL

Electrodialysis was carried out in an assembled
five-chamber fluoroplastic cell comprising electrode
chambers, feeding and receiver solution chambers,
and a liquid membrane in the system

(3)Pt, ³H2PtCl2 FeCl3³ TOA ³ HCl ³Pt,(+)
H2SO4³ HCl ³Dichloroethane³ ³H2SO4

MK MK

The volume of the liquid membrane was 2 cm3; its
thickness, 0.2 cm; phase contact area, 7.1 cm2. Cel-
lophane films bounding a liquid membrane were pre-
liminarily soaked in water. The electrode chambers
filled with 0.15 M H2SO4 solution (volume 17 cm3)
were separated from the chambers containing the feed-
ing and receiving solutions (volume 13 cm3) with
MK-40 solid cation-exchange membranes. Direct
current was fed through platinum electrodes.

The liquid-membrane solution was prepared by
dissolving a weighed portion of TOA (pure grade,
main substance content 95%) in 1,2-dichloroethane. In
view of the possible reaction of TOA with the solvent
to give a salt of quaternary ammonium base [9], fresh-
ly prepared solutions were used. The feeding solution
was prepared by dissolving H2PtCl6 (pure grade) and
FeCl3 .6H2O (analytically pure grade) in hydrochloric
acid of appropriate concentration (0.1 M HCl, as a
rule). Commonly, 0.1 M HCl was used as receiving
solution.

The concentration of metals in aqueous solution
was determined spectrophotometrically: platinum,
with tin(II) chloride [10]; iron, with sulfosalicylic acid
[11]. In determining the content of iron(III) in the
presence of a large excess of platinum, the optical
density was measured relative to the solution being
analyzed. The measurements were done on an SF-46
spectrophotometer.

Platinum(IV) forms highly stable complexes with
chloride ions and exists in hydrochloric acid solutions
mainly as the hexachloride complex [PtCl6]23 [10].
Tri-n-octylamine recovers platinum(IV) in a wide
range of HCl concentrations by, predominantly, the



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 1 2003

SEPARATION OF PLATINUM(IV) AND IRON(III) WITH LIQUID MEMBRANES 77

interphase anion exchange mechanism [4]:

H+(a) + Cl3(a) + R3N(o) 6
4 R3NHCl(o), (1)

2R3NHCl(o) + [PtCl6]23(a) 64 (R3NH)2[PtCl6] + 2Cl3(a),
(2)

where (a) stands for the aqueous phase, and (o), for
the organic phase; R3N is TOA.

On applying an electric field, the platinum complex
being extracted is transported across the liquid mem-
brane and disintegrates at the interface with the receiv-
ing solution by a reaction reverse to (2). The mem-
brane recovery of platinum occurs by co-directed
transport of [PtCl6]23 anions and chloride ions, and,
therefore, high HCl concentration in the receiving
solution is not required, in contrast to dialysis proc-
esses. The electric field intensifies the transport of
[PtCl6]23 across each of the liquid membranes and
ensures back extraction into a weakly acidic receiving
solution. In the zero-current mode, there is virtually
no transmembrane transport of platinum in the system
studied.

The rate of platinum recovery from a binary mix-
ture containing 2.14 01032 M H2[PtCl6] and 3.64 0

1032 M FeCl3 is proportional to the current density
in the range 038.5 mA cm32 (Fig. 1). Platinum is
recovered into the receiving 0.1 M HCl solution selec-
tively; the degree of iron(III) recovery in 1 h is about
0.1%. The metals are separated because amine salts
more actively extract iron than platinum at higher HCl
concentrations. In dilute HCl solutions, iron(III) forms
cationic and neutral complexes [12]. In the course of
electrodialysis, loss of Fe3+ from the feeding solution
is as high as 25335% because of its adsorption by
a solid cation-exchange membrane.

The variation of voltage in the galvanostatic mode
is characterized by a steep fall at the beginning of
the process, with an [electric breakdown] of the liquid
membrane possible at high current densities after
several tens of minutes of electrodialysis (Fig. 2). The
initial rise in the electrical conductivity of the organic
phase is due to an increase in the total concentration
of ions in the liquid membrane as a result of extrac-
tion of hydrochloric acid and [PtCl6]23 by amine
[reactions (1) and (2)]. The electric breakdown, asso-
ciated with accumulation of water in the organic phase
and formation of through aqueous channels [13], leads
to the loss of transporting and selective properties
by the membrane. The time when the breakdown oc-
curs depends on the current density and on the nature
of organic solvent and ion being recovered. Liquid

i, mA cm32

JPt 0 105, JFe 0 106, mol m32 s31;
bPt/Fe 0 1032

Fig. 1. Rates of transport of (1) platinum(IV), JPt, and
(2) iron(III), JFe, and (3) metal separation factor bPt /Fe vs.
current density i. CTOA = 0.1 M, t = 60 min.

U, V

t, min
Fig. 2. Effect of current density on the variation of voltage
U. (t) Process duration. i, mA cm32: (1, 5) 8.5, (2) 6.4,
(3) 4.2, and (4) 2.1.

t, h

cPt 0 102, cFe 0 103, M; bPt/Fe 0 1032

Fig. 3. Kinetic curves describing (1) platinum(IV) recovery
from the feeding solution, accumulation of (2) platinum(IV)
and (3) iron(III) in the receiving solution, and (4) variation
of the metal separation factor bPt/Fe. cPt = 2.101032 M,
cFe = 3.601032 M in 0.1 M HCl; i = 6.4 mA cm32. (cPt,
cFe) Pt(IV) and Fe(III) concentrations and (t) process
duration.

membranes based on TOA in dichloroethane work
without breakdown in recovery of platinum for about
2.5 h at current density of 6.4 mA cm32 and equal
acidities of the feeding and receiving solutions, with
more than 50% of platinum and about 0.3% of iron
transferred across the liquid membrane (Fig. 3). The
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cTOA, M

EPt, EFe 0 10, %; bPt/Fe 0 1032

Fig. 4. Degrees of recovery of (1) platinum(IV), EPt, and
(2) iron(III), EFe, and (3) metal separation coefficient bPt/Fe
vs. carrier concentration cTOA. I = 6.4 mA cm32, t =
120 min.

U, V

t, min

Fig. 5. Effect of carrier concentration on variation of volt-
age U. I = 6.4 mA cm32. (t) Process duration. cTOA, M:
(1) 0.07, (2) 0.1, (3) 0.15, and (4) 0.3.

cPt 0 102, M

JFe 0 105, mol m32 s31; W 0 1031, %

Fig. 6. Rates of transfer, JPt, into (1) liquid membrane and
(2) receiving solution and (3) current efficiency W by plati-
num(IV) vs. its concentration cPt in the feeding solution.
cTOA 0.1 M, i = 6.4 mA cm32, t = 60 min.

best separation of the metals is achieved under the ex-
perimental conditions in 2 h of electrodialysis. The ef-
ficiency and stability of liquid membranes with TOA
in recovery of platinum exceeds that in the previously
studied process of palladium transport [6].

The effect of the carrier concentration in the organ-
ic phase on the rate and selectivity of platinum re-
covery is shown in Fig. 4. In contrast to dialysis
membrane extraction, raising the concentration of
TOA to 0.15 M impairs the rate of platinum transport
since chloride ions compete with [PtCl6]23 in current
transport across the interface between the membrane
and the receiving solution. The excess of carrier acts
in electrodialysis as supporting electrolyte. It should
be noted that raising the TOA concentration leads to
a pronounced increase in the electrical conductivity of
the liquid membrane (Fig. 5).

Raising the concentration of platinum in the feed-
ing solution to 4.201032 M at constant concentration
of iron leads to a proportional increase in the rate of
[PtCl6]23 transfer across both phase boundaries and in
the current efficiency (Fig. 6). However, under excess
of hydrochloric acid in the feeding solution, current is
mainly carried across the liquid membrane by chloride
ions and the current efficiency by [PtCl6]23 anions
does not exceed 10%.

Lowering the concentration of HCl in the feeding
solution to 101033 M makes higher the degree of pla-
tinum recovery, current efficiency, and metal separa-
tion factor (Table 1). The increase in the rate of plati-
num transport is due to a decrease in the content of
chloride ions competing with [PtCl6]23 anions for the
trioctylammonium cation.

The type and concentration of acid in the receiving
solution is not an important factor under electrodialy-
sis conditions (Table 2).

The rate of platinum recovery into the liquid mem-
brane is independent of the composition of the receiv-
ing solution, and the transmembrane transfer decreases
somewhat in those cases when an electric breakdown
occurs in the course of an experiment. Liquid mem-
branes are the most stable if recovery is done into
hydrochloric acid solutions, whereas systems with
nitric acid are characterized by their shortest service
life.

CONCLUSIONS

(1) Under electrodialysis conditions, liquid mem-
branes containing tri-n-octylamine in dichloroethane
ensure transport of [PtCl6]23 into dilute acid solutions
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Table 1. Effect of the acidity of the feeding solution on the rate of platinum transfer and the separation of the metals.
cTOA 0.1 M, i = 6.4 mA cm32, t = 60 min
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Concentration in feeding solution, M ³ EPt ³ WPt ³ EFe ³
bPt/Fe

³
J*

Pt0105,ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ´ ³
Pt(IV) ³ Fe(III) ³ HCl ³ % ³ ³

mol m32 s31

ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
2.501032 ³ 3.101032 ³ 1033 ³ 22.8 ³ 8.7 ³ 0.13 ³ 189 ³ 2.86
2.201032 ³ 3.501032 ³ 1032 ³ 20.3 ³ 6.8 ³ 0.11 ³ 184 ³ 2.25
2.101032 ³ 3.601032 ³ 1031 ³ 18.5 ³ 6.1 ³ 0.12 ³ 161 ³ 2.01

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
* J is the transmembrane flux.

Table 2. Effect of the composition of the receiving solution on transport of metals. cPt = 2.101032 M, cFe = 3.601032 M;
i = 6.4 mA cm32; t = 60 min
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ

Receiving solution, M
³ EPt ³ EFe ³

bPt/Fe

³ J1
*0105 ³ J2

*0105

ÃÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄ´ ÃÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ
³ % ³ ³ mol m32 s31

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ
HCl: ³ ³ ³ ³ ³

0.01 ³ 18.5 ³ 0.15 ³ 123 ³ 2.35 ³ 2.02
0.1 ³ 18.5 ³ 0.12 ³ 161 ³ 2.21 ³ 2.01

H2SO4: ³ ³ ³ ³ ³
0.01 ³ 19.9 ³ 0.19 ³ 108 ³ 2.37 ³ 2.17
0.1 ³ 14.7 ³ 0.13 ³ 113 ³ 2.17 ³ 1.6

HNO3: ³ ³ ³ ³ ³
0.01 ³ 15.3 ³ 0.16 ³ 96 ³ 2.29 ³ 1.67
0.1 ³ 15.4 ³ 0.15 ³ 103 ³ 2.29 ³ 1.68

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ
* J1 and J2 are the flux of platinum into the membrane and the transmembrane flux, respectively.

and efficient separation of platinum(IV) from iron(III)
in recovery from hydrochloric acid media.

(2) The rate of electrodialytic transport of [PtCl6]23

is determined by the current density, composition of
the feeding solution, and carrier concentration in the
liquid membrane.

(3) The longer service life of liquid membranes
without electric breakdown is achieved in recovery of
platinum from hydrochloric acid solutions at moderate
current densities.
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Abstract-The interaction between diluted electrolyte for alkaline zinc plating and calcium compounds
(CaCl2 solutions, phosphogypsum and cement dust suspensions) was studied to determine the promise of their
use for chemical washing.

Zinc coatings occupy a distinctive position among
corrosion-protection coatings since about 50% of sur-
faces coated with metals are zinc plated. Originally,
cyanide electrolytes were used, then, weakly acidic
electrolytes, and now alkaline electrolytes are in use
because of their high throwing power and high current
efficiency at fast plating rates and owing to the fact
that the coatings obtained are nicely lustrous. These
electrolytes conform to modern nature preservation
requirements because the concentrations of zinc are
low and luster-producing agents are environmentally
safe.

One of ways to save metals and water and to di-
minish pollution is to use the so-called chemical
washing, first proposed by Lanzi for rendering harm-
less discharged chromium-plating electrolytes and
cyanide-containing solutions directly in the catching
bath [1].

In washing of articles after alkaline zinc plating,
sludge formation was observed in washing water
because of partial decomposition of zincate ions and
formation of poorly soluble zinc compounds. In wash-
ing in deionized water, formation of a bulky, slowly
settling precipitate was observed. In washing in tap
water containing 57 mg l31 Ca2+ and 13 mg l31 Mg2+,
a minor volume of a compact precipitate settled fast,
with the residual concentration of zinc in solution
being lower. Presumably, cations in tap water favor
precipitation of zinc. Additional experiments demon-
strated that precipitation of zinc is promoted by solu-
tions of calcium salts, with magnesium salts exerting
virtually zero influence on zinc precipitation.

Zincate ions form with calcium(II) hydroxide a
poorly soluble finely crystalline precipitate of calcium
zincate, CaZn2(OH)6 .2H2O [2]. Its structure and the

conditions and rates of its formation and decomposi-
tion have been much studied, and calcium zincate
has found application in Zn/NiOOH and Zn/AgO
batteries [339] and as a component of wood binders
[10], luminophores, insulators and glasses, and poly-
merization catalysts [8].

Calcium zincate CaZn2(OH)6 .2H2O crystallizes
in the monoclinic system [2], with two its forms,
tetragonal and hexagonal, known. According to X-ray
diffraction analysis, the unit cells of both forms are
identical [8]. Hexagonal crystals are formed by slow
crystallization (during several days), and tetragonal
crystals, by fast precipitation from supersaturated
solutions.

The aim of this study was to analyze the interaction
of a diluted electrolyte for alkaline zinc plating with
calcium compounds (CaCl2 solutions, suspensions of
phosphogypsum and cement dust) to determine the
promise of their use for chemical washing.

About 4 ton of phosphogypsum is formed in manu-
facture of 1 ton of orthophosphoric acid [11]. By
the content of the main substance, gypsum (CaSO4 .
2H2O) (up to 98%), it corresponds to natural gypsum
of the highest quality (91395%). The chemical com-
position of phosphogypsum manufactured by Lifosy
Joint-Stock Company (in terms of dry substance) is as
follows (%): CaO 31337, SO3 44354, SiO2 0.330.6,
R2O3 0.531.5, Na2O 0.2430.32, K2O 0.0430.08,
P2O5 total 0.9132.86, P2O5 water-soluble 0.5232.65,
F total 0.1430.48, and F water-soluble 0.01530.33
[12]. Moisture content of phosphogypsum 20325%,
calcination loss (400oC) 37342%, density 7503
800 kg m33, specific surface area 2603290 m2 kg31.
Phosphogypsum particles are CaSO4 .2H2O crystals
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53500 mm long, 1350 mm wide, and 0.0530.5 mm
thick.

Data on the sorption properties of phosphogypsum
are scarce. It is known that phosphogypsum can be
used to remove Sr2+ and Pb2+ [13], and also phos-
phates and borates from industrial wastewater [14],
and to perform preliminary purification of concen-
trated phenol-containing discharges [15]. A method
for purification of phosphoric acid to remove fluorine
has been developed [16].

Cement dust, exhibiting properties of both an alka-
line agent and a sorbent, can be used to remove heavy
metals {17319] and a number of hazardous organic
substances [19, 20] from industrial wastewater. In
Lithuania, Akmenes Cementas Joint-Stock Company
produces annually 20330 thousand tons of cement
dust of the following chemical composition (%):
Al2O3 338, Fe2O3 235, SiO2 11315, CaO 38348,
CaO free 337, MgO 234, (Na, K)2O 238, and SO3
338. According to X-ray phase analysis, the dust is
mainly constituted by calcite CaCO3 (~80%), quartz
a-SiO2 (10315%), and basic calcium silicate Ca5 .
(SiO4)2(OH)2 the rest [16].

EXPERIMENTAL

A Limeda NBTs electrolyte for alkaline zinc plat-
ing was used in the study. It was prepared in accor-
dance with GOST (State Standard) 9.305384 and had
the following composition (g l31): ZnO 15, NaOH
110; luster-producing additives NBTs-0 and Limeda
NBTs-K 5 ml l31 each. Immediately before an experi-
ment, the electrolytes were diluted with deionized
water.

The concentrations of Zn2+ and Ca2+ in the solu-
tions under study were determined by plasma atomic-
emission spectrometry on a Beckman SpectraSpan VI
instrument at wavelengths of 206, 200 and 317,
933 nm, respectively.

X-ray diffraction patterns of precipitates were ob-
tained on a DRON-2 X-ray diffractometer in CuKa

radiation. Micrographs of the precipitates were ob-
tained on a JXA-50A scanning electron microscope3
microanalyzer. Reagents of chemically pure and
analytically pure grades were used.

Phosphogypsum, a waste formed in industrial
processing of Kola apatite, was delivered by Lifosa
Joint-Stock Company [TU (Technical Specification)
6 111 045-03392], and cement dust, by Akmenes
Cementas [TU 5 290 342-04392, GOST (State Stand-
ard) 310.2, content of free CaO 4.7%].

Table 1. Residual concentrations of zinc(II) and calci-
um(II) in solution upon introduction of Limeda NBTs
electrolyte into deionized water or CaCl2 solution
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Amount
³Residual concentration of Zn2+ (Ca2+), mg l31

ÃÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄof zinc(II)
³

deionized
³ CaCl2 solution, g l31

³ ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄintroduced,

³ water ³ 2 ³ 10
mg l31

³ ³ ³
ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ

48 ³ 9.2/2.1* ³ 3/1.5 ³ 1.5 (3300)/1.9
240 ³ 76/26 ³ 3/2.0 ³ 2.6 (3200)/2.0
790 ³ 510/210 ³ 3/9.5 ³ 3.2 (810)/3.2

1090 ³ 880/260 ³ 3/17 ³ 4.1 (260)6.1
1570 ³ 1260/310 ³ 3/69 ³ 17 (56)/26
2000 ³ 2000/1620 ³ 3/410 ³ 37 (50)/41
2770 ³ 2770/2380 ³ ³ 45 (24)/94
3430 ³ 3400/3400 ³ ³ 115 (19)/150

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ
* After settling for 1 h/24 h.

To determine the efficiency of Zn2+ precipitation,
0.2325 ml of Limeda NBTs electrolyte was mixed
with 50 ml of a CaCl2 solution (2 or 10 g l31), the
mixture was filtered after 1 or 24 h of settling, and
the residual concentrations of Zn(II) and Ca(II) were
found.

Table 1 shows that, upon introduction of the elec-
trolyte into the CaCl2 solutions, the concentration of
zinc decreases by up to a factor of 200, compared with
the case of the corresponding dilution with deionized
water. Precipitate formation was also observed upon
53250-fold dilution of the electrolyte with deionized
water, which is due to decomposition of zincate ions
to give ZnO (as established by an X-ray diffraction
study):

Zn(OH)4
23 6

4
ZnO + 2OH3 + H2O. (1)

In solutions containing CaCl2, zinc(II) precipitates
much faster and to a greater extent, with calcium(II)
coprecipitated, which confirms the formation of a
mixed compound containing calcium and zinc:

2Zn(OH)4
23 + Ca2+ + 2H2O 6

4
CaZn2(OH)6 .2H2O + 2OH3.

(2)

An X-ray diffraction study demonstrated that pre-
cipitates obtained upon introduction of the Limeda
NBTs electrolyte into solutions with 2 or 10 g l31

CaCl2 to Ca : Zn molar ratios equal to 1 or 2 are
composed of CaZn2(OH)6 .2H2O with a minor im-
purity of ZnO. The interplanar spacings and the reflec-
tion intensities for the compound CaZn2(OH)6 .2H2O
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Table 2. Residual concentrations of zinc(II) at varied duration of agitation, t

ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

t, min

³ Residual concentration of Zn2+, mg l31

ÃÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ deionized ³ CaCl2 solution, ³

phosphogypsum suspension, 40 g l31 ³ cement dust suspen-
³ water ³ 10 g l31 ³ ³ sion, 40 g l31

ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
0 ³ 400 ³ 400 ³ 100 ³ 200 ³ 400 ³ 1000 ³ 400
5 ³ 370 ³ 14 ³ 4.1 ³ 19 ³ 27 ³ 51 ³ 8.2

10 ³ 360 ³ 3.5 ³ 3.9 ³ 9.1 ³ 11 ³ 16 ³ 8.9
15 ³ 160 ³ 3.5 ³ 2.7 ³ 4.9 ³ 5.5 ³ 6.0 ³ 8.7
30 ³ 91 ³ 3.5 ³ 2.7 ³ 4.6 ³ 5.1 ³ 5.4 ³ 11
60 ³ 69 ³ 3.3 ³ 2.8 ³ 4.3 ³ 5.0 ³ 5.1 ³ 12

120 ³ 63 ³ 3.1 ³ 2.6 ³ 4.6 ³ 4.7 ³ 4.9 ³ 11
180 ³ 59 ³ 3.6 ³ 1.8 ³ 4.1 ³ 4.4 ³ 4.6 ³ 14

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Table 3. Residual concentrations of zinc(II) and calcium(II) upon introduction of Limeda NBTs electrolyte into deionized
water, CaCl2 solutions, and suspensions of phosphogypsum or cement dust. Duration of agitation 10 min, and that
of settling, 5 min, after each introduction
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Introduced
³ Residual concentration of Zn2+ (Ca2+), mg l31

ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ
amount of ³

deionized
³

CaCl2 solution, g l31 ³ phosphogypsum sus-³ cement dust sus-
zinc(II), ³

water
³ ³ pension, g l31 ³ pension, g l31

³ ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄmg l31

³ ³ 1 ³ 5 ³ 10 ³ 25 ³ 20 ³ 40 ³ 40
ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄ

570 ³ 490 ³ 5.2(110) ³ 2.4(560) ³ 4.1(1700) ³ 7.9(6500)³ 5.0 ³ 5.2(180) ³ 9.9(800)
1140 ³ 980 ³ 82(58) ³ 7.0(280) ³ 7.3(800) ³ 6.3(3900)³ 5.4 ³ 5.7(170) ³ 10(560)
1710 ³ 1270 ³ 210(22) ³ 43(175) ³ 17(125) ³ 7.1(980) ³ 10 ³ 9.5(160) ³ 24(560)
2290 ³ 2000 ³ 300(6.9) ³ 94(81) ³ 26(34) ³ 14(520) ³ 22 ³ 18(150) ³ 47(400)
2860 ³ 2500 ³ 410(0.7) ³ 210(56) ³ 75(29) ³ 26(210) ³ 25 ³ 20(140) ³ 84(160)
3430 ³ 2800 ³ 610(0.5) ³ 300(30) ³ 130(13) ³ 50(130) ³ 26 ³ 22(120) ³ 180(140)
4000 ³ 3300 ³ 1020(0.2) ³ 430(0.6) ³ 230(10) ³ 88(87) ³ 35 ³ 27(73) ³ 420(110)
4570 ³ 3600 ³ 3580(0.2) ³ 630(0.6) ³ 400(11) ³ 120(71) ³ 180 ³ 32(67) ³ 710(82)
5140 ³ 4000 ³ 3830(0.2) ³ 850(0.5) ³ 530(8.9) ³ 140(39) ³ 190 ³170(65) ³ 870(54)
5700 ³ 4200 ³ 4260(0.2) ³ 1080(0.3) ³ 670(7.1) ³ 210(25) ³ 260 ³190(32) ³ 1190(52)

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ

are in good agreement with the data of [2]. The pre-
cipitate is mainly formed by rhombic plates 503
250 mm long or aggregates of these, 1003200 mm
in diameter.

Another set of experiments was concerned with
the kinetics of calcium zincate precipitation upon
introduction of a zinc-plating electrolyte into a CaCl2
solution or phosphogypsum (cement dust) suspension
under continuous agitation of the reaction mixture
with a magnetic stirrer. The results listed in Table 2
indicate that the rates of formation of a poorly soluble
calcium zincate are fairly high and are acceptable for
chemical washing purposes.

Further, the process of chemical washing was simu-
lated. A 300-ml portion of deionized water or of an

aqueous solution of 1.0, 5.0, 10, or 25 g l31 CaCl2
was placed in a volumetric vessel, 15 ml of electrolyte
was introduced, the mixture was agitated with a
magnetic stirrer for 10 min and settled for 5 min, the
precipitate volume was determined, a 15-ml sample of
the solution was taken and filtered, and the residual
concentrations of zinc and calcium were determined
by atomic-emission spectrometry. This procedure of
introduction3sampling3analysis of the solutions was
repeated nine times. The results of the experiment,
which are listed in Table 3, and X-ray diffraction data
indicate that the major part of zinc(II) (~90%) is pre-
cipitated from solution in the form of calcium zincate.

The efficiency of washing grows with CaCl2 con-
centration; however, with this concentration raised
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from 10 to 25 g l31, the volume of the precipitated
phase increased from 8 to 37% because of the forma-
tion of voluminous Ca(OH)2. Therefore, the optimal
CaCl2 concentration is 5310 g l31, since at lower con-
centrations the solutions are exhausted fast.

The phosphogypsum suspension acts no less effec-
tively, and the volume of the precipitated phase does
not exceed 20%. The precipitate is mainly composed
of calcium zincate with impurity of zinc oxide and
unreacted gypsum.

The cement dust suspension is much inferior in ef-
ficiency to CaCl2 solutions and phosphogypsum sus-
pension, with this fact not being associated with ex-
haustion of reactive Ca(II) ions in solution (Table 3).
The reason is that the cement dust additionally al-
kalizes the reaction mixture.

The gradual increase in the concentration of zinc(II)
in solution is due to a decrease in the concentration of
reactive calcium(II) ions and rise in the degree of cal-
cium zincate dissociation with increasing solution
alkalinity.

The solubility of calcium zincate was studied as
a function of concentration as follows. To 20 ml of
zinc-plating electrolyte was added 10 ml of CaCl2
solution (50 g l31) and 0320 ml of NaOH solution
(400 g l31), the mixture was diluted with distilled
water to 50 ml, agitated for 4 h, and filtered, and the
Zn(II) concentration was determined. The figure
shows that the solubility of calcium zincate grows
with increasing solution alkalinity.

In the course of chemical washing, the precipitate
should be separated from the solution by filtration or
centrifugation after a Zn(II) concentration of 3003
400 mg l31 is reached, and the filtrate is to be added
to acidic and alkaline wastes for neutralization. To
separate the precipitate, it is desirable to lower the pH
of the reaction mixture. For this purpose, a dilute
H2SO4 solution is introduced or CO2 bubbled through
to make the pH 11.5311.7. The Zn(II) concentration in
solution decreases to 15340 mg l31. It is necessary to
avoid pH < 11.5, since in this case voluminous
Zn(OH)2 is formed. In manufacture, it is much more
convenient to use inexpensive CO2, which makes
it possible to set easily the required pH value. The
filtrate can be recycled.

The precipitate obtained from CaCl2 solutions can
be used in electroplating, manufacture of trace-ele-
ment fertilizers and pigments, and ceramic fillers, and
also for preparing zinc-phosphating solutions.

cNaOH, g l31

cZn2+, g l31

Residual concentration of Zn(II), cZn2+, vs. NaOH concen-
tration cNaOH. Initial concentrations of Zn(II) and CaCl2
are, respectively, 4.8 and 10 g l31.

CONCLUSIONS

(1) A procedure is proposed for washing with cal-
cium chloride solutions or phosphogypsum suspen-
sions of articles after alkaline zinc plating. The op-
timal process conditions are established. Compared to
washing in water, the concentration of zinc in the
catching bath is 1003200 times lower because of the
formation of poorly soluble finely crystalline calcium
zincate CaZn2(OH)6 .2H2O.

(2) The precipitate, mainly composed of calcium
zincate with impurity of zinc oxide, can be used in
zinc phosphating for preparing phosphating solutions,
as trace element fertilizer in agriculture, and in some
other industries.
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Abstract-The difference of the electrolyte densities in the container and within pores of the active electrode
paste was determined in discharge of sealed lead batteries with absorbed electrolyte. The data obtained can
be used in designing sealed batteries.

To calculate and plot discharge curves when de-
signing lead batteries, it is necessary to take into ac-
count the variation of the electrolyte concentration in
the container and within electrode pores. It is known
that, during discharge of a lead battery, the densities
of electrolyte in the container and within pores of the
active electrode paste are different. In [1], the density
of electrolyte within pores of the positive and negative
electrodes of a starter battery was determined after
5 min and 10 and 20 h of discharge. In the 5-min and
10-h modes of discharge, the difference DP of the
electrolyte densities in the container and within pores
of the positive and negative electrodes was, respec-
tively, 0.1830.065 and 0.1330.035 g cm33. However,
data on how the electrolyte density within the elec-
trode pores varies with battery discharge in different
discharge modes were not reported in [1].

In order to determine the electrolyte density with-
in electrode pores, we performed an experimental
study of nonportable lead batteries with discharge
capacity of 600 A h and rated electrolyte density of
1.240 g cm33 at 20oC. During discharge of the bat-
teries in the course of 10, 5, 3, 1, 0.5, and 0.25 h, the
circuit was broken after exhausting 25, 50, 75, and
100% of the discharge capacity, and the open-circuit
voltage (OCV) and electrode potentials were meas-
ured, after which the discharge of the batteries was
continued. The discharge was terminated in accor-
dance with the technical specification requirements
at final voltage Uf of 1.8 V in the 3310-h modes and
1.75 V in the 0.2531-h modes.

During dc discharge of lead batteries, there is a
voltage drop across the internal resistance R of the
batteries, which is constituted by the active resistance
and the polarization resistance Rp. The latter com-

prises the following resistances: transition resistance
Rt, reaction resistance Rr, diffusion resistance Rd, and
crystallization resistance Rc. These polarization resist-
ances are determined by the respective overvoltages.
When the circuit is broken to determine the OCV, the
digital voltmeter only measures the overvoltages of
diffusion, hd, and reaction, hr (or that of crystalliza-
tion, hc). It is difficult to record the transition over-
voltage ht because of the high rate of the process
(occurring within micro- or milliseconds), which
should be taken into account in calculations [2]. How-
ever, the current densities in a nonportable lead bat-
tery in 0.25310-h discharge modes are low and the
transition overvoltage ht is close to zero. Therefore,
the experimental data, even if obtained with a digital
voltmeter, require no correction.

The results of calculation of the differences of elec-
trolyte densities in the container and within pores of
the active paste of the electrodes, DP, with account
of the experimental OCV values for batteries with dif-
ferent degrees of discharge are shown in Fig. 1. The

DP, g cm33

t, h

Fig. 1. Variation with the discharge duration t of the dif-
ference DP of electrolyte densities in the container and
within electrode pores of a battery with liquid electrolyte.
Degree of discharge, %: (1) 25, (2) 50, and (3) 100.
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t, h

DP, g cm33

Fig. 2. Variation with the discharge duration t of the dif-
ference DP of electrolyte densities in the separator and
within electrode pores of sealed batteries with absorbed
electrolyte. Degree of discharge, %: (1) 25, (2) 50, (3) 75,
(4) 100, and (5) 100 at Uf = 1.7531.80 V.

data obtained indicate that the difference DP of elec-
trolyte densities at the same degree of discharge varies
in the 1310-h discharge modes only slightly. With
increasing degree of discharge, DP grows.

Theoretical calculations and experimental deter-
mination of the emf (OCV) of lead batteries, carried
out by many authors, have been reported with the dif-
ference of acid concentration within the pores of posi-
tive and negative electrodes disregarded [3]. Here, the
DP value is calculated using experimental data and
those reported in [3]. The experimental OCV value
corresponds to the real concentration of electrolytes
within pores of the positive and negative electrodes
at a particular instant of measurement and determines
the calculated averaged DP value. Comparison of the
differences of electrolyte densities in the container and
in the electrode pores of 100% discharged nonportable
batteries with similar data obtained in [1] shows that
their values are rather close. For example, for the
0.25310-h discharge modes considered, DP is 0.0973
0.075 g cm33. The calculated DP values obtained for
1310-h discharge modes are also close to the average
DP values for positive and negative electrodes, re-
ported in [1].

A characteristic tendency in the development of
lead batteries is the desire to simplify and make less
expensive, to the maximum possible extent, their
service maintenance. This is achieved by partly or to-
tally sealing the lead battery. One of specific features
of sealed lead batteries is that an immobilized electro-
lyte, gel-like or absorbed, is used in these batteries.
Replacement of a liquid electrolyte with a gel-like
electrolyte decreases its electrical conductivity and the
diffusion coefficient. According to published data, this
also leads to an increase in the discharge capacity

of the negative electrode and decrease in that of the
positive electrode. In view of the lowering of the
freezing point of the electrolyte by 13315oC, the frost
resistance of the battery increases, which affects posi-
tively its service characteristics at low temperature
[4, 5].

At present, electrolytes are mostly immobilized
using a glass-fiber separator with high bulk porosity
and good wettability with a sulfuric acid solution.
The fine structure of the fibers in such a separator
allows it not only to separate electrodes, but also to
retain an electrolyte within its pores. Both kinds of
immobilization, with gel-like electrolyte or that ab-
sorbed by the glass fiber, ensure a high rate of oxygen
transport to the negative electrode, where it recom-
bines [5, 6].

In view of the significant difference between the
electrode operation conditions in lead batteries with
liquid and immobilized electrolytes, a necessity arises
for determining, in design of sealed lead batteries,
the difference of electrolyte densities in the separator
and within pores of the active paste in electrodes.

In the present study, experiments were performed
with SG-6 sealed batteries with absorbed electrolyte
of the density of 1.280 g cm33. The OCV and voltage
U were measured during battery discharge with cur-
rents of 0.1C, 0.2C, 0.4C, 0.6C, 1C, 2C, and 3C A
(where C is numerically equal to the rated 20-h dis-
charge capacity) after exhausting 25, 50, 75, and
100% of the discharge capacity. The discharges were
terminated in accordance with the requirements of the
corresponding technical specifications at final voltages
Uf of, respectively, 1.75, 1.70, 1.65, 1.60, 1.55, 1.45,
and 1.25 V. In SG-6 batteries, the current density at
discharges of 0.0533C is 0.001730.1 A cm32, i.e., the
overvoltage ht is close to zero and can be disregarded
in calculations. The results of experimental studies
and calculations are shown in Fig. 2 in the form of
dependences of DP on the discharge duration t.

For all the discharge modes, the difference of elec-
trolyte densities in the container and within pores, DP,
grows with the degree of discharge increasing from 25
to 100%; in particular, in discharge with currents of
0.1C and 3C, by factors of 2.2 and 3.0, respectively.
At equal degrees of discharge, the difference of elec-
trolyte densities, DP, grows with the discharge current
increasing from 0.1C to 3C by a factor of 2.6 at 25%
discharge and by a factor of 3.6 at 100% discharge.

Comparison of the differences DP of electrolyte
densities in batteries with liquid and absorbed elec-
trolytes (Figs. 1, 2) shows that this quantity is 2.93
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3.9 times lower, compared to batteries with liquid
electrolyte, in batteries with absorbed electrolyte at
25350% discharge in the 10-h discharge mode, and
1.331.1 times lower in the 0.5-h discharge mode. At
100% discharge, the difference of electrolyte densi-
ties, DP, in batteries with absorbed electrolyte is
1.9 times smaller than that in batteries with liquid
electrolyte in the 10-h discharge mode, and 1.8 times
greater in the 0.5-h discharge mode.

It should be noted that these figures will be some-
what different if batteries with absorbed electrolyte are
discharged to a lesser extent. The results obtained in
calculating the difference of electrolyte densities, DP,
for 100% discharged SG-6 batteries at the same final
voltages as those for the liquid-electrolyte batteries
under study are shown in Fig. 2, curve 5. Comparison
of curves 4 and 5 shows a decrease in DP with in-
creasing final discharge voltage. DP is 2.2 times
smaller than that in batteries with liquid electrolyte in
the 10-h discharge mode, and 1.1 times greater in the
0.5-h discharge mode.

Despite the fact that the rated electrolyte density in
SG-6 batteries exceeds that in the liquid-electrolyte
batteries under study (1.28 and 1.24 g cm33), the DP
value is smaller in 1310-h discharge modes for bat-
teries with absorbed electrolyte, which, presumably,
can be accounted for by the increasing rate of electro-
lyte diffusion as a result of the greater difference of
electrolyte concentrations in the separator and within
electrode pores. In short-discharge modes, the dis-
charge is ensured by acid accumulated within the elec-
trode pores and the adjacent separator layer, and,
therefore, the DP value for sealed batteries exceeds
that for batteries with liquid electrolyte.

The run of curve 5 in Fig. 2 and the curves in
Fig. 1 also points to the presence of a certain reserve
of electrolyte in batteries with liquid electrolyte in
short discharge modes and to the possibility of obtain-
ing higher discharge capacity on lowering the final
discharge voltage.

The experimental data on the difference of electro-
lyte densities in the container and within pores of the
active paste in electrodes of sealed batteries, obtained
in this study, make it possible to determine how the

voltage varies with exhausted discharge capacity for
all discharge modes of sealed batteries being designed,
prior to fabrication and tests of their prototypes.

CONCLUSIONS

(1) Calculated differences of the electrolyte densi-
ties in the container and within pores of the active
electrode paste were found for a sealed lead battery
with absorbed electrolyte on the basis of experimental
data. The dissimilarity between the values obtained
and the analogous parameters of a lead battery with
liquid electrolyte was demonstrated.

(2) The data obtained make it possible to deter-
mine the basic characteristic, variation of voltage
during discharge, for sealed lead batteries being
designed.
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Abstract-The conditions for formation of complexes of copper(I) with mercapto compounds in aqueous-
alkaline solutions and the catalytic activity of these complexes in oxidation of mercaptans and hydrogen
sulfide was studied. The kinetic characteristics of these catalysts were compared with those of catalysts based
on cobalt phthalocyanines. A method was proposed for suppressing formation of the thiosulfate ion in oxida-
tion of H2S to elemental sulfur.

Catalytic oxidation of mercaptans plays a key part
in industrial processes for purification of hydrocarbon
raw materials to remove sulfur compounds [1] impair-
ing the quality of motor fuels and poisoning catalysts
in various stages of manufacture of synthetic rubber.
The content of mercaptan sulfur in the raw materials
is within the range from hundredths to tenths of a
percent. Extraction of hydrogen sulfide from natural
gas containing 1 (Orenburg gas field) to 25% (Astra-
khan gas field) H2S and its subsequent oxidation to
elemental sulfur involves numerous catalytic stages
aimed to convert the maximum possible amount of the
initial H2S into sulfur [2]. Cobalt phthalocyanines
(CoPC), proposed in the 1960s, proved to be the most
effective catalysts for oxidation of mercaptans into
disulfides. In the years that passed, a great number of
CoPC derivatives have been tested: from water-solu-
ble mononuclear complexes intended for oxidation of
mercaptans in the bulk of an aqueous-alkaline solution
formed in Merox extraction process to polynuclear
(M > 5000 Da) complexes acting as catalysts at the
interface between the aqueous and organic phases in
Merox demercaptanization of naphthas [3]:

2RSH + O2 6 RSSR + H2O2, (1)

4RSH + O2 6 2RSSR + 2H2O. (2)

It is known that, in aqueous-alkaline solutions in an
excess of thiol compounds, Cu2+ ions are reduced to
Cu+, and further, thiolate anions form either soluble
complexes with Cu+ (if additional hydrophilic func-
tional groups are present in a thiol compound) or
poorly soluble Cu+ mercaptides in the case when Cu+

has monofunctional mercaptans as ligands [4]. The
formation constants of Cu+ complexes with thiol com-
pounds are so high that the concentration of free Cu+

ions in aqueous solutions does not exceed 10310
3

10317 M, depending on the pH of the medium at total
concentration of copper compounds in solution in the
range 1034

31036 M [5]:

RSH 6
4 RS3 + H, (3)

2RS3 + Cu2+ 6
4 RSSR + Cu+, (4)

2RS3 + Cu+ 6
4 [Cu(SR)2]3, (5)

RS3 + Cu+ 6
4 CuSR2. (6)

Hence follows that the catalytic properties of copper(I)
in oxidation of thiol compounds are due to complex
species rather than to Cu+ aqua ions.

A study of the catalytic oxidation of thiol com-
pounds in relation to their structure in aqueous solu-
tions revealed that the rate of oxidation of difficultly
oxidized aliphatic mercaptans in aqueous-alkaline
solutions increases dramatically [6] if into their solu-
tions, along with Cu+, minor amounts of readily oxi-
dizable dimercapto compounds (DMCs) (I) are intro-
duced, such as dimercaptopropionic, dimercaptosuc-
cinic, and dimercaptopropanesulfonic acids and dimer-
captopropylamine (Fig. 1):

CH23CH3CH2SO3H HOOC3CH3CH2
9 9 9 9
SH SH SH SH
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CH23CH3CH23NH2 HOOC3CH3CH3COOH
9 9 9 9
SH SH SH SH

In this case, Cu+ mercaptides are dissolved and
the previously inert mercaptans start to oxidize with
kinetic characteristics typical of DMC oxidation. This
effect can be used to develop novel catalysts for mer-
captan oxidation, which have not been used previ-
ously in purification of petroleum products to re-
move mercaptans. Here, the main components of the
catalyst are DMCs and their complexes with copper
(DMC + Cu+), introduced into an alkaline solution. In
this case, the catalyst complex DMC + Cu+ does not
require development of any special flowsheet in puri-
fication of hydrocarbon raw materials to remove mer-
captans, being totally compatible with the flowsheets
employing CoPC.

The scheme of this process is as follows: hydrocar-
bon raw materials are brought in contact in an ex-
tractor, in a counterflow, with an alkaline (15320%
NaOH) solution of the catalyst, and mercaptans,
which are weak acids (pKa 10310.5) pass in the form
of anions, mercaptides, into the aqueous-alkaline solu-
tion. In this solution, when it comes in contact with
atmospheric oxygen in the regeneration apparatus,
mercaptides are oxidized to disulfides. The disulfides,
which are insoluble in aqueous solutions, are extracted
from the aqueous phase in the settling apparatus,
being accumulated in a small volume of the upper
organic layer and then removed from the system [7].

The DMCs mentioned differ only slightly in their
catalytic properties in oxidation of mercaptans in the
presence of Cu+ ions, but only dimercaptopropanesul-
fonic acid (unithiol) is manufactured in Russia on the
industrial scale for use in medicine to cure poisoning

t, min

CO2
, M

Fig. 1. Catalytic oxidation of butyl mercaptan BuSH.
(cO2

) Oxygen concentration and (t) reaction time. Solution
composition (M): (1) CuSO4, 1.2501036; BuSH0, 101032,
pH 11; (2) 1 + unithiol, 1 0 1034.

with heavy metals. Therefore, a catalyst on its base is,
in principle, of interest for demercaptanization of
hydrocarbons. The mechanism of the catalytic action
of DMC + Cu+ catalysts is based on two conjugated
reactions: DMC oxidation by molecular oxygen in the
coordination sphere of Cu+ ions and thiol3disulfide
exchange, which occurs outside the coordination
sphere of the Cu+ ion and results in that mercaptans
dissolved in the alkaline medium are converted into
disulfides and DMCs oxidized in the first reaction
pass into their original reduced form. At relatively low
Cu+ concentrations the occurring reactions can be
represented by Scheme 1.

Effective homogeneous catalysts for mercaptan
oxidation must be characterized by high catalytic ac-
tivity and long-term stability in 15320% alkali solu-
tions. The kinetics of butyl mercaptan oxidation in the
presence of a complex of unithiol with copper(I) was
studied in most detail: the dependence of the rate of
mercaptan oxidation on the unithiol concentration,

ÄÄÄÄÄÄÄÄÄÄÄÄ
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cBuSH, M

V 0 102, mol l31 min31

Fig. 2. BuSH oxidation rate V at relatively low Cu(I) con-
centrations in the catalyst solution. Concentration: BuSH0
1.75 01031 and unithiol 4 01033. (cBuSH) BuH concentra-
tion; the same for Fig. 4. Cu(I) concentration, g-ion l31:
(1) 2.5 0106, (2) 2.0 0106, (3) 1.60 0106, (4) 1.25 0106,
(5) 1.0 0106, and (6) 6.25 0107.

content of copper(I) ions in solution, and concentra-
tion of butyl mercaptan was analyzed.

EXPERIMENTAL

A procedure for determining the catalytic activity
was chosen with account taken of the conditions in
which the oxidation is kinetically controlled. The
most adequate in this regard is the technique described
in [8]. The oxidation was done with technical-grade
oxygen under atmospheric pressure in an alkaline
solution of the catalyst in a batch installation. The
reactor was a 0.5-l glass vessel equipped with a three-

t, min

cBuSH, M

Fig. 3. BuSH oxidation kinetics at varied initial con-
centrations of mercaptan. Concentration: Cu(I) 1.25 0
1036 g-ion l31 and unithiol 4 0 1033 M. (cBuSH) BuSH con-
centration and (t) reaction time. Initial BuSH concentration,
M: (1) 6.501031 and (2) 3.201031.

blade impeller stirrer, bubbler for oxygen supply,
reflecting partitions, reflux condenser, and contact
thermometer connected to an electric relay. To main-
tain the temperature at the required level, a cooling
finger was inserted into the vessel, and the reactor
itself was heated with a Nichrome coil. The tempera-
ture was controlled to within +0.5oC, the stirrer rota-
tion rate was 2700 rpm. Kinetic curves of butyl mer-
captan oxidation were recorded at 20oC. The concen-
tration of copper(I) ions was varied between 1.001036

and 1.001035 M, and that of unithiol, between 1.0 0

1033 and 1.0 0 1032 M. The initial concentration of
mercaptides in the alkaline solution was varied bet-
ween 0.690 and 0.082 M. The solution of mercaptides
was prepared by mixing appropriate amounts of fresh-
ly distilled butyl mercaptan with a 10% solution of
NaOH. The catalyst complex was prepared separately
by dissolving weighed portions of unithiol and
CuSO4 .5H2O in distilled water. The mercaptide
and catalyst solutions were mixed and the reaction
mixture was thermostated directly in the reaction
vessel in an atmosphere of argon. Oxygen was fed
into the vessel at 20oC; the reaction time was counted
from the beginning of oxygen supply into the reactor.
The oxidation course was monitored by the content of
mercaptides in the alkaline solution, by sampling the
reaction mixture at certain intervals of time. The
content of mercaptides in the reaction mixture was
determined by potentiometric titration with 0.01 N
[Ag(NH3)2]NO3 in conformity with GOSTs (State
Standards) 22 985378 and 17 323371.

The graphical dependence of the oxidation rate on
the mercaptan concentration at different reagent con-
centrations in solution is shown in Figs. 234. It can

cBuSH, M

V 0 102, mol l31 min31

Fig. 4. BuSH oxidation rate V at varied unithiol concentra-
tion in the catalyst solution. Concentration, M: BuSH0
1.75 01031 and CuSO4 1.25 01036. Unithiol concentration,
M: (1) 10102, (2) 50103, (3) 3.50103, (4) 2.20103,
(5) 1.50103, and (6) 80104.
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be seen that the reaction kinetics is described by
the Michaelis equation [9, 10]

V = 3d[RSH]/dt = Vmax[RSH]/([RSH] + Km), (7)

where V is the reaction rate, [RSH] is the mercaptan
concentration, and Vmax and Km are constants.

With increasing mercaptan concentration, the reac-
tion rate does not grow unlimitedly, but tends to a
value Vmax reached at the highest concentrations of
the catalytically active complex species. The physical
meaning of the Michaelis constant Km is as follows: If
the mercaptan concentration is chosen to be [RSH] =
Km, then the reaction rate is equal to half the maxi-
mum possible value, i.e., V = 3d[RSH]/dt = Vmax/2.
Such a dependence means that the reaction rate is
limited by the concentration of the catalytically active
complex species. Their concentration becomes the
highest at mercaptan concentrations of about Km, and
then it no longer depends on the mercaptan concentra-
tion because of the saturation. Thus, this reaction is

first-order at very low mercaptan concentrations and
zero-order at a sufficiently high concentration. It is
the latter case that occurs in catalytic oxidation of
mercaptans in high-sulfur raw materials. Therefore,
the quantity t1

31, reciprocal of the time of conversion
(e.g., 95% oxidation), can serve as a measure of the
catalyst performance. Let us consider how the reaction
rate depends on the concentrations of the catalyst
components. The rate is virtually independent of the
unithiol concentration in a wide range (Fig. 4). As for
the dependence of the reaction rate on the copper(I)
concentration, the situation is complicated by the fol-
lowing circumstance. As shown previously [6], the
complex of copper(I) with unithiol exists in two
forms, monomeric and dimeric, characterized by dif-
ferent catalytic activities. In the dimeric complex, the
O2 molecule is a bridging ligand, in which connection
the steady-state concentration of the catalytically
active oxygen-containing complex is higher for the
dimeric form of the complex, compared to its mono-
meric form:
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Therefore, the mechanism of oxidation of coordi-
nated dimercapto compounds in such a dimeric com-
plex differs from the scheme presented for the mono-
meric form of the complex: electrons pass from four
thiolate anions to the bridging O2 molecule, and water
molecule, rather than the O2

23 anion, is the reduction
product in this case (Scheme 2). At low copper(I)
concentrations, the reaction is first-order with respect
to copper(I), since the dimeric complex is mainly dis-
sociated; whereas at sufficiently high copper(I) con-
centrations the reaction order must be 0.5, i.e., the
reaction rate is to be proportional to a square root of
the copper concentration. It is this behavior that is
observed experimentally (Fig. 5).

As shown by experiments, the oxidation rates of
butyl and ethyl mercaptans are the same under com-
parable conditions, and that of the sulfide ion is half
the oxidation rate of mercaptans, which would be ex-
pected since the sulfide ion loses two times greater
number of electrons in oxidation, compared to the
mercaptide ion. By contrast, in the presence of CoPC
catalysts, high-molecular-weight mercaptans are oxi-
dized more readily than low-molecular-weight mer-

captans. For example, Co disulfophthalocyanine oxi-
dizes butyl mercaptan 4.5 times faster than ethyl
mercaptan, which, in turn, is oxidized several times
faster than the sulfide ion. Moreover, in contrast to the
kinetic characteristics of the DMC + Cu+ systems, the
reaction is first-order with respect to the catalyst and
mercaptan concentrations [11].

In view of the fundamentally different kinetic char-
acteristics of the catalysts compared, the time neces-
sary for 95% oxidation of butyl mercaptan with the
initial concentration of 0.2 M was chosen as a cata-
lytic activity criterion.

Experiments demonstrated that butyl mercaptan is
95% oxidized in an alkaline solution at copper(I) and
unithiol concentrations of, respectively, 501036 and
5 0 1034

35 0 1033 M in 35340 min, whereas the in-
dustrial Co disulfophthalocyanine ensures the same
conversion in 100 min at a concentration in solution of
5 0 1036 M. With Co polyphthalocyanine, 95% con-
version of butyl mercaptan into disulfide is reached
in 20 min. It is noteworthy that the activity of the
catalyst based on Cu+ and dimercaptopropionic acid
ensures the same conversion in 20 min. Thus, compar-
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Scheme 2
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ison of the activity of DMC + Cu+ catalysts with that
of the industrially used CoPC catalysts shows that the
unithiol-based system is 2.5 times more active than
Co diphthalocyanine and 1.5 times less active than
Co polyphthalocyanine, and the system based on Cu+

and dimercaptopropionic acid exhibits higher activity
than Co polyphthalocyanine.

The above data on the catalytic activity are an im-
portant, but insufficient characteristic of the catalysts,
since, at their close catalytic activities, of key im-
portance for the effective industrial use of the cata-
lysts must be their stability in alkaline solutions. That
is why experiments were performed on prolonged
keeping of the catalysts in a 10% NaOH solution,
with periodic sampling to measure the dependence of
the catalytic activity on the time of keeping of the

cCu(I) 0 103, g-ion l310.5

t1
31 0 102 [min]

Fig. 5. BuSH oxidation rate vs. concentration cCu(I) of
Cu(I) ions in the catalyst solution at high Cu(I) concentra-
tions. (t) Time of 95% conversion. Concentrations: BuSH0
1.75 0 1031 M, unithiol 4 0 1033 M, Cu(I) 4 0 103636 0
1035 g-ion l31.

catalyst solutions. The initial concentrations (M) of
the catalysts compared were the same as those in in-
dustrial processes, i.e., 3 01034 disulfophthalocyanine,
1.5 01034 polyphthalocyanine, and 5 01033 unithiol +
1 01033 CuSO4. The variation of the activity of the
catalyst solutions with time is shown in Fig. 6. It can
be seen that after 7 days the activity of the DMC +
Cu+, disulfophthalocyanine, and polyphthalocyanine
catalysts decreased by, respectively, factors of 1.4,
17, and 60. After 2 weeks the respective figures were
2.5, 120, and 120. In subsequent sampling, the ac-
tivity was only measured for the DMC + Cu+ catalyst,
to decrease 5-fold in 6 weeks, compared with that
of a freshly prepared solution. Thus, it was established
that the DMC + Cu+ catalysts much better retain their

t, days

t1
31 0 102 [min]

Fig. 6. Variation of the catalytic activity of the complexes
in prolonged keeping in a 10% NaOH solution. (t1) Time
of 95% conversion and (t) time of keeping in an alkali
solution. Catalyst (g l31): (1) disulfophthalocyanine, 2.0;
(2) polyphthalocyanine, 1.0; (3) complex of copper
(0.17 g l31 CuSO4) with unithiol, 1 g 31.
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activity in prolonged storage in alkaline solutions
than the CoPC catalysts do [12, 13].

It is known that CoPC catalysts cannot sustain
elevated temperatures in alkaline solutions: their ac-
tivity falls dramatically at 70380oC. The DMC + Cu+

catalysts show no changes in catalytic activity on
being kept for 1 h in a 10% NaOH solution at 95oC
and subsequent cooling of the solution to 20oC. The
same result was obtained on heating a DMC + Cu+

catalyst solution in a 20% diethanolamine solution
at 107oC for 1.5 h.

It was of interest to test the capabilities of DMC +
Cu+ catalysts in a more intensive process involving
purification of natural gas to remove hydrogen sulfide,
with elemental sulfur obtained simultaneously. Most
frequently, natural gas with high H2S content (>1.5%)
is purified in the industry by intensive processes
associated with preliminary H2S absorption by ethan-
olamine solutions, subsequent desorption of H2S from
ethanolamine solutions at 120oC, and its oxidation
in a flow of O2 to elemental sulfur (Claus process).
This technique has an important disadvantage, high
sorbent loss of up to 100 g of ethanolamine per ton of
natural gas. All other [wet] methods for H2S oxida-
tion do not compare in intensity with this process and
can only be used at low H2S content in natural gas
(<0.5%), because Na2CO3 solutions should not be
strongly saturated with hydrogen sulfide. Such a satu-
ration could lead to predominant formation of thiosul-
fate and sulfate ions in the solutions, with the H2S
absorption capacity of the solutions decreasing in
proportion to this accumulation [14]. Preliminarily,
the oxidation of H2S to polysulfides and elemental
sulfur in sodium carbonate solutions in the presence
of DMC + Cu+ catalysts was studied and it was es-
tablished that, in H2S oxidation, elemental sulfur is
not the only and even not the major reaction product.
Indeed, experiments aimed to determine the stoi-
chiometry of H2S (1.5 M) oxidation in Na2CO3 solu-
tions containing 2 0 1033 M unithiol and 4 0 1034 M
Cu+ demonstrated that elemental sulfur and thiosulfate
ions are formed in a 1 : 4 molar ratio. The short-chain
polysulfides formed in the catalytic stage react outside
the coordination sphere of the complex with excess
O2 by the radical-chain mechanisms, finally yielding
thiosulfate ions [15]:

HS3 + RSSR 6
4 RSSH + RS3, (9)

RSSH 6
4 RSS3 + H+, (10)

RSS3 + RSSR 6
4 RSSSR + RS3, (11)

RSS3 + RSSSR 6
4 RSSSSR + RS3, (12)

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

RSS3 + R(S)7R 6
4 R(S)8R + RS3, (13)

R(S)8R 6 S62 + RSSR. (14)

The undesirable appearance of radicals can be
prevented by introducing effective radical scavengers
into the system. For example, 0.231 M ammonium
thiosulfate and 0.0333 M elemental sulfur are intro-
duced, together with CoPC, into the absorbing solu-
tion. However, these measures ensure quantitative
conversion of H2S into sulfur at H2S concentration in
solution not exceeding 2 0 1032 M in 3320 min [16]
and, therefore, cannot be used in processing of gases
with high H2S content. In the present study, an amino-
disulfide, (H2NCH2CH2S3)2, cystamine, manufac-
tured in Russia industrially, was used to effectively
suppress radical-chain reactions in H2S oxidation.
Aminodisulfides are known to be, together with ami-
nothiols, active scavengers of many kinds of radicals.
Here, it should be emphasized once more that the oxi-
dation of both mercaptans and hydrogen sulfide oc-
curs in the thiol3disulfide reaction, including that
with active short-chain polysulfides, rather than in the
coordination sphere of the complex. Thus, it would be
expected that, as a result of consecutive reactions,
these active polysulfide species will be transformed
into R(S)nR species, which are inert toward O2. With
the chain of sulfur atoms growing, as a result of these
reactions, to R(S)8R or R(S)10R, 6- and 8-membered
sulfur rings are formed from them. Indeed, the pres-
ence in the absorbing solution of cystamine with con-
centration of 131.5 M, in addition to DMC + Cu+,
totally suppresses formation of oxygen-containing
sulfur compounds in oxidation of 1.5 M S23 with half-
oxidation time of 6 min in the presence of 2 0 1033 M
unithiol and 4 0 1034 g-ion l31 Cu+.

Thus, the system proposed ensures a two orders of
magnitude more intensive process than that in the
above-considered conventional technique with CoPC.
Analysis for the content of thiosulfate ions in solu-
tions shows that their concentration does not exceed
1%. The difficulty of analysis of thiosulfate ions in
the presence of a large excess of cystamine gives no
way of determining with sufficient accuracy in labora-
tory conditions how much less than 1% is the amount
of thiosulfate ions formed in the system. This could
be done reliably in experiments on a continuous pilot
installation from the extent of preservation of the
buffer capacity of the absorbing solution in the stage
of H2S absorption.

Calculations show that, if by-product thiosulfate
ions are formed in amount less than 0.1%, the catalyt-
ic system developed is more attractive economically
than separate ethanolamine treatment of natural gas to
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remove H2S with elemental sulfur subsequently ob-
tained by the Claus method. An additional advantage
of cystamine introduction into the catalytic system is
that cystamine as a base can also be employed as an
effective absorbent binding the H2S acid from the gas
flow, instead of using the conventional ethanolamine,
and can perform, in the stage of catalytic interaction
between H2S and O2, a second important function by
suppressing the undesirable radical-chain reactions.

CONCLUSIONS

(1) New effective catalysts for oxidation of mer-
captans and hydrogen sulfide are proposed, based on
complexes of copper(I) with dimercapto compounds,
which can be used in purification of the wide fraction
of light hydrocarbons to remove mercaptans and in
purification of natural gas to remove hydrogen sulfide,
with elemental sulfur obtained simultaneously.

(2) A study of the kinetic characteristics of the
new catalysts demonstrated that the catalytically ac-
tive species in the practically important range of con-
centrations is the dimeric form, which binds more
effectively an oxygen molecule in the coordination
sphere of copper(I).

(3) In oxidation of H2S to elemental sulfur, the
undesirable formation of a by-product, thiosulfate
ions, was suppressed by introducing cystamine into
the catalyst solution, with the high intensity of catalyt-
ic oxidation of H2S into elemental sulfur preserved.
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Abstract-The effect of high-temperature steam treatment of high-silica zeolites of the ZSM-5 type on their
acidity and selectivity of formation of lower olefins from straight-run naphthas was studied.

High-silica zeolites (HSZs) of the ZSM-5 type
exhibit high activity in many transformations of hy-
drocarbons [134]; however, they are rapidly deacti-
vated owing to active coking. The coking on the cata-
lyst surface can be supressed by addition of special
modifying components or appropriate pretreatment
[5313]. In this connection, it is advisable to study how
the high-temperature steam treatment affects the acid
and catalytic characteristics of HSZs of the ZSM-5
type in conversion of straight-run naphtha (SRN) to
lower olefins and aromatic hydrocarbons.

EXPERIMENTAL

High-silica zeolites of the ZSM-5 type with silica
modulus of 30 were produced by hydrothermal syn-
thesis from alkaline aluminosilica gels by the proce-
dure described previously [14]. The resulting samples
of zeolites were decationized by treatment with 25%
aqueous NH4Cl at 90oC for 2 h, dried at 110oC, and
calcined at 550oC for 8 h (Na2O content less than
0.1%). As shown by IR spectroscopy and X-ray analy-
sis (Mo anode, Ni filter), the synthesized zeolites cor-
respond to HSZs of the ZSM-5 type with 90395%
degree of crystallinity. The coke amount in the sam-
ples was determined by thermal gravimetric analysis
on an MOM derivatograph (Hungary). After comple-
tion of the catalytic experiments, the reaction products
adsorbed on the catalyst surface were removed with
a flow of gaseous nitrogen. The carbon-containing
residue remaining on the catalyst surface under these
conditions was considered as coke. After removal of
adsorbed hydrocarbons with gaseous nitrogen, the
reactor was cooled and the coked catalyst was dis-

charged into a hermetically sealed vessel. A weighed
portion of the catalyst sample was placed into a
platinum crucible and heated in air at a rate of
10 deg min31 with the simulatneous recording of the
thermal and weight loss effects. The sensitivity of
the derivatograph in the weight measurements was
5 01034 g.

To study the influence of high-temperature steam
treatment (HTST) on the acid and catalytic character-
istics, the HSZ samples were subjected to high-tem-
perature steam pretreatment at 550 and 700oC. The
acid characteristics of HSZs were studied by thermal
desorption of ammonia by the procedure described
previously [15]. The catalytic characteristics of HSZs
in conversion of SRN were studied on a flow-type in-
stallation [13]. As the initial hydrocarbon raw material
we used SRN produced by the Surgut Gas-Processing
Plant with the following composition: paraffins 56.89,
naphthenes 32.76, and aromatic hydrocarbons 8.54%
(here and hereinafter, wt %).

The results of studying the effect of HTST on the
activity and selectivity of HSZs in conversion of SRN
are listed in Table 1. With increasing reaction tem-
perature from 500oC to 650oC at the space velocity of
SRN of 3 h31, the degree of SRN conversion increases
from 85 to 90%. With heating, the yield of lower ole-
fins C23C4 increases from 6.7 to 26.0%, and the yield
of aromatic hydrocarbons, from 33.5 to 37.8%. The
content of aromatic hydrocarbons C63C9 in the liquid
catalyzate at the pyrolysis temperature of 600oC is
88.3%. With increasing duration of HTST of HSZ at
550oC from 7 to 15 h, the yield of lower olefins in
the products of SRN pyrolysis at 700oC abruptly in-
creases to 40.9%. An increase in the temperature of
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Table 1. Effect of HTST on the yield of products of SRN conversion on HSZ
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Treatment conditions ³

Treact,
³ Yield based on SRN, % ³ Content, %

ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ´ ÃÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

T, oC
³

t, h
³ oC ³

gas
³ meth- ³

ethane
³ C23C4 ³ ethyl- ³ propyl- ³

arenes
³ C23C4 al- ³ arenes in

³ ³ ³ ³ ane ³ ³alkenes ³ ene ³ ene ³ ³ kenes in gas³the catalyst
ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
Initial HSZ ³ 500 ³ 59.2 ³ 6.4 ³ 7.8 ³ 6.7 ³ 1.2 ³ 3.4 ³ 33.5 ³ 11.3 ³ 82.1

³ ³ 550 ³ 57.2 ³ 9.6 ³ 9.0 ³ 11.6 ³ 3.5 ³ 5.3 ³ 36.4 ³ 20.3 ³ 85.0
³ ³ 600 ³ 57.2 ³ 13.1 ³ 9.8 ³ 16.4 ³ 6.4 ³ 6.7 ³ 37.8 ³ 20.7 ³ 88.3
³ ³ 650 ³ 58.5 ³ 11.5 ³ 7.7 ³ 26.0 ³ 11.3 ³ 9.9 ³ 35.8 ³ 44.4 ³ 86.3
³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³550 ³ 7 ³ 500 ³ 25.5 ³ 1.0 ³ 1.5 ³ 12.7 ³ 3.6 ³ 5.7 ³ 12.9 ³ 49.8 ³ 17.3
³ ³ 550 ³ 35.7 ³ 1.9 ³ 2.4 ³ 21.3 ³ 6.3 ³ 8.6 ³ 19.9 ³ 59.7 ³ 30.9
³ ³ 600 ³ 44.2 ³ 3.6 ³ 3.2 ³ 28.5 ³ 8.6 ³ 11.5 ³ 26.5 ³ 54.5 ³ 47.5
³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³550 ³ 15 ³ 550 ³ 34.3 ³ 1.6 ³ 1.7 ³ 23.9 ³ 6.6 ³ 10.8 ³ 13.5 ³ 69.8 ³ 20.5
³ ³ 600 ³ 44.9 ³ 3.3 ³ 2.7 ³ 33.2 ³ 9.7 ³ 14.1 ³ 13.9 ³ 73.9 ³ 25.2
³ ³ 650 ³ 52.0 ³ 5.8 ³ 3.5 ³ 37.3 ³ 13.5 ³ 16.4 ³ 15.6 ³ 71.7 ³ 32.5
³ ³ 700 ³ 58.3 ³ 8.7 ³ 4.5 ³ 40.9 ³ 15.15 ³ 16.9 ³ 17.8 ³ 70.2 ³ 42.7
³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³700 ³ 1 ³ 550 ³ 23.2 ³ 1.4 ³ 1.4 ³ 15.5 ³ 4.4 ³ 7.3 ³ 9.2 ³ 66.8 ³ 11.9
³ ³ 600 ³ 35.6 ³ 2.9 ³ 2.2 ³ 24.7 ³ 7.6 ³ 11.2 ³ 10.5 ³ 69.4 ³ 16.3
³ ³ 650 ³ 49.7 ³ 4.9 ³ 2.7 ³ 31.1 ³ 9.8 ³ 13.4 ³ 12.9 ³ 62.6 ³ 25.6
³ ³ 700 ³ 51.9 ³ 8.1 ³ 4.0 ³ 35.7 ³ 12.0 ³ 14.7 ³ 16.4 ³ 68.8 ³ 34.1
³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³700 ³ 2 ³ 550 ³ 22.3 ³ 0.9 ³ 1.1 ³ 14.8 ³ 3.6 ³ 6.2 ³ 7.9 ³ 66.4 ³ 10.2
³ ³ 600 ³ 34.9 ³ 2.2 ³ 1.8 ³ 25.3 ³ 6.9 ³ 10.6 ³ 8.7 ³ 72.5 ³ 13.4
³ ³ 650 ³ 43.6 ³ 4.1 ³ 2.5 ³ 32.3 ³ 9.9 ³ 12.4 ³ 12.9 ³ 74.1 ³ 22.9
³ ³ 700 ³ 53.2 ³ 7.1 ³ 3.5 ³ 38.8 ³ 13.6 ³ 14.5 ³ 15.3 ³ 72.9 ³ 32.7
³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³700 ³ 6 ³ 550 ³ 8.3 ³ 0.4 ³ 0.3 ³ 6.4 ³ 1.2 ³ 3.1 ³ 6.3 ³ 77.1 ³ 6.9
³ ³ 600 ³ 14.2 ³ 0.9 ³ 0.6 ³ 10.2 ³ 2.7 ³ 5.7 ³ 6.5 ³ 71.8 ³ 7.5
³ ³ 650 ³ 26.3 ³ 2.3 ³ 1.4 ³ 19.3 ³ 5.9 ³ 9.4 ³ 7.2 ³ 73.4 ³ 9.8
³ ³ 700 ³ 46.8 ³ 5.9 ³ 3.2 ³ 33.7 ³ 11.2 ³ 14.2 ³ 11.9 ³ 72.0 ³ 22.4

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

1-h HTST of HSZ from 550oC to 700oC results in de-
creased SRN conversion; however, the yield of lower
olefins is 35.7% at the pyrolysis temperature of
700oC. An increase in the duration of HTST of the
catalyst at 700oC to 6 h abruptly decreases the catalyst
activity and the yield of lower olefins C23C4. Ap-
parently, prolonged action of steam on the catalyst
sample partially destroys the crystal structure of
zeolite.

Thus, the optimal condition of HTST of the cata-
lyst is treatment of HSZ at 550oC for 15 h. Under
these conditions, at the SRN pyrolysis temperature of
700oC and the space velocity of 3 h31, we obtained
on HSZ 40.9% yield of lower olefins C23C4, among
them ethylene 15.2% and propylene 16.9%; the con-
version of HSZ was 71% (Table 1). This behavior of
HSZ subjected to HTST at various high temperatures
and for a long time is caused by variation of the
acid characteristics of the zeolite-containing cata-
lysts. In this connection, we studied how HTST af-

fects the acid characteristics of HSZs. The acid char-
acteristics were evaluated by thermal desorption of
ammonia.

Two forms of ammonia desorption are observed in
the thermal desorption curve of the initial HSZ: low-
temperature form I of ammonia desorption with the
peak temperature Tmax 194oC and high-temperature
form II with Tmax 406oC. The concentrations of acid
centers are 623 and 526 mmol per gram of the catalyst,
respectively (Fig. 1a, Table 2). High-temperature
steam pretreatment of HSZ at 550oC for 7 h shifts the
two peaks of ammonia desorption to lower tempera-
tures and significantly decreases the concentration
of acid centers: the low-temperature form I of am-
monia desorption is characterized by the peak at Tmax
179oC (289 mmol per gram), and high-temperature
form II, by Tmax 298oC (171 mmol per gram). The
total concentration of acid centers in comparison with
the initial HSZ decreases by a factor of 2.5. As the
time of HTST of HSZ at 550oC is further increased to
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Table 2. Effect of HTST on the acid characteristics of HSZ
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Treatment conditions ³ Tmax, oC ³ Amount of acid centers, mmol g31

ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ
T, oC ³ t, h ³ form I ³ form II ³ form I ³ form II ³ total

ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄ
Initial HSZ ³ 194 ³ 406 ³ 623 ³ 526 ³ 1149

550 ³ 7 ³ 179 ³ 298 ³ 289 ³ 171 ³ 460
550 ³ 15 ³ 165 ³ 295 ³ 170 ³ 62 ³ 232
700 ³ 1 ³ 174 ³ 290 ³ 138 ³ 93 ³ 231
700 ³ 2 ³ 155 ³ 290 ³ 155 ³ 69 ³ 224
700 ³ 6 ³ 179 ³ 260 ³ 87 ³ 55 ³ 142

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄ

15 h, both forms of ammonia desorption are shifted
to lower temperatures, and the concentration of acid
centers of both types decreases (Fig. 1a, Table 2).

The study of effect exerted by HTST of HSZ at
700oC on its acid characteristics showed that, as a
result of treatment of the catalyst for 1 h, the con-
centration of acid centers, especially that of strong
(Brønsted) acid centers [6, 839, 11], considerably
decreases. On the contrary, weak (Lewis) acid centers
are more resistant to HTST and are not destroyed
even at prolonged HTST for 15 h and more (Fig. 1b,
Table 2) [7, 12].

Thus, when the HTST temperature is increased to
700oC and HTST time, to 15 h and more, the strong
Brønsted centers are destroyed, the strength and con-
centration of weak Lewis acid centers decrease, and,
as a result, the selectivity of formation of lower olefins
from SRN increases. It is advisable to perform HTST
of zeolite-containing catalysts at a temperature not
exceeding 550oC, since under these conditions strong
acid centers transform to moderately strong Brønsted
acid centers and the rates of aromatization and coke
formation, proceeding actively on strong Brønsted
acid centers, decrease. HTST of zeolite-containing
catalysts at elevated temperatures results in hydrolysis
of the Si3O3Al bonds and removal of aluminum from
the zeolite skeleton (conversion into Al2O3) owing to
dehydroxylation [16]. Variation of the selectivity of
SRN conversion on zeolite-containing catalysts under
the effect of HTST is caused primarily by removal of
aluminum from cationic sites during HTST. This in-
creases the selectivity of formation of C23C4 olefins
from SRN and decreases the rates of aromatization
and coke formation.

The DTA of the samples after their operation in
pyrolysis of SRN revealed an exothermic effect in the
range 4503650oC with a clearly pronounced peak
at 580oC and a high-temperature shoulder; this sug-
gests a wide spectrum of coke deposits. The total

weight of the coke deposit in the spent HSZ sample
is 7.2%. As a result of HTST of HSZ, the weight of
the coke deposit in the spent catalyst sample after
pyrolysis of SRN decreases to 5.6%. The peak (Tmax)
in the DTA curve is shifted to lower temperatures
(560oC), and an additional exothermic peak with a
maximum at 330oC appears, i.e., a more [friable]
low-temperature coke is formed in the course of SRN
pyrolysis.

CONCLUSIONS

(1) Upon high-temperature steam treatment of
high-silica zeoilites of the Pentasil type (ZSM-5), the
acid centers in the zeolite are redistributed, which

(a)

T, oC

I, mV

(b)

T, oC

I, mV

Fig. 1. Spectra of thermal desorption of ammonia. (I) Sig-
nal intensity and (T) temperature. (1) Initial HSZ; HTST
time, h: (a) (2) 7 and (3) 17; (b) (2) 1, (3) 2, and (4) 6.
Temperature of HTST, oC: (a) 550 and (b) 700.
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results in predomination of weak Lewis acid centers
over strong Brønsted acid centers.

(2) In pyrolysis of straight-run naphthas, high-
temperature steam treatment of high-silica zeolites
results in increased yield of lower olefins C23C4 and
decreased yield of aromatic hydrocarbons and coke
deposits, formed more actively on strong Brønsted
centers of the zeolite-containing catalyst.
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Abstract-Mass exchange in absorbers having the form of fluid3gas jet apparatus with elongated mixing
chamber is considered. An approach to calculation of the mass-exchange coefficients and gas absorption rate
in a flow of a gas3fluid emulsion in the mixing chamber is proposed. Results obtained in industrial operation
of the absorber are presented.

Use of jet apparatus with elongated mixing cham-
ber as small-size absorbers seems to be promising for
the modern industry [1, 2]. Absorbers of this kind can
be used both for physical absorption and (most effec-
tively) for chemisorption. In this case, engineering
calculation of jet absorbers requires that, in addition
to hydrodynamic parameters, mass-exchange charac-
teristics (phase boundary area and mass-exchange co-
efficient) should also be calculated.

The phase contact surface is produced in a jet
absorber as a result of mixing of flows of the working
fluid (absorbent) and gas being sucked in and has the
form of a gas3fluid emulsion or foam, depending on
the volume content of the dispersed phase. In [1, 2],
studies of dispersion and coalescence in fluid3gas jet
apparatus with elongated mixing chamber for the
water3air system were reported. On the basis of the
results obtained, expressions were proposed for deter-
mining the area of the phase boundary formed via
disintegration of gas bubbles by the fluid jet and for
finding how this area changes upon coalescence in
motion of a two-phase flow in the mixing chamber of
the jet apparatus.

At the same time, there are no published data on
mass transfer in jet apparatus with elongated mixing
chamber, which could be used to calculate the mass-
transfer coefficient. In view of this fact, the aim of
this study is to propose expressions for determining
the mass-transfer coefficient in absorption in a jet
apparatus with elongated mixing chamber.

As is known, the mass-transfer coefficient is deter-
mined by the coefficients of mass transfer from the
gas phase to the phase boundary and from the phase
boundary to the fluid phase [3]. In absorption at small

size of gas bubbles and developed turbulent flow of
the fluid3gas emulsion, the main resistance to mass
transfer is exhibited by the fluid phase since, for poor-
ly soluble gases, the rate of molecule diffusion in a
gas much exceeds that of molecules in the fluid. In
this connection, the resistance in the gas phase is
commonly neglected in calculating the mass-transfer
coefficient under conditions of both physical adsorp-
tion and chemisorption, with the mass-transfer coef-
ficient being approximately equal to the coefficient of
mass transfer from the phase boundary to the liquid
phase [335]. This coefficient, bf, is commonly deter-
mined under turbulent flow conditions in terms of
the Higby model accounting for the nonstationarity of
the mass transfer [4, 5]:

bf = 2(Df /pt)1/2, (1)

where Df is the molecular diffusion coefficient of the
component being absorbed in the fluid phase (m2 s31),
and t is the period of surface renewal (s).

As the surface renewal period t can be taken the
time in which a bubble moves relative to the flow to
a distance equal to its diameter. If the velocity of rela-
tive motion of a bubble in the flow is denoted by w,
then the time of surface renewal can be found from
the expression

t = db /w, (2)

where db is the bubble diameter (m), and w is the rela-
tive velocity of bubble motion in the flow (m s31).

Substitution of (2) into Eq. (1) brings this equation
to the form

b = 2(Df w/pdb)1/2. (3)
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In the criterial form, expression (3) takes the form [5]

Sh = 1.13 Pe1/2, (4)

where Sh = bf db /Df is the Sherwood number, and
Pe = w db /Df is the diffusion Peclet number.

The main difficulty in applying Eq. (4) to calcula-
tion of the mass-transfer coefficient consists in deter-
mining the velocity w of the relative motion of a
bubble. This velocity in a turbulent flow can be found
in terms of Kolmogorov’s theory of isotropic tur-
bulence. In this case, as relative motion velocity of
particles of the dispersed phase in a flow is employed
the difference of velocities of turbulent pulsations on
the particle scale, (w2)1/2, found using the Kolmo-
gorov3Obukhov [two-thirds rule] [6, 7] from the
expression

w2 = (efr db/r)2/3, (5)

where efr is the rate of energy dissipation in the
mixing chamber of the jet apparatus (W m33), and r is
the continuous phase density (kg m33).

For a cylindrical mixing chamber, the efr value is
defined as the rate of hydraulic loss of the flow energy
for friction against pipe walls [1, 8]:

r vm
efr = lÄÄÄÄ, (6)

2D

where l is the hydraulic friction coefficient; vm,
velocity of the two-phase flow in the mixing chamber
(m s31); D, the mixing chamber diameter (m).

The hydraulic friction coefficient can be found for
a two-phase flow from the known expressions [5, 9].

Mass transfer across the phase boundary from the
gas phase to the fluid is described by the material
balance equation [3]

Gg = 3bf F(cf* 3 cf), (7)

where Gg is the flow rate of the gas-phase component
being absorbed (kg s31); F, the phase boundary area
(m2); c*f, the equilibrium concentration of the gas
phase component in the fluid at the phase boundary
(kg m33); cf, the concentration of the gas-phase com-
ponent in the fluid core (kg m33).

It has been noted [3, 4] that gas absorption is the
most effective in the case accompanied by an irrevers-
ible instantaneous chemical reaction between the gas-
phase component and absorbent, dissolved in a fluid.
In this case, the concentration of the gas-phase com-

ponent in the core of the fluid flow, cf, is zero, and
the driving force of the mass-transfer process is the
highest. In this connection, calculation of jet absorbers
for fast isothermal chemisorption is considered addi-
tionally in what follows.

In general form, the rate of mass transfer is defined
by the differential equation

dVg
3cg d 3cg dVg

Gg = ÄÄÄÄÄ = VgÄÄÄ + 3cgÄÄÄÄ, (8)
dt dt dt

where Vg is the volume of the gas being absorbed
(m3) and cg is the concentration of the component
being absorbed in the gas phase (kg m33).

Of interest for experimental verification of the ap-
propriateness of the approach proposed are two ex-
treme cases of the mass-transfer process: (1) gas mix-
ture is 100% composed of gases that can be absorbed
by the absorbent and (2) the absorbable gases consti-
tute a lesser fraction of the mixture.

As shown in [1], absorption in a jet apparatus is
a complex phenomenon involving simultaneously oc-
curring processes of dispersion, coalescence, and
mass transfer in a dispersed system. Coalescence leads
to an increase in bubble size in the course of their
residence in the mixing chamber of the jet apparatus,
whereas mass transfer acts in the opposite direction. If
the gas phase contains only absorbable gas, the rate of
chemisorption is high. In this case, the change in the
phase boundary area as a result of coalescence can be
neglected and calculation can be done for the case of
dissolution of a single gas bubble by the absorbent. In
another case, when the gas phase contains a large
amount of gases unabsorbable by the absorbent, the
absorption rate should be calculated with account of
the volume content of the gas phase in the emulsion.

In the first case, the concentration of the gas being
absorbed within a bubble remains constant during the
entire time of bubble dissolution in the fluid. The first
term in Eq. (8) is zero, and the mass transfer from the
gas phase into the fluid is accompanied by a change in
the gas bubble volume:

dVg
Gg = 3cgÄÄÄÄ. (9)

dt

With the bubble assumed to be spherical, the decrease
in the bubble volume by dVg can be expressed via
a decrease in its diameter by ddb:

pd3
b p(db 3 ddb)3

dVg = Vin 3 Vfin = ÄÄÄÄ 3 ÄÄÄÄÄÄÄÄÄÄ. (10)
6 6



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 1 2003

MASS EXCHANGE IN ABSORPTION IN FLUID3GAS JET APPARATUS 101

On the assumption that ddb is negligible as compared
to db, expression (10) can be simplified to

pd2
b ddb

dVg = ÄÄÄÄÄÄ. (11)
2

Expressing the phase boundary area in (7) in terms
of bubble diameter and using Eqs. (11) and (9), we
obtain an equation relating the bubble diameter and
the time of its residence in the absorbent:

ddb cf*
ÄÄÄ = 32bfÄÄÄ. (12)
dt 3cg

Substitution of the expression (3) for the mass-transfer
coefficient brings Eq. (12) to the form

ddb cf*
ÄÄÄ = 32.26 (D w /db)1/2ÄÄÄ. (13)
dt 3cg

Integration of Eq. (13) within the limits from db
0 to

db and from 0 to t yields

3.39(D w)1/2 t cf*
Ú ¿2/3

db = ³(db
0)3/2 3 ÄÄÄÄÄÄÄÄÄÄÄÄ³ , (14)

3cgÀ Ù

where d b
0 is the bubble diameter at the initial instant

of time (m), and t is the time of bubble residence in
the absorbent (s).

Expression (14) defines the running diameter of
a single bubble composed of an entirely absorbable
gas as a function of the time of its contact with the
absorbent. The time of total dissolution of a gas bub-
ble is given by

(db
0)3/2 3cg

t = ÄÄÄÄÄÄÄÄÄÄÄ. (15)
3.39(D w)1/2 cf*

The study demonstrated that the sizes of gas bub-
bles in gas3fluid emulsions are not the same, being
described by the corresponding particle size distribu-
tions. In determining the time necessary for gas to be
absorbed in polydisperse emulsions, the maximum
bubble size dmax, which is stable against the action of
turbulent pulsations in emulsion, should be used in
(15) as d b

0. In accordance with experimental data,
the maximum bubble diameter is proportional to the
volume surface mean diameter and can be found using
the formula [10]

dmax = Cd 0
32, (16)

where C is the proportionality coefficient.

According to [10], the coefficient C was found to
vary within the range 1.4732.63 in a study of fluid
emulsions in stirred vessels. In a study of dispersion
and coalescence in a jet apparatus, the average value
of C was 1.5 [1, 2].

The volume surface mean diameter d 0
32 of bubbles

formed at the initial instant of time in disintegration in
the mixing chamber of the jet apparatus can be found
from the expression [1, 2]

s3/5

d0
32 = 1.05ÄÄÄÄÄÄ (1 + 9j), (17)

r1/5e2/5

where s is the surface tension (N m31); e, the rate of
energy dissipation in the initial part of the mixing
chamber (W m33); j, the volume gas content of the
emulsion.

The rate of energy dissipation can be found from
the expression [1, 2]

rv3d2

e = ÄÄÄÄÄ (1 3 d4/D4), (18)
10D3

where v is the fluid jet velocity at the nozzle exit
(m s31), and d is the nozzle diameter (m).

In the case when the concentration of the com-
ponent being absorbed from the gas phase is low, the
volume of the gas phase in a unit volume of the emul-
sion is virtually constant and the second term in
Eq. (8) can be neglected. The mass transfer, which is
accompanied by a change in the concentration of
the component being absorbed in the gas phase, is
given by

d 3cg
Gg = VgÄÄÄÄ. (19)

dt

Substitution of (19) into (8) gives the material balance
equation

d3cg F cf*
ÄÄÄ = 3bfÄÄÄ. (20)
dt Vg

The quantity F /Vg, which determines the ratio of the
phase boundary area to the gas phase volume, is the
specific phase boundary area for the gas phase and is
related to the volume surface mean diameter d32 by

F /Vg = 6/d32. (21)
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Absorbent

To sewage system

Fig. 1. Schematic of the experimental setup. For explana-
tions, see text.

Fig. 2. Mass transfer in a system constituted by CO2
and 3% aqueous solution of NaOH in the form of a criterial
dependence Sh = f (Pe1/2).

At a considerable volume content of gas in the
emulsion, the phase boundary area decreases with
time as a result of coalescence. In this case, the quan-
tity d32 in expression (21) varies with the time of
bubble residence in the apparatus in accordance with
the dependence suggested in [1]:

j1/2(efr/r)1/3tÚ ¿3/2

d32 = d 0
32³1 + KeffÄÄÄÄÄÄÄÄÄÄ³ , (22)

(d0
32)2/3

À Ù

where Keff is the coefficient of collision efficiency
(for the water3air system, Keff = 0.014 [1]).

Thus, in calculating the residence time of bubbles
in the mixing chamber that would be sufficient to
reduce the concentration of the gas being absorbed
to a prescribed level, Eq. (20) is to be solved for t
together with expressions (3), (5), and (22).

To verify the validity of our approach to calcula-
tion of mass exchange in jet absorbers, we performed
experiments on chemisorption of a totally absorbable
gas.

EXPERIMENTAL

Experiments were performed on a setup shown
schematically in Fig. 1. The setup comprises a vertical
jet apparatus 1 with changeable nozzles and change-
able elongated cylindrical glass mixing chamber, tank
2 for the working fluid (absorbent) with a cooling
jacket, and a centrifugal pump 3. The pipe for gas
supply into the apparatus is connected through a pres-
sure reducer 4 to a cylinder 5 with compressed CO2.
The flow rates of fluid and gas are controlled with
valves 6 in the fluid and gas pipelines. The flow rate
and pressure of the flows of the working fluid and gas
being ejected are monitored with rotameters 7 and
pressure gages 8. To record bubble sizes, the setup is
equipped with a photographic camera 9 and a syn-
chronized flash-lamp 10.

The setup described was used in a study of absorp-
tion in a jet apparatus with elongated mixing chamber.
A vertical jet apparatus had a nozzle 6 mm in diam-
eter and a glass mixing chamber with the diameter of
10 mm and length exceeding 35 chamber diameters.
A 3% aqueous solution of NaOH served as working
fluid (absorbent), and pure CO2, as the phase being
absorbed. The gas content of the emulsion in the ex-
periments did not exceed 0.1. The bubble size was
determined by taking photographs at the main part of
the mixing chamber at a distance of 50 to 800 mm
from the nozzle exit.

The photographs taken were used to determine the
volume surface mean diameter of bubbles. With
the flow velocity in the mixing chamber known, the
residence time of bubbles in the absorbent and ex-
perimental values of the mass-transfer coefficient were
calculated from the variation of bubble sizes with
time, using expression (12). The diffusion coefficient
was calculated by the Arnold formula [3, 4].

The results of experiments on mass exchange in a
jet absorber are represented by points in Fig. 2 in the
form of a criterial dependence Sh = f (Pe1/2). The solid
line shows the data obtained by calculation with ex-
pressions (4)3 (6). The results of the experiments are
described by expression (4) with the maximum devia-
tion of +10%. The rather good agreement between the
experimental and calculated data demonstrates the ap-
plicability of our approach to calculation of the mass-
transfer coefficient in jet apparatus with elongated
mixing chamber under chemisorption conditions in
terms of the Higby model, with averaged difference
of the velocities of turbulent pulsations on the bubble
scale used as the relative velocity of bubble motion.
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The results of the experiments demonstrated that,
for the largest CO2 bubbles to dissolve, it suffices that
the mixing chamber length should be 1 m at a velocity
of the two-phase flow in the mixing chamber equal
to 1.5 m s31.

Our results allow calculation of the geometric
dimensions of absorbers based on jet apparatus with
elongated mixing chamber. A hydrodynamic calcula-
tion can be done to determine the optimal size (diam-
eter) of the nozzle and the mixing chamber and to
choose the optimal flow rates of the fluid and gas
phases and the injection coefficient with the use of
expressions proposed for calculation of hydrojet
pumps [11, 12]. The parameters obtained are used as
input data for a mass-exchange calculation, which,
carried out using expressions proposed in [1, 2],
yields the phase boundary area and, with expressions
(15) and (20), the residence time sufficient for total
absorption of a noxious gas or for lowering its con-
centration in the discharge to below the maximum
permissible concentration. The residence and the flow
velocity in the chamber can be used to determine
the length of the mixing chamber, which may have
smooth cylindrical or stepped shape.

The results obtained were employed to design a jet
absorber used in an industrial installation for purifica-
tion of gas discharges formed in synthesis of ethyl
a-bromoisovalerate. The installation comprises a jet
apparatus, a tank for absorbent, and a centrifugal
pump. The jet apparatus, which is made of fluoro-
plastic, has a nozzle 1 of diameter 16 mm and an
elongated cylindrical mixing chamber 2 of diameter
38 mm and length 800 mm (Fig. 3). The exit from
the mixing chamber is turned by 90o with respect to
the axis of the mixing chamber to create a counter-
pressure.

The chemical reactions occurring in synthesis of
ethyl a-bromoisovalerate yield hydrogen chloride,
hydrogen bromide, and sulfur dioxide. In addition, the
heating in the course of the reaction leads to evapora-
tion of minor amounts of the reactants and liquid reac-
tion products, which are also noxious. The purifica-
tion of gas discharges is carried out continuously
during the entire synthesis process. The degree of
purification of gas discharge at the apparatus outlet is
about 99.9%, which conforms to the sanitary regula-
tions.1

ÄÄÄÄÄÄÄÄÄÄÄÄ
1 The absorption installation based on a jet apparatus with

elongated mixing chamber, described in this communication,
has been working at Altaivitaminy Private Company (Biisk)
since 1997.

Fig. 3. Diagram of jet apparatus with elongated mixing
chamber: (1) nozzle, (2) mixing chamber, (3) gas feed pipe,
(4) receiving chamber, and (5) drain tube.

CONCLUSIONS

(1) An approach to calculating mass exchange in
absorption in jet apparatus with elongated mixing
chamber is suggested.

(2) Expressions for calculating the absorption rate
are suggested.

(3) The expressions have been verified experi-
mentally under conditions of chemisorption of a total-
ly absorbable gas.

(4) An absorption installation based on a jet ap-
paratus with elongated mixing chamber has been
designed and put into industrial service.
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Abstract-A procedure was developed for preparing 1-adamantanecarboxylic acid esters functionally substi-
tuted in the alcoholic moiety.

Compounds of the adamantane series exhibit high
and diverse biological activity. Effective drugs based
on adamantane have been developed, such as Midan-
tane, Memantine, Gludantan, Remantadine, and Ada-
promine [1]. Some of adamantane derivatives exhibit
antiviral, curare-like, myorelaxing, anti-choline este-
rase, psychostimulating, neurotropic, and local anes-
thetic activity [2]; compounds with a high surface
activity were also found [3]. The main synthetic route
to adamantane derivatives involves chemical modifi-
catiomn of substituents in the hydrocarbon frame-
work. Nitrogen-containing adamantane derivatives
have been studied most comprehensively [4, 5].

One of promising routes to new adamantane-con-

taining biologically active compounds is preparation
of esters. In this case, it is possible to combine in one
molecule an adamantane moiety with other functional
groups, e.g., aromatic, acetylenic, or bicyclic [6].

Here we report on a new convenient route to func-
tionally substituted esters of 1-adamantanecarboxylic
acid, involving the reactions of 1-adamantylcarbonyl
chloride I with alcohols II3XII in diethyl ether in
the presence of pyridine [7]. Esters XIII3XXIII are
formed under mild conditions (room temperature). No
prolonged stirring, heating, or precipitation is re-
quired; the reactants can be mixed in any order. The
reaction, performed in sealed vessels, is complete in
24336 h; the yield of esters is 65383%.

ÄÄÄÄÄÄÄÄÄÄÄÄ
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Primary alcohols (IIa3IIc, IX), secondary alcohols
(III3VIII), and phenols (X3XII) are readily esterified
with chloride I. Dihydric phenols X and XI form
momoesters only, even at the reactant ratio I : (X or
XI) = 3 : 1. Tertiary alcohols (e.g., 2-methyl-2-prop-
anol or 2-methyl-3-butyn-2-ol) do not form the corre-
sponding esters even under severe conditions (pro-
longed refluxing in dioxane at 1003102oC in the pres-
ence of pyridine).

1-Adamantanecarboxylic acid esters are colorless
viscous liquids (XIIIa, XVb, XVI) or crystalline sub-
stances (XIIIb, XIIIc, XIV, XVa, XVII3XXII); their
characteristics are listed in the table.

The IR and NMR spectra of the synthesized esters
are consistent with their structure. The IR spectra
contain stretching vibration bands of the C=O (1727+
5; for XXIII, 1742 cm31) and C3O (1225+15 and
1070+15; for XXIII, 1290 and 1155 cm31) groups.
The spectra of acetylenic derivatives XIIIa3XIIIc and
XIV also contain absorption bands at 3280+25
(=C3H) and 2150+15 cm31 (C=C). Aromatic esters
XXI3XXIII exhibit C3H absorption bands at 3090,
3070, 3030+5; 858, 777, 767, and 680 (XXI); 830
and 800 (XXII); 865 and 785 cm31 (XXIII), and also
the bands belonging to the aromatic ring at 1604 and
1487 (XXI); 1600 and 1511 (XXII); 1601, 1593, and
1509 cm31 (XXIII). The spectra of phenols XXI and
XXII contain O3H absorption bands at 3375 (XXI)
and 3445 cm31 (XXII), and also C3OH bands at
1065+5 cm31. The IR spectrum of aromatic methoxy
aldehyde XXIII contains the bands of the HC=O

(1697 cm31) and C3O3C (1110 cm31) groups.

The 1H NMR spectra of all the esters XIII3XXIII
contain multiplets at 1.6 (6H), 1.9 (6H), and 2.1 ppm
(3H), typical of 1-substituted adamantane derivatives.
Compounds XIIIa3XIIIc and XIV containing termi-
nal acetylenic groups also give a proton signal at
2.032.4 ppm. The CH2O proton signals in the spectra
of XIIIa3XIIIc and XX are observed at 4.1 ppm, and
in esters XV3XIX derived from alicyclic alcohols the
a-CH proton in the alcoholic residue gives a signal at
4.734.9 ppm. The spectra of these esters also contain
signals characteristic of cyclohexane (XV), menthane
[XVI; a doublet of the C1

3CH3 protons at 0.74 ppm
(3J 1.6 Hz) and a doublet of two methyl groups in the
isopropyl substituent at 0.94 ppm (3J 6.7 Hz)], and
camphane [XVII, XVIII; singlets of three methyl
groups at C1 (0.8 ppm) and C7 (1.0 ppm) atoms]. The
aryl protons in XXI3XXIII are manifested at 6.43
7.5 ppm. Also, the spectrum of XXIII exhibits a CHO
singlet at 9.9 ppm and an OCH3 singlet at 3.9 ppm.

EXPERIMENTAL

The IR spectra were recorded on a Protege-460
IR Fourier spetrophotometer (Nicolet) from thin films
(XIIIa, XVb, XVI) or KBr pellets. The 1H NMR
spectra were recorded on a Tesla BS-567A spectrom-
eter (100 MHz) from 5% solutions in CDCl3, with
TMS as internal reference.

The molecular weight was determined by cryos-
copy in benzene.
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Properties of esters XIII3XXIII
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Ester
³

Yield, %
³

mp, oC
³ Found, % ³

Formula
³ Calculated, % ³ M

³ ³ ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ´ ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ
³ ³ ³ C ³ H ³ ³ C ³ H ³ found ³ calculated

ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
³ ³ 1.0791* ³ ³ ³ ³ ³ ³ ³

XIIIa ³ 79 ³ ÄÄÄÄÄÄ ³ 77.28 ³ 8.56 ³C14H18O2 ³ 77.03 ³ 8.31 ³ 214.1 ³ 218.3
³ ³ 1.5060 ³ ³ ³ ³ ³ ³ ³

XIIIb ³ 77 ³ 48349 ³ 77.84 ³ 8.95 ³C15H20O2 ³ 77.55 ³ 8.68 ³ 225.8 ³ 232.3
XIIIc ³ 83 ³ 56357 ³ 78.44 ³ 9.19 ³C16H22O2 ³ 78.01 ³ 9.00 ³ 239.0 ³ 246.3
XIV ³ 81 ³ 46347 ³ 77.93 ³ 8.90 ³C15H20O2 ³ 77.55 ³ 8.68 ³ 227.4 ³ 232.3
XVa ³ 70 ³ 29330 ³ 78.13 ³ 10.18 ³C17H26O2 ³ 77.82 ³ 9.99 ³ 249.3 ³ 262.4

³ ³ 1.0409* ³ ³ ³ ³ ³ ³ ³
XVb ³ 80 ³ ÄÄÄÄÄÄ ³ 78.45 ³ 10.41 ³C18H28O2 ³ 78.21 ³ 10.21 ³ 262.9 ³ 276.4

³ ³ 1.5025 ³ ³ ³ ³ ³ ³ ³
³ ³ 1.0237* ³ ³ ³ ³ ³ ³ ³

XVI ³ 78 ³ ÄÄÄÄÄÄ ³ 79.50 ³ 10.93 ³C21H34O2 ³ 79.19 ³ 10.76 ³ 306.7 ³ 318.5
³ ³ 1.4990 ³ ³ ³ ³ ³ ³ ³

XVII ³ 82 ³ 1763177 ³ 80.03 ³ 10.25 ³C21H32O2 ³ 79.70 ³ 10.19 ³ 303.2 ³ 316.5
XVIII ³ 84 ³ 1453146 ³ 80.01 ³ 10.32 ³C21H32O2 ³ 79.70 ³ 10.19 ³ 308.6 ³ 316.5
XIX ³ 72 ³ 1723173 ³ 80.34 ³ 9.85 ³C21H30O2 ³ 80.21 ³ 9.62 ³ 307.0 ³ 314.5
XX ³ 82 ³ 82383 ³ 80.88 ³ 10.12 ³C23H34O2 ³ 80.65 ³ 10.00 ³ 330.1 ³ 342.5
XXI ³ 65 ³ 1073108 ³ 75.22 ³ 7.65 ³C17H20O3 ³ 74.97 ³ 7.40 ³ 260.4 ³ 272.3
XXII ³ 68 ³ 1793180 ³ 75.21 ³ 7.60 ³C17H20O3 ³ 74.97 ³ 7.40 ³ 262.3 ³ 272.3
XXIII ³ 79 ³ 1183119 ³ 72.71 ³ 7.11 ³C19H22O4 ³ 72.59 ³ 7.05 ³ 303.1 ³ 314.4
ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ
* Numerator, d2

2
0
0; denominator, nD

20.

Column chromatography was performed with neu-
tral alumina, Brockmann grade II.

1-Adamantanecarboxylic acid chloride I was pre-
pared by refluxing 1-adamantanecarboxylic acid with
a 1.5-fold excess of SOCl2 in benzene [5].

1-Adamantanecarboxylic acid esters XIII3XXIII.
Anhydrous pyridine (3.5 mmol) was added to a solu-
tion of 3 mmol of chloride I and 3 mmol of alcohols
or phenols II3XII in 70 ml of absolute diethyl ether.
The mixture was slightly shaken and allowed to stand
at 18323oC for 24336 h. The precipitate of pyridine
hydrochloride was filtered off and washed with 30 ml
of diethyl ether; the combined filtrates were washed
with water and saturated aqueous solution of sodium
hydrogen carbonate. The ether solution was dried over
CaCl2, the solvent was distilled off, and the residue
was dried in a vacuum. Ethers XIIIa, XVb, and XVI
were purified by column chromatography on Al2O3,
eluent hexane. Compounds XIIIb, XIIIc, XIV, XVa,
and XVII3XXIII were purified by low-temperature
crystallization from hexane.

CONCLUSIONS

(1) Functionally substituted primary and secondary
alcohols and phenols are readily esterified under mild
conditions with 1-adamantanecarboxylic acid chloride
in the presence of pyridine.

(2) Dihydric phenols form monoesters only; ter-
tiary alcohols do not undergo esterification.
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Abstract-Oxidation of sulfides with hydrogen peroxide to sulfoxides and then sulfones was studied. The
conditions optimal for the formation of sulfoxides and sulfones were found.

Oxidation of sulfides with hydrogen peroxide is a
widely used synthetic route to sulfoxides and sulfones
[1]. Although sulfoxides are readily oxidized further
to sulfones, under definite conditions the reaction can
be stopped at the stage of sulfoxide formation. Oxida-
tion of sulfides to sulfoxides occurs at relatively low
temperatures and in short time. The second stage, oxi-
dation of sulfoxides to sulfones, requires higher tem-
peratures and longer time. Sulfones can be prepared
both by direct oxidation of sulfides and by oxidation
of sulfoxides. In some cases, the latter route is prefer-
able, since each oxidation stage can be performed
under optimal conditions; as a result, higher yield and
purity of the target product can be attained [2].

In this work we studied oxidation of dimethyl sul-
fide (DMS), tetramethylene sulfide (TMS), and petrol-
eum sulfide concentrate (PSC) with hydrogen perox-
ide to the corresponding sulfoxides and oxidation of
these sulfoxides to sulfones.

EXPERIMENTAL

The reaction mixtures were analyzed by GLC with
a Tsvet 4-67 chromatograph [flame ionization detec-
tor; 2100 0 4-mm column; stationary phase 10% poly-
ethylene glycol succinate on Chromaton N-AW-
HMDS, 0.230.25 mm fraction, washed with water
and treated with hexamethyldisilazane; carrier gas
nitrogen, GOST (State Standard) 9293374]. The sta-
tionary phase used retains water and allows determi-
nation of the nonaqueous oxidation products [3].
Analysis conditions: column temperature 1403180oC,
vaporizer temperature 2003240oC, carrier gas flow
rate 40360 ml min31, sample volume 0.130.2 ml.
The component contents were determined by internal

normalization of the peak areas using benzene as ref-
erence. The absolute determination error was 0.4% at
a confidence level of 98%.

The oxidation products of petroleum sulfides can-
not be analyzed chromatographically because of the
low thermal stability of petroleum sulfoxides and high
boiling temperature of the sulfone concentrate ob-
tained from them. Therefore, the content of sulfoxide
sulfur in the oxidation products was determined by
nonaqueous titration of the product with a solution of
HClO4 in dioxane [4], and the content of sulfones, by
IR spectroscopy, from the intensity of the absorption
band of the sulfone stretching vibrations at about
1320 cm31 [5]. The concomitant compounds, mainly
sulfoxides, do not absorb in this range. Also, the
content of sulfonic and carboxylic acids was deter-
mined by potentiometric titration [6].

Oxidation was performed as follows. A flask was
charged with a required amount of the starting com-
pound and heated to a required temperature, after
which H2O2 was added. The mixture was heated at
the prescribed temperature with vigorous stirring. The
instant of H2O2 addition was considered as the reac-
tion start. After the reaction completion, the flask was
cooled, and samples of the product were taken. The
content of H2O2 in the oxidation products was deter-
mined by titration with a KMnO4 solution [7]. To
each sample we added MnO2 to decompose the un-
changed H2O2 and terminate oxidation. After that, the
sample was filtered and analyzed.

Hydrogen peroxide was used as 27.5% (here and
hereinafter, wt %) aqueous solution [GOST (State
Standard) 177388]. TMS and DMS were 98 and 99.5%
pure, respectively. The sulfide concentrate was recov-
ered from the 2603360oC fraction of Arlan crude oil
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Table 1. Oxidation of DMS to DMSO (t = 10 min)
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

T, oC
³

H2O2 : DMS
³ Composition of dehydrated oxidation product, % ³

H2O content in oxidation³ ÃÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ´
³ molar ratio ³ DMS ³ DMSO ³ DMSF ³ H2O2 ³ product, wt %

ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
0 ³ 0.75 ³ 4.5 ³ 92.6 ³ 0.4 ³ 0.8 ³ 44.5

³ 1.1 ³ 1.2 ³ 94.2 ³ 1.2 ³ 1.0 ³ 45.4
³ 1.2 ³ 0.8 ³ 91.5 ³ 2.4 ³ 2.2 ³ 46.2

5 ³ 0.8 ³ 4.0 ³ 93.7 ³ 0.9 ³ 1.1 ³ 43.8
³ 1.0 ³ 1.0 ³ 94.8 ³ 3.0 ³ 1.5 ³ 45.0
³ 1.2 ³ 0.6 ³ 92.1 ³ 3.5 ³ 1.8 ³ 46.7

10 ³ 0.7 ³ 3.1 ³ 92.2 ³ 0.8 ³ 0.9 ³ 44.3
³ 1.1 ³ 0.9 ³ 94.2 ³ 3.1 ³ 1.2 ³ 46.1
³ 1.3 ³ 0.8 ³ 92.0 ³ 3.8 ³ 1.8 ³ 47.2

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Table 2. Oxidation of DMSO to DMSF
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ

T, oC
³

H2O2 : DMSO
³

t, h
³Composition of dehydrated oxidation product, %³

Acidity,
³

Yield of³ ³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ´ ³
³ molar ratio ³ ³ DMSO ³ H2O2 ³ g KOH l31

³ DMSF, %

ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
40 ³ 1.1 ³ 20 ³ 12 ³ 2.3 ³ 6.0 ³ 48

³ 1.2 ³ 25 ³ 10 ³ 1.6 ³ 6.4 ³ 55
³ 1.3 ³ 30 ³ 8 ³ 1.6 ³ 7.4 ³ 62

60 ³ 1.1 ³ 15 ³ 6 ³ 1.5 ³ 6.8 ³ 61
³ 1.2 ³ 20 ³ 2 ³ 1.5 ³ 8.0 ³ 68
³ 1.3 ³ 25 ³ 2 ³ 1.4 ³ 8.4 ³ 72

80 ³ 1.1 ³ 10 ³ 1 ³ 0.8 ³ 7.5 ³ 68
³ 1.2 ³ 15 ³ 3 ³ 0.8 ³ 8.4 ³ 70
³ 1.3 ³ 20 ³ 3 ³ 0.4 ³ 9.2 ³ 66

ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ

[8]; it contained 8.8% sulfide sulfur and 12.8% total
sulfur and had the average composition C14.5H27.0S.

In experiments on oxidation of DMS to dimethyl
sulfoxide (DMSO), we examined the influence of
temperature and H2O2 : DMS ratio on the yield of
reaction products (Table 1). Oxidation was performed
at 0.5 and 10oC. The very low boiling point of DMS
(37.2%) caused certain problems. Since the reaction
is exothermic, even at 10oC it is necessary to take
special measures to prevent evaporation of DMS in
the initial oxidation stage. In the range 0310oC, the
temperature affects the product composition insig-
nificantly; the yield of DMSO is fairly high. The
major influence on the product composition is exerted
by the H2O2 : DMS molar ratio. When this ratio is as
low as 0.730.8, the products contain a large amount
of unchanged DMS, and dimethyl sulfone (DMSF) is
absent. At the H2O2 : DMS molar ratio increased to
1.131.2, DMS is fully consumed and DMSF appears.
This fact suggests the consecutive mechanism of

DMSF formation via DMSO. The product obtained by
oxidation of DMS is a transparent aqueous solution.
To isolate DMSO, the oxidation product was heated
at reduced pressure (30340 mm Hg) on a water bath
(40350oC) to remove water, after which DMSO was
distilled in a vacuum (bath temperature 72382oC,
10315 mm Hg). The purity of the distilled DMSO
was 99.6%, bp 189oC, nD

20 1.4785, d4
20 1.1000.

Found, %: C 30.82; H 7.62; S 41.01.

C2H6OS. Calculated, %: C 30.76; H 7.69; S 41.02.

Oxidation of DMSO to DMSF was studied at 40,
60, and 80oC (Table 2). The H2O2 : DMSO molar
ratio was varied from 1.1 to 1.3, and the oxidation
time, from 10 to 30 min. The oxidation product ob-
tained under the above conditions was evaporated at
700 mm Hg to remove about 30340% of water. Then
the oxidation product was cooled to 5oC to crystallize
dimethyl sulfone. The crystals were separated, re-
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crystallized from water, and dried in a water-jet-pump
vacuum. The resulting DMSF is a colorless crystalline
substance readily soluble in organic solvents; purity
99.8%, mp 109oC, bp 238oC.

Found, %: C 25.59; H 6.36; S 34.02.

C2H6O2S. Calculated, %: C 25.53; H 6.38; S 34.04.

Oxidation of TMS to tetramethylene sulfoxide
(TMSO) was studied at 20, 40, and 60oC (Table 3).
These data show that, after oxidation for 1 h at 20oC,
the content of DMSO in the dehydrated oxidation
products was 94%, and after oxidation for 3 h it
reached 97%. The content of TMSO after oxidation
for 1 h at 60oC was 98%. Thus, oxidation of TMS to
TMSO occurs with a high rate. At all the examined
temperatures, the formation of TMSO is virtually
complete in 133 h. Oxidation occurs in a two-phase
system and is accompanied by a large heat release in
a short time. The reaction mixture undergoes autocata-
lytic self-heating, which results in intense decompo-
sition of excess H2O2. Therefore, H2O2 was added
gradually to maintain its optimal concentration in the
mixture in the course of the process.

The oxidation product obtained by oxidation of
TMS under the above conditions is a single-phase
transparent colorless aqueous solution. To isolate
TMSO, the oxidation product was treated with MnO2
to remove residual H2O2, heated at reduced pressure
(30340 mm Hg) to remove water (bath temperature
40350oC), and vacuum-distilled (bath temperature
1403160oC, vapor temperature 853100oC, residual
pressure 335 mm Hg).

Tetramethylene sulfoxide is thermally unstable. Its
loss in the course of distillation was evaluated from
the decrease in the content of sulfoxide sulfur. The
average loss of sulfoxide sulfur is 3%, which corre-
sponds to 10% loss of TMSO. Under the optimal con-
ditions, the yield of TMSO is 89391%. The purity of
the distilled product is 99.6%, bp 45oC (3 mm Hg),
nD

20 1.5203, d4
20 1.1816.

Found, %: C 45.72; H 7.83; S 30.5.

C4H8OS. Calculated, %: C 46.1; H 7.7; S 30.8.

Oxidation of TMSO to tetramethylene sulfone
(TMSF) was performed at 60, 70, 80, 90, and 100oC
(Table 4). The reaction occurs in the homogeneous
system with a lower heat effect and at a lower rate
than oxidation of TMS to TMSO. After oxidation for
8 h at 60oC, the content of TMSF in the dehydrated
oxidation product was 60%, and after oxidation for

10 h, 88%. After oxidation for 5 h at 80oC, the con-
tent of TMSF was as high as 99%. The optimal oxida-
tion temperature is 80390oC. To attain a high yield of
TMSF, H2O2 should be taken in a 35% excess. The
product obtained by oxidation of TMSO under these
conditions is an aqueous solution containing 35340%
TMSF, 60350% water, and 437% impurities. Tetra-
methylene sulfone is infinitely miscible with water,
forms no binary azeotrope with water, and strongly
differs from water in the boiling point. However,
TMSF cannot be isolated from the oxidation products
by common distillation, since it is thermally unstable
and starts to decompose at temperatures above 170oC,
forming in the presence of oxygen acidic compounds
and condensation products. According to analyses, the
oxidation product always contaions residual H2O2,
which promotes decomposition of TMSF in the course
of distillation to acetic and sulfuric acids. Therefore,
prior to distillation, the oxidation product was treated
with 6% aqueous alkali to decompose H2O2, after
which it was fractionated on a 233-TP batch distilla-
tion column; the temperature in the still was 100oC,
and the residual pressure, 20 mm Hg. TMSF was iso-
lated from the oxidation product in 96% yield and was
99.7% pure.

We also examined the possibility of recovering
TMSF from the oxidation product by extraction with
organic solvents. The extractant should selectively
recover TMSF with minimal extraction of impurities;
it should be sparingly soluble in water and should
also meet such general requirements as availability,
stability under regeneration conditions, and low cost
[9]. The best suited are aromatic hydrocarbons, in
particular, benzene. Study of the phase equilibria
showed that, in extraction of TMSF from the oxida-
tion product with benzene, the separation of TMSF
from impurities is fairly efficient; the impurities most-
ly remain in the aqueous phase. Under the optimal
extraction conditions (benzene : oxidation product
weight ratio 2.4 : 1, 25oC, six extraction steps), the
recovery of TMSF from the oxidation product is 943
96%. Distillation of benzene from the extract was per-
formed at 200 mm Hg. The energy consumption for
distillation of benzene from the extract is much less
than that for distillation of water from the oxidation
product (because of considerably higher heat capacity
and heat of vaporization of water).

Tetramethylene sulfone obtained by this procedure
is a colorless hygroscopic solid (at room temperature)
with pleasant odor, soluble in water, ethanol, benzene,
acetone, and other organic solvents; the product purity
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Table 3. Oxidation of TMS to TMSO (H2O2 consumption 1.05 mol per mole of TMS)
ÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

T,
³

t, h
³ Composition of dehydrated oxidation product, % ³

Acidity, mg KOH per³ ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ´
oC ³ ³ TMS ³ TMSO ³ TMSF ³ unidentified component ³ gram oxidation product

ÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
20 ³ 1 ³ 3.49 ³ 94.69 ³ 3 ³ 1.82 ³ 0.24

³ 3 ³ 0.86 ³ 97.64 ³ 3 ³ 1.50 ³ 0.36
³ 6 ³ 0.20 ³ 97.97 ³ 3 ³ 1.83 ³ 0.44
³ ³ ³ ³ ³ ³40 ³ 1 ³ 1.31 ³ 06.84 ³ 3 ³ 1.85 ³ 0.33
³ 3 ³ 3 ³ 98.48 ³ 3 ³ 1.52 ³ 0.42
³ 6 ³ 3 ³ 97.82 ³ 3 ³ 2.18 ³ 0.51
³ ³ ³ ³ ³ ³60 ³ 1 ³ 0.11 ³ 98.09 ³ 0.15 ³ 1.65 ³ 0.41
³ 3 ³ 3 ³ 98.66 ³ 0.39 ³ 0.95 ³ 0.48
³ 4 ³ 3 ³ 98.69 ³ 0.41 ³ 0.90 ³ 0.61
³ ³ ³ ³ ³ ³65 ³ 3 ³ 3 ³ 97.80 ³ 1.35 ³ 0.75 ³ 0.58

ÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Table 4. Oxidation of TMSO to TMSF (H2O2 consumption 1.35 mol per mole of TMSO)
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

T, oC

³

t, h

³ Composition of dehydrated oxidation product, % ³

Acidity, mg KOH per
³ ÃÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ´
³ ³

TMSO
³

TMSF
³ unidentified components ³

gram oxidation product³ ³ ³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ´
³ ³ ³ ³ light* ³ heavy** ³

ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
60 ³ 8 ³ 39.30 ³ 60.42 ³ 0.11 ³ 0.17 ³ 2.1

³ 10 ³ 11.41 ³ 88.23 ³ 0.15 ³ 0.21 ³ 3.7
70 ³ 6 ³ 2.30 ³ 98.10 ³ 0.37 ³ 0.91 ³ 5.2

³ 8 ³ 1.21 ³ 99.11 ³ 0.30 ³ 0.39 ³ 4.58
80 ³ 5 ³ 0.49 ³ 97.38 ³ 0.19 ³ 0.21 ³ 5.2

³ 6 ³ 0.107 ³ 99.22 ³ 0.38 ³ 0.29 ³ 5.94
90 ³ 5 ³ 0.04 ³ 97.38 ³ 1.02 ³ 1.56 ³ 9.8

³ 6 ³ 0.08 ³ 99.22 ³ 0.55 ³ 0.15 ³ 10.2
100 ³ 4 ³ 0.07 ³ 97.74 ³ 0.18 ³ 1.21 ³ 10.3

³ 5 ³ 0.03 ³ 98.20 ³ 0.65 ³ 1.12 ³ 12.4
ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
* Retention time in chromatographic column shorter than that of TMSF.

** Retention time in chromatographic column longer than that of TMSF.

is 99.8%, bp 283oC, nD
30 1.4812, d4

30 1.2644.

Found, %: C 39.92; H 6.64; S 27.21.

C4H8O2S. Calculated, %: C 39.98; H 6.70; S 27.16.

Oxidation of PSC to sulfoxides was performed at
80, 90, and 100oC (Table 5). With increasing temper-
ature, products with SO3H and COOH groups are ac-
tively formed, and the PSC oxidation rate grows. For
example, as the temperature is increased from 80 to
100oC, the acidity of the aqueous phase obtained after
oxidation for 15 min grows from 0.9 to 2.6 g KOH l31

and the content of sulfoxide sulfur in the oxidation
product increases by a factor of 2. The sulfonic and
carboxylic acids that are formed effectively catalyze

oxidation of sulfides to sulfoxides, as demonstrated
by the example of PSC oxidation in the presence of
butane-, hexane, and p-toluenesulfonic acids and
CH3COOH. Oxidation of PSC in the presence of sul-
fonic and acetic acids occurs with a higher yield of
sulfoxides than oxidation on the presence of only one
of these acids [10]. Sulfones appear in the oxidation
product only after conversion of the major fraction of
sulfides to sulfoxides, whereas acids are formed al-
ready in the very first minutes of oxidation simultane-
ously with sulfoxides. After oxidation, the aqueous
and hydrocarbon layers were separated. The hydro-
carbon layer (sulfoxide concentrate) was neutralized
with an Na2CO3 solution, washed with an Na2SO4 so-
lution, and kept under reduced pressure (803100 mm
Hg) to remove emulsified and dissolved water.
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Table 5. Oxidaiton of PSC into sulfoxides (H2O2 consumption 1.2 mol per mole of sulfide sulfur)
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

T, oC

³

t, min

³
Sulfoxide sulfur

³ Acidity, g KOH l31 ³

Oxidation of sulfides
³ ³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ´
³ ³ in oxidation ³ hydrocarbon phase ³ aqueous phase ³

to sulfoxides, %³ ³ ÃÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ´
³ ³

product, %
³ SO3H ³ CO2H ³ SO3H ³ CO2H ³

ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
80 ³ 5 ³ 0.9 ³ 0.11 ³ 0.30 ³ 0.45 ³ 0.25 ³ 10.2
80 ³ 15 ³ 3.4 ³ 0.15 ³ 0.35 ³ 0.62 ³ 0.30 ³ 38.6
90 ³ 5 ³ 4.7 ³ 0.23 ³ 0.50 ³ 0.45 ³ 0.35 ³ 53.4
90 ³ 15 ³ 6.3 ³ 0.25 ³ 0.62 ³ 0.81 ³ 0.40 ³ 71.5

100 ³ 15* ³ 6.6 ³ 0.20 ³ 0.61 ³ 2.02 ³ 0.63 ³ 75.0
100 ³ 30** ³ 7.4 ³ 0.25 ³ 0.80 ³ 3.95 ³ 0.75 ³ 84.0

ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
* 0.8% sulfones.

** 11% sulfones.

Table 6. Oxidation of sulfoxide concentrate to sulfones (H2O2 consumption 1.4 mol per mole of total sulfur, 100oC)
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

t, h
³ Catalyst, mol mol31 total sulfur ³

Content of sulfones,
³

Acidity, g KOH l31
³

Viscosity at 20oC,ÃÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ´ ³ ³
³ H2SO4 ³ CH3CO2H ³ % ³ ³ mm2 s31

ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
6.0 ³ 3 ³ 3 ³ 36.0 ³ 6.2 ³ 957.6
9.0 ³ 3 ³ 3 ³ 44.2 ³ 8.2 ³ 964.5
5.0 ³ 3 ³ 0.15 ³ 82.7 ³ 12.0 ³ 1424.5
6.5 ³ 3 ³ 0.15 ³ 83.8 ³ 12.2 ³ 1490.0
5.5 ³ 0.1 ³ 3 ³ 86.3 ³ 14.6 ³ 1502.28
6.5 ³ 0.15 ³ 3 ³ 88.2 ³ 16.4 ³ 1610.0
5.0 ³ 0.08 ³ 0.1 ³ 94.0 ³ 11.2 ³ 1354.3
5.5 ³ 0.08 ³ 0.1 ³ 95.4 ³ 11.0 ³ 1360.1
6.5 ³ 0.08 ³ 0.1 ³ 97.0 ³ 11.0 ³ 1414.0

10.0 ³ 0.08 ³ 0.1 ³ 97.6 ³ 11.2 ³ 1489.2
ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

The composition of the dehydrated sulfoxide con-
centrate was determined with a Finnigan Type 4021
gas chromatograph3mass spectrometer (the United
States). Because of the low thermal stability of sul-
foxides, it was impossible to analyze the sulfoxide
concentrate directly. Therefore, the sulfoxides were
preliminarily reduced to sulfides with HI [11]. The
chromatograms and total mass spectra of the initial
sulfides used to prepare sulfoxides and of sulfides
obtained by back reduction of sulfoxides proved to be
identical. Hence, oxidation of sulfides is not accom-
panied by structural changes. The sulfoxide concen-
trate from the 2603360oC fraction of Arlan crude oil
mainly consists of heterocyclic sulfoxides, in particu-
lar, 15318% monothiacycloalkanes, 38340% dithia-
cycloalkanes, 23325% trithiacycloalkanes, and 183
20% tetrathiacycloalkanes.

The sulfoxide concentrate also contains unoxidized
sulfides, substituted thiophenes, and hydrocarbons.

The sulfoxide concentrate is a viscous oily liquid
of light yellow color with a weak characteristic odor;
it is soluble in the majority of organic solvents, and
the solubility in water is 7.8 g l31. The glass transition
point is 367oC. The product starts to decompose at
1203140oC. The sulfoxide sulfur content is 7.4%, and
the total sulfur content, 11%; nD

20 1.5092, d4
20 1.0195,

M 267; C12.8H24.7SO1.3.

The dependence of the content of sulfones in the
oxidation product as influenced by the amount of acid
catalysts and time of oxidation of sulfoxides to sul-
fones was studied at 100oC (Table 6). It was found
that, in the absence of catalysts, the oxidation is slow.
The presence of acids in the reaction medium also
leads to increased yield of sulfones. As in oxidation
of PSC, in the presence of a mixture of acids the reac-
tion rate and the yield of the target product increase.
For example, when oxidation of the sulfoxide concen-
trate to sulfones is performed for 537 h in the pres-
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ence of CH3COOH and H2SO4, the yield of sulfones
increases to 95397%. After oxidation in this mode, the
aqueous acid layer was separated after settling for
30 min. The oxidation product was washed with water
to remove traces of acids, dried in a water-jet-pump
vacuum, and vacuum-distilled (1 mm Hg, bath tem-
perature 1103165oC).

The composition of the resulting sulfone concen-
trate was studied by mass spectrometry. The sulfone
concentrate is a mixture of various thiacycloalkane
1,1-dioxides, aromatic sulfides, and alkylthiophenes;
it is a brown viscous liquid with a specific petroleum
odor, readily soluble in organic solvents and virtually
insoluble in water; nD

20 1.4814, d4
20 1.0312, total sulfur

content 12.4%, sulfoxide sulfur absent, M 298, aver-
age composition C12.0H22.6SO2.4.

CONCLUSION

The yield of sulfoxides and sulfones in oxidation of
sulfides and sulfoxides, respectively, with hydrogen
peroxide was studied in relation to the reaction tem-
perature, time, and substrate : H2O2 ratio. Formation
of sulfoxides occurs under milder conditions and at
considerably higher rates than formation of sulfones.
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Abstract-Color filters containing in the cellulose acetobutyrate matrix a combination of a metal-containing
organic dye and an azo dye derived from thiophene or furan were prepared, and their lightfastness was studied.

Polymeric film color filters are widely used in
modern optical devices and well compete with glass
filters, being light, elastic, convenient in service, and
cheap. However, in the lightfastness they are inferior
to glass filters prepared, as a rule, using inorganic
salts and metal oxides. Therefore, one of major prob-
lems in development of film color filters is the choice
of the most lightfast dye formulations. In this case,
either available dyes with a high lightfastness are
used, which is not always possible, or dyes enhancing
the lightfastness of each other are combined.

Yellow-orange dyes are used in color filters most
widely, both as absorbing agents in cutting filters and
as additives to blue, green, and red dyes for suppres-
sing [parasitic] transmission in the blue range. Such
dyes include monoazo dyes derived from five-mem-
bered heterorings: pyrazole, thiophene, furan, etc. The
lightfastness of these dyes, taken separately, in various
polymeric matrices and their photodecomposition in
binary mixtures with triphenylmethane, anthraquinone,
and azo (derived from benzene) dyes were studied
previously [134]. In this work, we studied mixtures of
monoazo dyes of the thiophene and furan series with
metal-containing green and green-blue dyes.

Among numerous azo dyes of the thiophene and
furan series, we chose anthranilic acid and m-xylidine
derivatives I3IV as the most and the least lightfast
dyes, respectively [1, 2], and among hydrophobic
metal-containing dyes, Alcohol-Soluble Blue Z (C.I.
74 350) (V) and iron complexes of 1-nitroso-2-naph-
thol (VI), 1,2-naphthylenediamine (VII), and 1,2-
anthracenediamine (VIII):
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Color filters were prepared on the cellulose aceto-
butyrate base (film thickness 0.15 mm). To obtain the
required spectral characteristic, we studied the spectra
of the dyes in the solvent (chloroform : acetone, 85 :
15 by volume) and calculated the required concentra-
tions of the dyes in the film, taking into account the
thicknesses of the cell and film. We prepared 8 films
with individual dyes I3VIII and 16 films with combi-
nations of one of dyes I3IV with one of dyes V3VIII.

The lightfastness of dyes in films containing indi-
vidual dyes and their combinations was studied in
an installation for accelerated photochemical aging.
Samples were irradiated with a xenon lamp whose
spectrum is the most similar to the spectrum of solar
light. The total irradiation time was 10 h; during this
period, we monitored photochemical degradation of
dyes by recording at regular intervals (15 and 30 min;
1, 2, 3, ..., 10 h) the electronic absorption spectra of
the film against the colorless cellulose acetobutyrate
film sample irradiated under the same conditions.

As analytical wavelength we chose lmax of the dye
absorption. In films with binary dye formulations, we
first measured the optical density at the analytical
wavelength of the metal-containing dye and then cal-
culated the optical density originating from the hetero-
cyclic azo dyes as the difference between the meas-
ured optical density at the analytical wavelength of
the yellow component and the optical density at the
same wavelength, generated by the metal-containing
dye. Then we calculated separately the degrees of
photodegradation (PD, %) of the yellow (azo dyes
derived from thiophene and furan) and blue-green
(metal-containing dyes) components:

D0 3 Dt
PD = ÄÄÄÄÄÄÄ0100%,

D0

where D0 is the optical density of the nonirradiated
sample at the analytical wavelength and Dt is the opti-
cal density at the same wavelength after irradiation for
time t.

Data on photodegradation of films containing indi-
vidual dyes and their binary mixtures were analyzed
to reveal the effect of the dyes on the lightfastness of
each other. For this purpose, we determined the differ-
ence DPD in photodegradation of the dye in the indi-
vidual (PDi) film and binary formulation (PDf):

DPD = PDi 3 PDf.

Photodegradation of individual yellow monoazo
dyes derived from thiophene and furan was studied

Table 1. Photodegradation of azo dyes I3IV in cellulose
acetobutyrate films using mixtures of dyes I3IV with
metal-containing dyes V3VIII (irradiation for 1 h)
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ

Dye
³ PD ³ DPD
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ %

ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ
I + V ³ 21.1 ³ +2.9
I + VI ³ 17.3 ³ +6.7
I + VII ³ 16.0 ³ +8.0
I + VIII ³ 20.2 ³ +3.8

³ ³II + V ³ 92.0 ³ 33.0
II + VI ³ 16.2 ³ +72.8
II + VII ³ 29.9 ³ +59.1
II + VIII ³ 42.1 ³ +46.9

³ ³III + V ³ 12.8 ³ +2.2
III + VI ³ 16.0 ³ 31.0
III + VII ³ 3.0 ³ +12.0
III + VIII ³ 8.1 ³ +6.9

³ ³IV + V ³ 62.0 ³ +8.0
IV + VI ³ 7.8 ³ +62.2
IV + VII ³ 52.1 ³ +17.9
IV + VIII ³ 60.3 ³ +9.7
ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ

previously [4]. Data on the photodegradation of dyes
after irradiation for 1 h are compared in Tables 1
and 2. This irradiation time allows comparison of our
data on the metal-containing dyes with available data
for other dyes [234].

These data allow the following conclusions.

(1) The lightfastness of azo dyes derived from
thiophene and furan, as a rule, increases when these
dyes are used in combination with metal-containing
organic dyes. The effect of metal-containing dyes is
more pronounced with less lightfast dyes derived from
m-xylidine. The lightfastness of dyes derived from
anthranilic acid, which are more resistant to photo-
chemical degradation, increases also but to a lesser
extent. It is advisable to use dyes based on m-xylidine
in combination with VI, and dyes based on anthranilic
acid, in combination with VII.

(2) Metal-containing organic dyes V3VIII, when
taken separately, exhibit considerably higher lightfast-
ness than heterocyclic dyes; when used in combina-
tion with azo dyes, dyes V3VIII exhibit either the
same (dye V) or still higher lightfastness. It is interest-
ing that this variation of the lightfastness is indepen-
dent of the structure of the azo dye added (Table 2).
Most probably, this is due to the fact that all the met-
al-containing dyes studied degrade photochemically
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Table 2. Photochemical degradation of metal-containing
dyes V3VIII in acetobutyrate films containing individual
dyes V3VIII and their binary mixtures with azo dyes I3IV
(irradiation for 1 h)
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ

Dye
³ PD ³ DPD
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ %

ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ
V ³ 1.3 ³
VI ³ 2.0 ³
VII ³ 4.0 ³
VIII ³ 7.5 ³

³ ³V + I ³ 2.8 ³ 31.5
V + II ³ 1.9 ³ 30.6
V + III ³ 1.5 ³ 30.2
V + IV ³ 0.9 ³ + 0.4

³ ³VI + I ³ 1.4 ³ + 0.6
VI + II ³ 0.2 ³ + 1.8
VI + III ³ 0.2 ³ + 1.8
VI + IV ³ 0.3 ³ + 1.7

³ ³VII + I ³ 5.5 ³ 31.5
VII + II ³ 2.5 ³ + 1.5
VII + III ³ 2.5 ³ + 1.5
VII + IV ³ 2.5 ³ + 1.5

³ ³VIII + I ³ 0.5 ³ + 7.0
VIII + II ³ 0.9 ³ + 6.6
VIII + III ³ 0.7 ³ + 6.8
VIII + IV ³ 0.6 ³ + 6.9
ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ

by the reductive mechanism and, being oxidants,
stabilize azo dyes [2]. Also, in the case of iron qui-
nonimine complexes VII and VIII, heterocyclic azo
dyes, probably, additionally coordinate with the iron
atom, which stabilizes both dyes.

Thus, binary mixtures of heterocyclic azo dyes and
metal-containing organic dyes are good absorbing
agents for polymeric film color filters, since they
enhance the lightfastness of each other. In preparing a
filter with required spectral characteristics, it is always
possible to choose a pair of dyes ensuring the maxi-
mal lightfastness of the filter.

EXPERIMENTAL

Heterocyclic monoazo dyes were prepared by pro-
cedures described in [1], and dyes VI3VIII, according
to [537]. Commercially produced Alcohol-Soluble
Blue Z dye (Blue for Nitrolacquer) was purified by
column chromatography on silica gel, eluent ethanol.

Polymeric film color filters on cellulose acetobuty-
rate base were prepared by casting the polymeric for-
mulations containing appropriate dyes onto polished

glass with a restricting frame determining the filter
size [4].

The lightfastness of color filters in the polymeric
matrix was studied in a Standard Xenon Long-Life
Fade Meter XFL-1 installation for accelerated photo-
chemical aging [2]. The progress of photodegradation
was monotored spectrophotometrically at the analyti-
cal wavelength with an SF-16 spectrophotometer. The
spectra were recorded against a colorless acetobutyrate
film irradiated under the same conditions.

CONCLUSION

To obtain lightfast band color filters on polymeric
film base, it is advisable to attain the required spectral
characteristic by using metal-containing hydrophobic
green-blue dyes in combination with monoazo dyes
derived from thiophene and furan.
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Abstract-Diffusion3reduction interaction between microcrystalline cellulose and aqueous solution of AgNO3
was studied in the absence (taking into account the reducing properties of cellulose) and in the presence
of specific reductants. The resulting intercalates of cellulose and zero-valent silver were examined by raster
and transmission electron microscopy. The morphological changes in cellulose after intercalation of silver
nanoclusters as well as the nanocluster size distribution in the cellulose matrix were characterized.

Electron microscopy is widely used to study the
structure of natural materials such as wood and cellu-
lose [1]. Cellulose interaction with various agents
starts under heterogeneous conditions on its surface
and causes changes in the chemical structure of cellu-
lose and/or in the supramolecular structure of cellular
membranes. This leads subsequently to structural
modification of the entire fiber [2].

Our recent studies concerned preparation and prop-
erties of new metal-containing derivatives of micro-
crystalline cellulose (MCC) [337]. Examination by
raster electron microscopy (REM) showed that the
cellulose morphology substantially changed when its
sodium, potassium, and lithium derivatives were
obtained [3, 4]. REM examination also clearly dem-
onstrated that intercalation of clusters of zero-valent
metals (silver, platinum, palladium) into the cellu-
lose matrix also led to changes in the cellulose mor-
phology. The intercalation procedure affects the
cluster distribution on the fiber surface. The use of
transmission electron microscopy (TEM), a direct
method making it possible to observe the inner fiber
structure, allowed evaluation of the size and distribu-
tion of nanosize clusters not only on the sample sur-
face but also in the bulk [5, 6].

It has been shown [7] that, in cellulose samples
containing silver clusters obtained by various meth-
ods, the silver content on the surface [data of X-ray
photoelectron spectroscopy (XPS)] appreciably ex-
ceeds that in the bulk [data of elemental and X-ray

fluorescence analysis (XFA)]. After intercalation, the
chemical composition of samples changes, with the
decrease in the carbon content corresponding to in-
crease in the silver content.

In this work, using REM and TEM, we made a
comparative study of the initial MCC and the MCC
samples containing silver nanoclusters (cellulose3Ag),
with the aim to elucidate in detail the changes in the
cellulose fiber morphology upon intercalation of silver
clusters and to characterizate the cluster size and size
distribution in the fiber bulk.

EXPERIMENTAL

Raster electron microscopy. Micrographs were
obtained with a Leitz/AMR 1200B raster electron mi-
croscope at 15 kV. The samples were placed in a
special chamber on aluminum supports coated with
carbon and were subjected to spraying in an argon
atmosphere using a gold3palladium target. Raster
microscopy was carried out in combination with
energy dispersive X-ray spectral analysis, which was
performed with the same microscope equipped with
a Kevex 7000 X-ray spectrometer. For this analysis,
the samples placed on carbon-coated aluminum sup-
ports were used without spraying. The electron beam
was focused on the chosen object or point, and meas-
urements were carried out at different magnifications
at 25 kV for 300 s.

Transmission electron microscopy. Samples of
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Table 1. Some characteristics of cellulose3Ag samples containing silver nanoclusters
ÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Sam- ³

Reductant
³

Reduction conditions
³

Sample color
³

Silver cluster size
³ Silver content, wt %

³ ³ ³ ³ ÃÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄple
³ ³ ³ ³ ³in bulk (XFA)³on the surface (XPS)no.* ³ ³ ³ ³ ³ ³

ÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
1 ³ 3 ³ 3 ³White ³ 3 ³ 3 ³ 3

2 ³Cellulose ³903100oC ³Yellow ³Small; Ag33Ag11 ³ 0.6 ³ <1.0
3 ³" ³NH3 .H2O, 70oC ³Reddish-brown³Small, Ag33Ag11; ³ 0.6 ³ 1.5

³ ³ ³ ³Ag1000 ³ ³
4 ³" ³Cellulose heating ³Yellow ³Small; Ag33Ag11 ³ 1.3 ³ 1.2

³ ³at 250oC ³ ³ ³ ³
5 ³" ³Glycerol, NH3 .H2O ³Reddish-brown³Small, big; ³ 6.1 ³ 12.6

³ ³ ³ ³Ag33Ag11; Ag1000 ³ ³
6 ³" ³1,10-Phenanthroline, ³Grey-green ³Giant; Ag > 5000 ³ 3.0 ³ 4.1

³ ³glycerol, NaHCO3, ³ ³ ³ ³
³ ³90oC ³ ³ ³ ³

7 ³NaBH4 ³90oC ³Yellow ³Small; Ag33Ag11 ³ 5.3 ³ 2.2
8 ³" ³(repeated treatment) ³Grey-brown ³Giant; Ag > 1000 ³ 6.2 ³ 2.6
9 ³KH2PO2, ³90oC ³Grey ³Giant; Ag > 10 000 ³ 7.6 ³ 16.5

³H3PO4 ³ ³ ³ ³ ³
10 ³Hydroqui- ³ ³" ³" ³ 3.4 ³ 1.3

³none ³ ³ ³ ³ ³
11 ³NaBH4 ³ ³" ³Giant ³ ³

ÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
* no. 1, initial MCC; nos. 2-10, cellulose-Ag samples; no. 11, Ag0 sample.

MCC and cellulose3Ag intercalates were dried with
water3ethanol mixtures with increasing content of
ethanol. Then they were placed in a standard spurr
epoxy resin and heated at 70oC. Ultrathin sections
were placed on carbon-coated nets and examined with
a Zeiss EM 10C transmission electron microscope
equipped with an amplifier at 80 kV.

Some characteristics of cellulose3Ag samples are
listed in Table 1. The morphological structure of
MCC obtained from cotton cellulose (CC) somewhat
differs from that of the initial CC. Thus, the main
structural element of CC is a fiber having the shape of
a strongly twisted ribbon [8]. The main structural
element in its inner part is the primary wall. Cellulose
of this wall forms thin fibrils visible under the polariz-
ing microscope or after dyeing with certain dyes.

(a) (b)

Fig. 1. REM micrographs of MCC sample (sample no. 1):
(a) general fiber view, magnification 5000; (b) butt part,
magnification 3000.

Fibers located in the primary wall form a typical sur-
face relief with a helical fibrillar structure. This relief
is retained in MCC (Figs. 1a, 1b, sample no. 1) and
can be clearly seen at high magnification. Fibers 103
20 mm in diameter form long flexible bands. At low
magnification, MCC bands have the shape of short
rodlike particles tending to aggregate.

When MCC is obtained by mild acid hydrolysis of
natural cellulose, its main part (over 90 wt %) does
not dissolve in the hydrolyzing mixture, and the unit
cell of crystalline cellulose is neither destroyed nor
changed [9]. The surface relief of cellulose probably
changes after its hydrolysis and subsequent drying,
leading sometimes to fibril aggregation. However, the
fibers themselves look swollen and porous, which is
especially pronounced in their inner craters (Fig. 1b).

Silver intercalation into the cellulose matrix pro-
ceeds in two stages [5]: diffusion of the aqua complex
[Ag(H2O)2]+ into the cellulose matrix and reduction
of silver ions to zero oxidation state. These stages
mostly occur simultaneously. Cellulose itself exhibits
reducing properties because of the presence of ter-
minal aldehyde groups. Therefore, ionic silver can be
reduced to zero-valence state without adding specific
reductants. Sample no. 2 obtained in this way contains
a very small amount of Ag0. Nevertheless, it is suf-
ficient to change markedly its morphological structure
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as compared to that of the initial cellulose. Large
cracks appear on the fiber surface and on butt ends.
Inner voids swell and become deeper, and large pores
with the diameter ranging from 0.1 to 1.0 mm can be
observed inside the fiber (Fig. 2a).

The reaction medium strongly influences the reduc-
ing power of cellulose. Sample no. 3 obtained in
aqueous ammonia contains more Ag0 on the fiber sur-
face than sample no. 2. However, the amount of Ag0

is still small and cannot be visualized by electron-
microscopic examination.

Temperature also exerts a pronounced effect on the
redox reaction of cellulose with Ag(I). The reducing
power of cellulose increases after its preliminary heat-
ing at high temperatures. Cellulose heating at 250oC
(sample no. 4) (Fig. 2b) increases the amount of Ag0

but considerably alters the morphological structure,
which is due to degradation of inner layers of MCC
fibers. Fibers degrade in the transverse direction.
Many small fibers appear and their shape changes:
the length-to-width ratio is close to unity (Fig. 2b).

At combined effect of elevated temperatures and
complexing medium, the effect of Ag+ reduction with
the cellulose matrix becomes still more pronounced.
For example, the Ag0 content on the surface of a sam-
ple obtained in aqueous glycerol medium at heating to
high temperatures is 12.5 wt %, and that in the bulk
is 6.1 wt % (sample no. 5). Aggregations of light-
colored particles located on the MCC fiber surface
(Figs. 3a33c) are agglomerates of giant silver clusters.
The cluster distribution on the surface where their
concentration is high is irregular (Fig. 3a). The pres-
ence of voids and a large number of thin pores in butt
fiber parts (with the diameter ranging from 0.02 to
0.2 mm) suggests that specifically these voids and
pores facilitate penetration of reagents inside the
fibers (Fig. 3b). The energy-dispersive X-ray analysis
of the sample confirms the presence of silver in fibers
(Fig. 3c) [7]. Silver clusters are strongly bound to the
fiber surface. Their amount does not decrease after
repeated washing with hot water. Silver agglomerates
formed on the surface of MCC fibers during reduction
were compared with the surface of a model sample
of metallic silver powder obtained by reduction of
AgNO3 with sodium borohydride NaBH4 (in the
absence of cellulose) (sample no. 11, Fig. 3d). This
comparison shows that they belong to different mor-
phological types and the morphological elements on
the surface of silver powder in the model sample are
much larger than those in sample no. 5.

If the reaction takes place in aqueous glycerol me-
dium in the presence of 1,10-phenanthroline (a com-

(a) (b)

Fig. 2. REM micrographs of cellulose3Ag samples: (a) sam-
ple no. 2, magnification 2800; (b) sample no. 4, magnifica-
tion 3000.

(a) (b)

(c) (d)

(e) (f)

Fig. 3. (a3c) REM and (e, f) TEM micrographs of cellu-
lose3Ag sample no. 5 and (d) sample no. 11 (metallic silver
powder): (a) general fiber view, magnification 2000;
(b) butt part, magnification 5000; (c) energy-dispersive
X-ray analysis of silver particle distribution on the fiber
surface; (d) magnification 5000; (e) fiber cross section,
magnification 60 000; and (f) longitudinal fiber cross sec-
tion, magnification 14 400.

peting ligand), giant silver clusters are obtained in
sample no. 6 (Figs. 4a and 4b). Their concentration
on the surface of MCC fibers is 4.1 wt %, and that in
the bulk is 3.0 wt %. Globular silver particles and
large silver agglomerates can be seen (Fig. 4a). They
are strongly bound to the fiber and are not removed
from the surface even after washing with hot water.
Considerable additional fiber splitting is observed
(Fig. 4b), and a system of pores 0.230.6 mm in diam-
eter appears inside the fibers (Fig. 4b, lower right
corner).
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Table 2. Characteristics of silver clusters [10312]
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Sample color
³ Plasmon line in the diffuse ³ Number x of silver atoms ³

Cluster size³ reflection spectrum, l, nm ³ in clusters Agx ³
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Yellow ³ 4403480 ³ 3311 ³Small
Reddish-brown ³ 4803490 ³ 11322; 1000 ³Small; giant
Red ³ 4903500 ³ 3000 ³Giant
Purple-red ³ 5003580 ³ 5000 ³"
Green ³ 5903605 ³ 5000310 000 ³"
Grey ³ 3 ³ > 10 000 ³Giant; colloidal particles
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

The amount of reduced silver and the size of the
resulting silver clusters in the cellulose matrix strong-
ly depend not only on the reductant type, reaction
temperature, and reaction medium but also on the
procedures of sample washing and subsequent drying.
Some published data on the relationship between the
number x of silver atoms in Agx clusters, on the one
hand, and sample color and wavelength l in the dif-
fuse reflection spectrum of silver clusters [10312],

(a) (b)

(c)

Fig. 4. (a, b) REM and (c) TEM micrographs of cellulose3
Ag sample no. 6: (a) general fiber view, magnification
5000; (b) view of degraded fiber part, magnification 5000;
in the lower right corner, sample part with a system of
pores 0.230.6 mm in diameter, magnification 6000;
(c) transverse cross section, magnification 30 000.

(a) (b)

Fig. 5. REM micrographs of cellulose3Ag sample no. 8.
Magnification: (a) 2900 and (b) 1600.

on the other hand, are given in Table 2. These data, in
combination with the results listed in Table 1, suggest
that intercalation results in formation of giant silver
clusters as major silver species in the cellulose matrix.
Moreover, the color of many samples after reduction
corresponds to that of small silver clusters, but after
drying the samples become darker. Cluster growth is
evidently initiated by the temperature effect during
sample drying. For example, sample no. 2 having
a low silver content is yellow immediately after reduc-
tion but becomes grayish-green after drying. In other
words, the resulting sample contains a mixture of
silver clusters of different size ranging from very
small to giant.

The use of specific reductants gives MCC samples
with a high Ag0 content both on the fiber surface and
in the bulk. The largest amount of reduced silver
in cellulose samples was obtained with NaBH4 or
KH2PO2 used as reductants.

With NaBH4, only small silver clusters were ob-
tained in the cellulose matrix (Table 1, sample no. 7).
The amount of intercalated silver attains 4.9 (ele-
mental analysis) or 5.3 wt % (XFA). Repeated reduc-
tion with NaBH4 leads to additional growth of silver
clusters and to the appearance of large cluster ag-
glomerates on the surface (Fig. 5a, sample no. 8). The
sample surface and fiber ends swell, and fibers addi-
tionally degrade. The cracks and breaks formed are
parallel to fibril direction (Fig. 5b).

When KH2PO2 was used as a reductant, a sample
with a high silver content on the surface (16.5 wt %)
was obtained (Fig. 6a, sample no. 9). Giant silver
clusters were formed. A strong destructive effect
was detected on butt ends of greatly swollen fibers
(Fig. 6b). The inner surfaces of voids also markedly
swell and stick together. This probably prevents pene-
tration of reagents inside the fibers. Helical fibers also
appear. A similar effect has already been observed
in cotton fluff nitration [2].
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With hydroquinone as reductant, 3.4 wt % of
Ag0 with the average silver content of 300 atoms per
cluster is intercalated into the cellulose matrix in
the first stage (sample no. 10) [7]. As the reduction
proceeds further, cluster continues to grow, with its
size reaching 1000 and more atoms. When the reac-
tion is complete, subsequent cooling and drying
lead to the closure of butt end passages (Fig. 7a).
Silver clusters are weakly bound to the fiber surface.
Thorough washing causes their complete removal.
The surface relief (Fig. 7b) resembles that of the cellu-
lose sample subjected to thermal treatment. Regular
crack distribution after silver removal probably indi-
cates that clusters (before their removal) were regular-
ly distributed in fibers. The distance between cracks is
a multiple of 10, being mainly 10 or 20 mm. These
data confirm previous results, which indicate that cel-
lulose fibers contain periodical structural elements
formed by a fibrillar ribbon twisted in a helix [13].
A similar pattern, as indicated by REM, is observed
in cellulose nitration [2].

When viewed under a transmission electron mi-
croscope, fibers of the initial MCC have a shape of
cross sections. The presence of Ag0 clusters in fibers
of cellulose3Ag intercalates was first visualized by us
using TEM (Figs. 3e, 3f, 4c, 6c).

The micrographs of sample no. 5 (Figs. 3e, 3f)
show spherical silver particles distributed relatively
regularly in the sample bulk. This distribution is re-
tained regardless of the method of fiber preparation
for microscopic examination (Fig. 3e, fiber section
transverse to its axis; Fig. 3f, fiber section along the
axis). Large agglomerates of silver clusters are also
located on the fiber surface. These conclusions agree
with data obtained by REM and XPS. The histogram
of numerical size distribution of silver clusters ob-
tained by statistical processing of micrographs has a
single maximum, i.e., the distribution is unimodal
(Fig. 8). The calculation based on the histogram of
the root-mean-square diameter distribution of silver
clusters ds shows that most of the clusters have the
diameter less than 30 nm. The area occupied by silver
clusters in the fiber section is about 4% of the total
section area. It was established that the cluster distri-
bution in these fibers exhibits certain regularity. The
greatest number of clusters is on the surface. With
increasing distance from the surface, it gradually
decreases, with this decrease being described by a
hyperbolic function.

Figure 4c shows the transverse section of fiber
of sample no. 6. In contrast to sample no. 5, the distri-
bution of silver clusters is irregular and bimodal

(a) (b)

(c)

Fig. 6. (a, b) REM and (c) TEM micrographs of cellulose3
Ag sample no. 9. Magnification: (a) 3000, (b) 2000, and
(c) 60000.

(a) (b)

Fig. 7. REM micrographs of cellulose3Ag sample no. 10.
Magnification: (a) 1600 and (b) 2600.

, nm
Fig. 8. Histogram of numerical silver cluster size distribu-
tion in a cellulose3Ag sample (no. 5) according to TEM
data: (n) number of nanoclusters and (d) their diameter;
the same for Fig. 9.

with the maxima corresponding to ds 10 and 60 nm
(Fig. 9). The silver content in the fiber bulk is smaller
than in sample no. 5, which agrees with analytical
data. The area occupied by silver clusters is 1.5% of
the total cross-sectional area.
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(a)

d, nm

(b)

d, nm

Fig. 9. Histograms of numerical silver cluster size distribu-
tion in cellulose3Ag samples according to TEM data.
Sample no.: (a) 6 and (b) 9. For designations, see Fig. 8.

Silver clusters in sample N 9 (Fig. 6c) are large and
are also concentrated both on the surface (16.5 wt %)
and in the fiber bulk (7.6 wt %). In some places on
the surface they form giant agglomerates. The cluster
distribution is unimodal. However, it is not so regular
as that in sample no. 5 (Fig. 8), and the average
cluster size is 1.532.0 times greater (Fig. 9b). The ds
value for the maximum number of clusters is 483
58 nm. The area occupied by them in the fiber cross
section is 5.1% of the total cross-sectional area.

Thus, the observed silver clusters in the samples
have different sizes but can be characterized as nano-
clusters. Note that the resolution of the transmission
microscope used in this study does not allow observa-
tion of clusters smaller than 1 nm. Smaller clusters
probably also exist in the samples. However, it may
be assumed that the histograms reflect the real distri-
bution patterns.

It should be emphasized that the use of high-resolu-
tion TEM allowed the first observation of intercalated
silver nanoclusters directly in the cellulose matrix
bulk and the characterization of their size and size
distribution. The use of mutually complementing
REM and TEM methods also furnished detailed in-
formation about changes in the MCC morphology ac-
companying intercalation of silver clusters. The main
changes are observed on the surface of MCC fibers,

because diffusion of reagents and reduction of silver
ions occur under heterogeneous conditions. Thus,
on the surface the texture changes: fibrils become
disordered, reconstructed, and in some cases the
surface becomes completely smooth. In many cases
fibers become curved and twisted. Moreover, REM
examination furnished additional information about
inner fiber layers. Intercalation leads to the degrada-
tion of these layers, making the inner surface open.
The butt ends of fibers are often open for observation,
and thin pores appearing as a result of chemical proc-
esses can be seen.

CONCLUSIONS

(1) The diffusion3reduction interaction of micro-
crystalline cellulose with aqueous AgNO3 solutions
directly in the cellulose matrix and in the presence of
NaBH4 and KH2PO2 reductants was studied by REM
and TEM, which allowed visualization of intercalation
of zero-valent silver nanoclusters into the cellulose
matrix.

(2) Morphological changes in cellulose both on the
fiber surface (fibril disordering and crack formation)
and in the inner layers (distribution of inner voids
and appearance of a pore system) were compared and
characterized.

(3) Nanocluster sizes and their distribution in the
matrix were characterized; it was shown that these
parameters depend on the reduction conditions and
on particular reductant.
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Abstract-IR and X-ray photoelectron spectra of the products of chemical carbonization of polyvinylidene
fluoride were recorded and discussed.

Synthesis of high-quality carbyne which is a uni-
dimensional modification of carbon is an urgent prob-
lem. These are several chemical methods for preparing
carbynoid materials1 in the form of powders, fibers, or
films [1]. One of the simplest procedures for prepar-
ing carbynoid materials is chemical dehydrohalogena-
tion of some halogen-containing polymers [1]. To
determine the prospects for practical application of
carbynoids, their structural stability and properties
should be studied.

In this work the dehydrofluorination products of
polyvinylidene fluoride (PVDF) films were studied
by IR and X-ray photoelectron (XPE) spectroscopy.
We studied two sample series chemically treated
under different conditions. The first series was ob-
tained by treatment of the initial PVDF films at room
temperature for a time from 2 min to 2 h with a mix-
ture of a saturated ethanolic solution of potassium
hydroxide (20%) and acetone in a 1 : 9 volume ratio.
The samples of the second series were treated for a
time from 10 min to 16 h with a mixture of saturated
ethanolic solution of potassium hydroxide and tetra-
hydrofuran (THF) in a 2 : 3 ratio. Then the samples
were successively washed with ethanol, acetone, and
water. No additional treatment was performed.

The IR absorption spectra were recorded in the
range 40034000 cm31 at room temperature on a
ÄÄÄÄÄÄÄÄÄÄÄÄ

1 Carbynoids are carbon macromolecular compounds having
mainly chain structure and containing carbyne [polyyne
or(and) cumulene] fragments along with defective liner carbon
chains [interchain cross-linking, heteroatom substituents
(atoms and groups), etc.].

double-beam Specord 75-IR spectrometer. The stan-
dard spectrometer error in the ranges 40032000 and
200034000 cm31 is +1 and +2 cm31, respectively.
The shapes of the spectra are well reproduced. In the
far IR region (40031200 cm31), we failed to record
the IR spectra owing to strong absorption of C3F
bond at the film thickness of about 0.1 mm.

The X-ray photoelectron spectra were recorded on
an ES IFM-4 spectrometer [2]. Two coaxial cylindri-
cal coils producing magnetic filed with required con-
figuration along the photoelectron beam were used as
the energy analyzer. The transmission energy was
320 eV. The residual pressure in the vacuum chamber
was no higher than 1039 mm Hg. Photoelectrons
(E 1486.6 eV) were excited with AlKa1, 2

radiation.

The IR spectra of the partially dehydrofluorinated
PVDF films of the first series are shown in Fig. 1,
and those of the initial PVDF film and the films of
the second series, in Fig. 2. The shape of the spectra
in the 150034000 cm31 range strongly depends
on the treatment time, with the spectral transforma-
tions being more pronounced after prolonged dehydro-
fluorination. This may be due to a change in the con-
centration of the double carbon3carbon bonds (15003
1800 cm31) [1, 3], water molecules (1700, 3400 cm31)
[4], CH bonds (290033100 cm31) [3], hydroxy groups
(300033700 cm31) [5, 6], and HF molecules (30003
4000 cm31) [5]. In addition, the absorption in the
range 220033700 cm31 increases after the treatment.

The fact that the band in the range 150031800 cm31

grows with the treatment time is likely due to an in-
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crease in the number of conjugated double carbon3
carbon bonds [1]. A weak band at 1720 cm31 in the
spectra of all the films indicates the presence of car-
bonyl groups in small amounts [3, 4]. This band ap-
pears as a shoulder on the main band in the range
150031800 cm31 and does not contribute to the in-
tensity of this band. Probably, the carbonyl groups
were formed in the course of film preparation by heat-
ing of a PVDF solution in DMF on a support [7].
These groups can behave as local initiators of dehy-
drofluorination [7].

It should be noted that water molecules can con-
tribute to the absorption in this range. At first glance,
this is indicated by a strong increase in the absorption
in the 320033700 cm31 range with the treatment time.
However, the increase in the intensity of the band in
the range 150031800 cm31 does not correlate with
that of the band in the range 320033700 cm31: the
maximal growth of the first band is observed in the
first dehydrofluorination steps when the intensity of
the second band remains virtually the same. Thus, the
absorption of water molecules in the first examined
range is negligible.

The absence of the band at 2175 cm31 indicates
the absence of triple carbon3carbon bonds in the films
[3]. The presence of double bonds and the absence of
triple bonds in the films would indicate formation of
3(3CH=CF3)n3 intermediate in the first dehydrofluo-
rination step. Finally, in this step the hydrogen and
fluorine concentrations decrease approximately by half
as compared to those in the initial film. Hence, the
fluorine content in these films should not be lower
than a half of the carbon content. To confirm this as-
sumption, we studied the XPE spectra in a wide range
of binding energies for the samples of the first and the
second series treated for 2 and 16 h, respectively.
The spectra were recorded 2 months after dehydro-
fluorination. In both cases, fluorine and oxygen were
detected, along with carbon, on the sample surface.
The fluorine and oxygen concentrations were deter-
mined relative to the carbon concentration by the con-
ventional procedure [8] taking into account the photo-
ionization cross sections, sample thickness, and trans-
mission function of the spectrometer. The oxygen
content in the samples was about 20 and 16 at. %,
respectively. The fluorine content (23 and 28 at. %,
respectively) was appreciably lower than the expected
values. Probably, this fact does not prove formation of
exclusively the cumulene structure after the treatment
and may be a result of a lower fluorine concentration
in the surface layer as compared to the deeper layers
inaccessible for XPE analysis. At the same time, the
absence of triple carbon3carbon bonds may be due to

n, cm31

Fig. 1. IR spectra of PVDF films dehydrofluorinated for
(1) 2, (2) 8, (3) 25, and (4) 45 min (first series). (I0) Ab-
sorption and (n) wave number; the same for Fig. 2.

n, cm31

Fig. 2. IR spectra of (1`) the initial PVDF film and the
products of its dehydrofluorination for (1) 10, (2) 60, and
(3) 100 min (second series).

strong interchain cross-linking and oxidative de-
gradation of carbynoid fragments (both polyyne and
cumulene) on storage:
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This assumption is confirmed by the fact that the
films lose flexibility and are destroyed on prolonged
storage.

The XPE spectra of the films were repeatedly re-
corded 7.5 years after their treatment. We failed to
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E, eV

Fig. 3. XPE spectra (range of carbon inner electron shell)
of a carbynoid film of the second series dehydrofluorinated
for 16 h, recorded in (1) 1994 and (2) 2001. (I) Intensity
and (E) binding energy.

record the spectra of the first film since it completely
degraded to a fine powder. The second film was
broken down into large fragments which were glued
without gaps on an adhesive tape. When the spectra
were recorded (~335 min), the relative oxygen and
fluorine concentrations monotonically decreased from
22 to 14 and from 9.4 to 6.4%, respectively. Thus,
during storage of the samples, the oxygen content in-
creased and the fluorine content appreciably de-
creased. Furthermore, the film was defluorinated when
the XPE spectra were recorded. Defluorination of the
samples stored for 7.5 years is also confirmed by a
change in the shape of the C1s band (Fig. 3): the
intensity of the shoulder assigned to the inner electron
shell of the carbon atom of the CF2 groups appreci-
ably decreased.

Defluorination of the initial [9] and dehydrofluo-
rinated PVDF films [10] exposed to X-ray radiation
was observed previously. We also found that the fluo-
rine content in the surface layer of dehydrofluorinated
PVDF films increased during prolonged storage of the
samples, which was due to spontaneous elimination of
hydrogen fluoride from labile groups and its diffusion
from the bulk of the sample to its surface. We failed
to quantitatively characterize this process by the ele-
mental composition of the surface layer due to desorp-
tion of HF from the sample. We suggest that the sur-
face fluorine concentration in the samples dehydro-
fluorinated to a small extent, i.e., with a high initial
fluorine content in the surface layer, will decrease on
prolonged storage. On the contrary, since chemical
carbonization develops in the direction from the sur-
face to the bulk of the sample, prolonged fluorine dif-
fusion form the bulk to the surface of strongly dehy-
drofluorinated samples can increase (as compared to

the fluorine concentration measured immediately after
the synthesis) the fluorine concentration in the surface
layer accessible for XPE analysis.

Two bands in the 290033100 cm31 range of the
spectra shown in Figs. 1 and 2 and three closely
located bands in this range in the spectra of strongly
carbonized samples are assigned to stretching vibra-
tions of the CH bonds. The intensity of the CH bands
of the samples of both series, dehydrofluorinated
for a short time, is slightly higher than that of the ini-
tial film. As the decarbonization time increases, the
intensity of this band changes nonmonotonically. In
the first series, the overall trend toward a decrease is
more pronounced than in the second series. The non-
monotonic decrease is due to the fact that the contri-
bution of side reactions of nucleophilic substitution of
halide anions with ethoxy anions to the total dehydro-
fluorination changes in the course of the process.
When dehydrofluorination of PVDF film is activated
with acetone, the contribution of these reactions is
lower than in the case when THF is used for this
purpose.

The absorption in the range 220033700 cm31 also
depends on the dehydrohalogenation time and proce-
dure. We divided this range into regions S1 (22003
2800 cm31) and S2 (320033700 cm31). Bellamy [6]
assigned the absorption in the first range to vibrations
of hydroxy groups bonded by strong hydrogen bonds.
The bands in the second region were assigned to the
stretching vibrations of OH groups [4]. The formation
of H-bonded hydroxy groups can be semiquantitative-
ly estimated from the ratio of the peak areas in the
first and the second regions (S1 /S2). The most reliable
measurements of these areas can be performed for the
highly dehydrofluorinated samples (first series, dehy-
drofluorination time 15360 min). In this case, S1 /S2 is
almost constant and close to 0.6. This probably indi-
cates that the content of OH groups bonded by strong
hydrogen bonds is appreciable and constant. This as-
sumption is correct at least for the samples dehy-
drofluorinated for a long time.

Formation, accumulation, and transformation of
hydroxy groups is one of the main features of PVDF
dehydrofluorination and aging of the reaction prod-
ucts. Nucleophilic substitution of fluorine atoms with
hydroxy groups occurs most readily in allyl fragments
owing to the effect of allyl activation [11]. This reac-
tion yields reactive hydroxyallyl groups II. On storage
of the samples, these groups degrade to form HF and
carbonyl groups:
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Since atmospheric oxygen has virtually no effect of
PVDF dehydrofluorination [3], in the course of the
alkali treatment, oxygen-containing groups are formed
mainly by the nucleophilic substitution pathway. Sec-
ondary transformation of hydroxy groups contribute
mainly to the accumulation of carbonyl groups in
the course of sample storage. Thus, transformation of
the broad band in the range 220033700 cm31 on stor-
age of the dehydrofluorinated samples may be due to
multistage process involving oxidation, hydrolysis,
isomerization, and(or) tautomerization. In addition, as
the carbynoid structure is formed, the absorption
due to free and localized electrons can appear. To
confirm this assumption, special studies in a wide
spectral range are required.

CONCLUSIONS

(1) Dehydrofluorination of PVDF in the presence
of acetone is more effective than that in the presence
of THF.

(2) The IR spectra of modified polyvinylidene
fluorides contain the bands of C=C, CH, and OH
groups.

(3) The structural differences in the samples dehy-
drofluorinated for different times in the presence
of various activators are preserved after prolonged
storage of these samples in air.

(4) Films of polyvinylidene fluoride and products

of its partial dehydrofluorination eliminate HF in
the course of recording the XPE spectra.
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Abstract-Preparation of concentrated solutions of natural silk fibroin in N-methylmorpholine-N-oxide and its
mixtures with protonic and aprotic solvents was experimentally studied. Solutions with the fibroin concentra-
tion of 6 wt % and more were prepared.

Active efforts are made today to develop processes
for producing various materials from wastes of natural
fibers [1]. These processes involve preparation of
working solutions of natural polymers and their con-
version into, in particular, fibers and films. Natural
fibers, e.g., cellulose, can be dissolved without deriva-
tization in tertiary amine oxides [2].

Fibers of polymer blends can be produced from
solutions of proteins such as fibroin of natural silk.
These fibers are characterized by improved hydro-
philicity, dyeability, folding resistance, etc. Dissolu-
tion of a protein depends on its structure, molecular
weight and structure of its macromolecules, and polar-
ity and steric arrangement of the side groups. Mutual
interaction of side groups of fibroin (Fig. 1) restricts
free rotation around single bonds of the peptide chain,
thus making it relatively rigid. A fibroin macromole-
cule contains nonpolar amino acid residues (aliphatic
residues of alanine, leucine, isoleucine, valine, and
proline and aromatic residues of phenylalanine and
tryptophan), polar amino acid residues (serine, threo-
nine, and tyrosine residues containing hydroxy groups,
cysteine residues with SH groups, carboxy and amide
groups of aspartic and glutamic acids, and amino
groups of lysine) [3, 4]. The fibroin macromolecules
are closely packed owing to higher content of hydro-
phobic residues as compared to that of hydrophilic
polar groups. The content of oriented chains reaches
40360%. Fibroin sparingly swells in water and is
soluble in concentrated solutions of LiCNS, LiBr,
CuCl2, Ca(CNS)2, and ZnCl2, copper ammonia solu-
tion (CuSO4 + NH4OH), phosphoric acid, and some
other inorganic solvents [338].

The mechanism of dissolution of fibroin in concen-

trated aqueous solutions of salts and acids is not
understood. Probably, ions of the solvent interact with
charged groups of the side chains of the fibroin,
thus cleaving hydrogen bonds between the macro-
molecules. These ions indirectly affect the macro-
molecular conformation via a change in the solvent
structure. The internal regions of the ordered polymer
do not contact with the solvent. Hydration of side
polar groups results in loosening of the water structure
and its diffusion inside polymeric fibrils. Structur-
ing of water by interaction with the nonpolar groups

(a) (b)

(c)

Fig. 1. Scheme of a polypeptide chain [4]: (a) helical
structure, (b) unfolded chain, and (c) arrangement of poly-
peptide chains in the fiber. Region: (1) crystalline and
(2) amorphous.
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prevents its diffusion into the protein. Degradation of
the water structure in the presence of salts results in
conformational transformations of the macromolecule
and penetration of water into the crystalline regions of
the polymer.

Structural transformations of macromolecules are
observed not only in the presence of ions breaking the
water structure but also under the action of structure-
making ions which become surrounded by a shell of
water molecules ordered owing to interaction with
nonpolar side groups of the protein. Disordering of
water around hydrophobic fragments results in con-
formational transformations of the polymer, followed
by its dissolution [9]. We suggest that fibroin of
natural silk is dissolved in concentrated aqueous solu-
tions of salts owing to interaction of the solvent ions
with the side groups and a change in the conformation
of the macromolecules, which favors their unwrapping
and penetration of water inside the protein. Dis-
advantages of salt solutions of fibroin are their struc-
ture-breaking effect on the polymer and the necessity
of subsequent dialysis of the solution to remove the
salt.

Dissolution of silk fibroin in nonaqueous solvents
is of special scientific and technological interest. As
shown previously [2], up to 1.96 and 3.84% of silk is
dissolved in N-methylmorpholine-N-oxide mono-
hydrate (NMMO) at 120oC and in N-methylazacyclo-
heptane-N-oxide at 140oC, respectively.

EXPERIMENTAL

To prepare silk solutions suitable for industrial
processing, we studied dissolution of silk fibroin in
NMMO. We used silk fibroin of silkworm, treated to
remove sericin, fats, waxes, and mineral compounds
and stapled in samples 34.6 mm in diameter and
3.6 mm long. The solubility was studied by polarizing
microscopy at 1600 magnification. The fiber did not
dissolve after keeping in the solvent at 953130oC for
4 h. The fiber diameter increased by a factor of 1.5
(105oC) and 233 (120, 130oC). Thus, silk fibroin only
swells in NMMO monohydrate (13.3 wt % water,
mp 71374oC) at temperature of 105oC and higher. As
determined by X-ray diffraction, the crystallite size
does not noticeably change after swelling (Fig. 2,
curves 1, 2), i.e., NMMO monohydrate interacts only
with amorphous fibroin. Clearly, critical (threshold)
energy of interaction of fibroin macromolecules with
the solvent, which is required for the rupture of inter-
molecular hydrogen bonds in crystalline parts of the
polymer and dissolution of the polymer, is higher than
that of cellulose macromolecules.

I, arb. units

2q, deg

Fig. 2. X-ray patterns of (1) the initial washed silk,
(2) swollen and dried sample, and (3) sample precipitated
from a solution in NMMO .0.8H2O. (I) Intensity and
(q) Bragg’s angle.

Previously [10, 11] we analyzed the influence of
the water content in the solvent on the energy of inter-
action of the solvent with cellulose macromolecules.
Thermochemical studies and theoretical calculations
show that the energy of interaction of NMMO with
hydroxy groups of cellulose is inversely proportional
to the water content in the solvent. In this work we
studied the fibroin solubility in NMMO with different
water content, which was adjusted by removing water
at 953110oC and a pressure of 30360 mbar. The
residual water content was determined gravimetrically
and by the melting point of NMMO. As seen from
Table 1, the fibroin is dissolved at the water content
in NMMO no more than 10 wt %, which corresponds
to the composition NMMO .0.8H2O. Transparent light
yellow fibroin solutions with the polymer concentra-
tion of 5 wt % and higher are formed. The X-ray

Table 1. Fibroin solubility in NMMO with different water
content
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ
H2O content³

Molar composition
³

Td,*
³Fibroin concen-

in NMMO, ³
of the solvent

³
oC

³ tration in the
wt % ³ ³ ³ solvent, wt %

ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
13.3 ³NMMO .1.0H2O ³ ³Insoluble
11.5 ³NMMO .0.85H2O ³ ³Insoluble
10.6 ³NMMO .0.77H2O ³ 120 ³ >6
8.4 ³NMMO .0.6H2O ³>120 ³ >6
4.4 ³NMMO .0.3H2O ³>120 ³ >6

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ
* (Td) Dissolution temperature
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Table 2. Fibroin solubility in NMMO3water3alcohol
systems
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄ

Alcohol
³NMMO : water : alcohol³ Tm,* ³ Fibroin
³ molar ratio ³ oC ³ solubility

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄ
Methanol ³ 1 : 0.45 : 0.78 ³ 60370 ³ 3

³ 1 : 0.3 : 0.6 ³903100 ³Soluble
³ ³ ³at 120oC
³ 1 : 0.3 : 0.7 ³ 90 ³"
³ ³ ³Ethanol ³ 1 : 0.45 : 0.78 ³ 70 ³ 3

³ 1 : 0.3 : 0.6 ³ 65 ³ 3

³ ³ ³1-Propanol ³ 1 : 0.45 : 0.78 ³ 105 ³ 3

³ 1 : 0.3 : 0.6 ³1003105³ 3

³ ³ ³2-Propanol ³ 1 : 0.45 : 0.78 ³ > 110 ³Soluble
³ 1 : 0.3 : 0.6 ³ 105 ³ 3

³ ³ ³1-Butanol ³ 1 : 0.45 : 0.78 ³ >140 ³Soluble
³ 1 : 0.3 : 0.6 ³ 903100 ³ 3

³ ³ ³2-Butanol ³ 1 : 0.45 : 0.78 ³ >140 ³Soluble
³ 1 : 0.3 : 0.6 ³ 90395 ³ 3

³ ³ ³1-Pentanol ³ 1 : 0.45 : 0.25 ³ >120 ³Soluble
³ 1 : 0.3 : 0.46 ³ 120 ³ 3

³ 1 : 0.3 : 0.9 ³ 50355 ³ 3

³ ³ ³2-Pentanol ³ 1 : 0.45 : 0.25 ³ >140 ³Soluble
³ 1 : 0.3 : 0.46 ³1203125³"
³ 1 : 0.3 : 0.6 ³ 80385 ³ 3

³ 1 : 0.3 : 0.9 ³ 60365 ³ 3

³ ³ ³3-Pentanol ³ 1 : 0.45 : 0.25 ³ >120 ³Soluble
³ 1 : 0.3 : 0.46 ³1203125³"
³ 1 : 0.3 : 0.6 ³ 80385 ³ 3

³ 1 : 0.3 : 0.9 ³ 60365 ³ 3

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄ
* (Tm) Melting point; the same for Tables 3 and 4.

pattern of fibroin precipitated from the solutions
(Fig. 2, curve 3) differs from those of the initial
(curve 1) and swollen and dried polymer (curve 2). As
compared to the initial sample, the reflections in the
range 8o310o and 25o327o of the X-ray pattern of
precipitated fibroin are absent.

To decrease the melting point of the solvent and
hence the dissolution temperature, we introduced low-
molecular-weight organic diluents. It is important that
the diluent should not decrease the solubility. Our
previous comparative studies of aprotic and protic
diluents show [12] that aprotic compounds effectively
breakdown the NMMO structure, thus accelerating the
dissolution and decreasing the viscosity and Tm of the
solvent. On the contrary, protic diluents are structure-
making additives which compete with hydroxy groups
of cellulose for formation of hydrogen bonds with the
N3O group of the amine oxide. In [13] we studied the
influence of aprotic diluents on the enthalpy of inter-
action of binary solvent with cellulose. It was found

Table 3. Fibroin solubility in NMMO3water3aprotic
solvent systems
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ
Aprotic ³NMMO : water : cosolv-³ Tm, ³ Fibroin
solvent ³ ent molar ratio ³ oC ³ solubility
ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ
DMSO ³ 1 : 0.45 : 0.25 ³ >140 ³ 3

³ 1 : 0.45 : 0.5 ³ 1303135 ³Soluble
³ 1 : 0.35 : 0.5 ³ 903100 ³"
³ 1 : 0.35 : 0.79 ³ 80390 ³"
³ 1 : 0.35 : 1.58 ³ 65375 ³<3%
³ 1 : 0.35 : 3.15 ³ Liquid ³<1%
³ 1 : 0.3 : 0.5 ³ >140 ³ 3

³ 1 : 0.3 : 0.9 ³ 1203125 ³Soluble
³ 1 : 0.3 : 1.2 ³ 120 ³"
³ 1 : 0.3 : 1.5 ³ 90 ³"
³ 1 : 0.3 : 1.8 ³ 75 ³"
³ 1 : 0.3 : 2.4 ³ 65 ³<3%
³ ³ ³DMFA ³ 1 : 0.45 : 0.25 ³ >140 ³ 3

³ 1 : 0.45 : 0.5 ³ 140 ³Soluble
³ 1 : 0.35 : 0.84 ³ 80390 ³"
³ 1 : 0.35 : 1.69 ³ 75380 ³<1%
³ 1 : 0.3 : 0.8 ³ >140 ³ 3

³ 1 : 0.3 : 1.2 ³ 140 ³Soluble
³ 1 : 0.3 : 1.6 ³ 903100 ³<5%
³ 1 : 0.3 : 2.4 ³ 80 ³<3%
³ ³ ³DMAA ³ 1 : 0.45 : 0.25 ³ >140 ³ 3

³ 1 : 0.45 : 0.5 ³ 140 ³Soluble
³ 1 : 0.35 : 0.7 ³ 130 ³"
³ 1 : 0.35 : 1.4 ³ 1053115 ³<1%
³ 1 : 0.3 : 1 ³ 130 ³Soluble
³ 1 : 0.3 : 1.5 ³ 125 ³"

ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ

that the heat effect of the interaction of cellulose with
the DMSO complex of NMMO monohydrate is higher
than that of pure NMMO monohydrate. We suggest
that DMSO additionally polarizes the N3O groups.
Here we tested as diluents aprotic [DMSO, dimethyl-
formamide (DMF), dimethylacetamide (DMAA)] and
protic solvents (lower alcohols CnH2n +1OH, where
n = 135, 2-pyrrolidone, [14] e-caprolactam, and
d-valerolactam).

As seen from Tables 234, only limited amounts of
protic solvents can be added to NMMO. The fibroin is
soluble in a NMMO .nH2O .m diluent mixture when
(n + m) is no higher than 0.8. At higher (n + m)
values the solubility sharply decreases. In the case
of aprotic solvents, especially DMSO, the fibroin
solubility is retained in a wider concentration range
(Table 3), which allows control of the melting point
of the solvent and hence of the dissolution tempera-
ture. The most efficient additive is DMSO. Introduc-
tion of up to 233 mol of DMSO per mole of NMMO
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Table 4. Fibroin solubility in NMMO3water3lactam
systems
ÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄ

Lactam
³ NMMO : water : lac-³ Tm, ³ Fibroin
³ tam molar ratio ³ oC ³ solubility

ÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄ
2-Pyrrolidone ³ 1 : 0.3 : 0.4 ³80390 ³Soluble

³ 1 : 0.3 : 0.5 ³80390 ³"
³ 1 : 0.3 : 0.7 ³50360 ³ 3

³ 1 : 0.3 : 1 ³ Liquid³ 3

e-Caprolactam ³ 1 : 0.3 : 0.4 ³80390 ³Soluble
³ 1 : 0.3 : 0.5 ³80385 ³"
³ 1 : 0.3 : 0.7 ³ 60 ³ 3

³ 1 : 0.3 : 1 ³ Liquid³ 3

d-Valerolactam ³ 1 : 0.3 : 0.4 ³803100³Soluble
³ 1 : 0.3 : 0.5 ³80395 ³"
³ 1 : 0.3 : 0.7 ³50360 ³ 3

³ 1 : 0.3 : 1 ³ Liquid³ 3

ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄ

Table 5. Thermolysis temperature Ttherm of fibroin solu-
tions
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄ

Molar composition
³Fibroin concentra-³

Ttherm,
of the solvent

³ tion in the solu- ³
oC³ tion, wt % ³

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄ
NMMO .0.3H2O ³ 3 ³ 174
NMMO .0.3H2O ³ 5 ³ 160
NMMO .0.3H2O .0.9DMSO ³ 5 ³ 152
NMMO .0.3H2O .1.8DMSO ³ 5 ³ 162
NMMO .0.3H2O .0.4pyrroli- ³ 5 ³ 174
done ³ ³
NMMO .0.3H2O .0.4valero- ³ 5 ³ 158
lactam ³ ³
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄ

does not decrease the fibroin solubility and effectively
lowers the melting point and viscosity of the solution.

The onset temperature of thermolysis of amine ox-
ide in 5% fibroin solutions ranges from 150 to 170oC
depending on the solvent composition (Table 5).

CONCLUSIONS

(1) Dissolution of silk fibroin in N-methylmorpho-
line-N-oxide was studied. The threshold energy of
interaction between the solvent and the polymer,
required for polymer dissolution, is reached at a
10 wt % water content in N-methylmorpholine-N-
oxide, which corresponds to the composition N-meth-
ylmorpholine-N-oxide .0.8H2O.

(2) The melting point of the solvent decreases
when water is partially replaced by an equimolar
amount of alcohol. Branched alcohols are more ef-
ficient for this purpose.

(3) Partial replacement of water in the solvent by
2-pyrrolidone, e-caprolactam, and d-valerolactam de-
creases the melting point of the solvent with no loss
of its solvency.

(4) Additives of aprotic compounds, especially
DMSO, effectively decrease the melting point and
viscosity of fibroin solutions in N-methylmorpholine-
N-oxide, with the solvency of N-methylmorpholine-
N-oxide being preserved in a wide range of compo-
nents ratios in the solvent.
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Abstract-The parameters of fuel oil pyrolysis initiated by propane3butane3oxygen flame were studied as
influenced by the temperature in the pyrolysis zone, time of the fuel oil contact with the initiating flame, and
fuel oil feed rate. The experimental data on thermal and flame-initiated fuel oil pyrolysis were compared.

One of the major lines in development of petro-
chemical industry is increase in the production of
lower olefins, e.g., ethylene and propylene. Ethylene
is produced in industry by pyrolysis of hydrocarbons
with steam in tubular furnaces; the best raw material
for ethylene production is ethane, and its treatment
under fairly severe conditions yields up to 763
78 wt % of ethylene [1].

Naphtha fractions with various boiling ranges are
widely used as raw materials for pyrolysis. In contrast
to the pyrolysis of gaseous hydrocarbons, pyrolysis of
naphtha fractions yields, along with pyrolysis gas rich
in C23C4 unsaturated hydrocarbons, also significant
amount of liquid products containing aliphatic and
cyclic C5 and higher olefins, C63C8 aromatic hydro-
carbons, and other valuable materials [2].

However, the composition of materials for pyroly-
sis gradually changes. At present, heavy oil distillates
are widely used for pyrolysis along with gaseous
materials and light oil fractions. Further improvement
of common pyrolysis furnaces is performed and new
alternative pyrolysis processes are developed [1]. Such
alternative processes involve pyrolysis in the presence
of heterogeneous catalysts, high-temperature pyrolysis
using gaseous heat carriers, pyrolysis in the presence
of initiating additives, hydropyrolysis, pyrolysis in
molten metals and metal salts, thermal contact proc-
esses, and pyrolysis in the initiating flame [337]. An
example of the latter process is the flame-initiated
pyrolysis (FIP) of fuel oil.

EXPERIMENTAL

In the experiments we used M-40 fuel oil with
the following main parameters: density (at 293 K)
1 kg m33, ash residue 0.15 wt %; content (wt %):
solid impurities 1, water 2, and sulfur 0.533.5; the

heat of combustion recalculated on the dry fuel oil
39 770 J g31.

The scheme of a flow-type unit for FIP of the fuel
oil, operating under atmospheric pressure, is shown
in the figure. The reactor is made of Cr1849TiCu
stainless steel and consists of three zones, mm: zone
of preheating (573 K) 160 mm long, pyrolysis zone
(7733923 K) 140 mm, and initiation zone (combus-

Scheme of experimental unit for flame-initiated pyrolysis
of fuel oil: (1) metallic pyrolysis reactor, (2) pulverizer,
(3) electrical heater, (4) gage, (5) steam generator,
(6) automated system for heating and maintaining the
required temperature, (7) diffusion burner, (8) thermo-
couple, (9) reservoir for feeding the starting hydrocarbons,
(10312) gas cylinders, (13) potentiometer, (14) cooling
system, (15) sediment collector, (16) reflux condenser,
(17) system for liquid separation, (18) wet-gas meter,
(19) electrical heaters, (20) sampler, (21) throttles, and
(22) needle valves.
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Table 1. Initiated and noninitiated fuel oil pyrolysis. Feeding rates of water in the steam generator and of fuel oil 6 and
3.45 cm3 min31, respectively; residence time of fuel oil in the flame and pyrolysis zones 0.1 and 0.5 s, respectively
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Composition
³ Pyrolysis at indicated temperature,* K
ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄ
³ I, 773 ³ I, 803 ³ I, 823 ³ T, 873 ³ I, 873 ³ T, 923 ³ I, 923

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄ
Pyrolysis gas, vol %: ³ ³ ³ ³ ³ ³ ³

Shyd ³ 29.3 ³ 28.3 ³ 27.9 ³ 90.8 ³ 27.1 ³ 90.1 ³ 24.7
³ ³ ³ ³ ³ ³ ³CO ³ 33.4 ³ 33.8 ³ 33.8 ³ 3 ³ 33.2 ³ 3 ³ 34.1

CO2 ³ 4.2 ³ 4.2 ³ 4.2 ³ 3 ³ 4.3 ³ 3 ³ 4.2
H2 ³ 33.1 ³ 330.7 ³ 34.7 ³ 9.2 ³ 35.4 ³ 9.9 ³ 37.0

Hydrocarbon fraction of pyrolysis gas, vol %³ ³ ³ ³ ³ ³ ³
CH4 ³ 39.1 ³ 39.3 ³ 40.2 ³ 22.1 ³ 40.2 ³ 22.1 ³ 41.8
C2H6 ³ 3.1 ³ 3.2 ³ 3.1 ³ 5.2 ³ 2.3 ³ 5.3 ³ 3.0
C2H4 ³ 39.7 ³ 40.1 ³ 40.8 ³ 28.8 ³ 41.3 ³ 28.9 ³ 42.8
C3H8 ³ 3.2 ³ 3.2 ³ 2.0 ³ 14.0 ³ 0.8 ³ 13.8 ³ 0.8
C3H6 ³ 7.5 ³ 7.6 ³ 7.6 ³ 14.3 ³ 9.0 ³ 14.4 ³ 6.5
C2H2 ³ 0.2 ³ 0.2 ³ 0.2 ³ 3 ³ 0.3 ³ 3 ³ 0.3
SC4H8 ³ 3.7 ³ 3.1 ³ 3.5 ³ 8.3 ³ 3.7 ³ 8.2 ³ 3.9
SC4** ³ 3.5 ³ 3.3 ³ 2.6 ³ 4.3 ³ 2.4 ³ 4.2 ³ 1.4
SC5 ³ Traces ³ Traces ³ Traces ³ 1.1 ³ Traces ³ 1.1 ³ Traces
SC6 ³ " ³ " ³ " ³ 1.9 ³ " ³ 2.0 ³ "

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄ
Gasification, % ³ 11.5 ³ 12.1 ³ 12.3 ³ 3.6 ³ 12.9 ³ 5.9 ³ 13.2

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄ
* Pyrolysis: (I) initiated and (T) thermal; the same for Table 3.
** SC4, except SC4H8

tion and pyrolysis) 30 mm. The initiating burner was
placed in the reactor at the boundary of the pyrolysis
and initiation zones. The composition of the propane3
butane gas mixture was as follows, vol %: propane
76.2, butane 17.6, isobutane 5.9, and ethane 0.3; oxy-
gen was supplied to the burner in stoichiometric
amounts.

The type of the initiating flame is selected is ac-
cordance with its physicochemical parameters such as
the temperature of the stoichiometric flame (1900oC),
shape and size of the flame (elongated flare, 303
40 mm height), length of the area in which the H
atoms are detected (30345 mm along the axis of the
flow of reaction products), and maximal concentration
of H atoms in the flame (4 0 1015 cm33) [3].

In the course of pyrolysis initiation with propane3
butane3oxygen flame at 180031900oC flame tempera-
ture, significant amounts of hydrogen atoms (up to
4 0 1015 cm33) and other reactive radicals (HO2, OH.,
CH

.
3, C2H

.
5, CHO

.
, O

..
, etc. [3]) diffuse into the fuel

oil, which strongly accelerates pyrolysis of the feed.
The flame capacity in the experiments was character-
ized by the content of oxygen relative to the feed
(wt %). In all the cases the (propane3butane) : oxidant
ratio was 1 : 5; the flow rates of the oxidant and

propane3butane mixture at the burner inlet were 710
and 140 cm3 min31, respectively.

The gaseous products (vol %) of the fuel oil pyrol-
ysis were analyzed by gas chromatography; for quan-
titative analysis of the chromatographic patterns, we
used the method of internal normalization taking into
account the sensitivity coefficients and also the abso-
lute calibration procedure.

The aim of this work was to increase the yield of
lower olefins (ethylene, propylene, and butenes). In
our experiments we varied the pyrolysis temperature,
contact time, and the fuel oil feed rate. The contact
time was changed by varying the steam flow rate at
the pulverizer inlet or the fuel oil feed rate at a con-
stant steam flow rate. The temperature of the steam
and fuel oil in the experiments was 423 and 383 K,
respectively. The results of fuel oil pyrolysis are listed
in Tables 133.

As seen from published data [1], pyrolysis of fuel
oil is characterized by extensive coking. Taking into
account this fact, we varied the temperature in the
pyrolysis zone within 7733923 K, whereas the tem-
perature in the preheating zone was constant (573 K).

Along with studying the effect of temperature on
the fuel oil pyrolysis initiated by propane3butane



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 1 2003

134 MAKAROV et al.

Table 2. Initiated fuel oil pyrolysis. Temperature in the pyrolysis zone 773 K, fuel oil feed rate 3.45 cm3 min31, and
flame capacity 29 wt %
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Composition
³ Residence time of fuel oil in the flame zone, s
ÃÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ
³ 0.1 ³ 0.07 ³ 0.05 ³ 0.04 ³ 0.03

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
Pyrolysis gas, vol %: ³ ³ ³ ³ ³

S hyd ³ 29.3 ³ 30.3 ³ 31.0 ³ 32.9 ³ 34.7
CO ³ 33.4 ³ 33.1 ³ 32.7 ³ 32.8 ³ 32.1
CO2 ³ 4.2 ³ 4.3 ³ 4.4 ³ 4.3 ³ 4.5
H2 ³ 33.1 ³ 32.3 ³ 31.9 ³ 30.0 ³ 28.7

³ ³ ³ ³ ³Hydrocarbon fraction of pyrolysis gas, vol %³ ³ ³ ³ ³
CH4 ³ 39.1 ³ 37.8 ³ 34.0 ³ 33.9 ³ 33.1
C2H6 ³ 3.1 ³ 3.3 ³ 3.4 ³ 3.4 ³ 3.4
C2H4 ³ 39.7 ³ 38.6 ³ 37.1 ³ 36.8 ³ 37.0
C3H8 ³ 3.2 ³ 3.5 ³ 3.7 ³ 3.9 ³ 4.4
C3H6 ³ 7.5 ³ 7.6 ³ 8.8 ³ 9.3 ³ 10.2
C2H2 ³ 0.2 ³ 0.2 ³ Traces ³ Traces ³ Traces
SC4H8 ³ 3.5 ³ 6.1 ³ 8.2 ³ 8.4 ³ 8.4
SC4* ³ 1.7 ³ 2.9 ³ 3.1 ³ 3.3 ³ 3.5
SC5 ³ Traces ³ Traces ³ 0.7 ³ Traces ³ Traces
SC6 ³ " ³ " ³ 1 ³ 1 ³ "

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
Gasification, % ³ 11.5 ³ 11.3 ³ 11.0 ³ 8.9 ³ 6.2

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ
* SC4, except SC4H8.

Table 3. Initiated and noninitiated fuel oil pyrolysis. Temperature in the pyrolysis zone 798 K, rate of water feeding
in the steam generator 8 cm3 min31, residence time of fuel oil in the flame and pyrolysis zones 0.08 and 0.4 s, respec-
tively, and flame capacity 29 wt %
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Composition
³ Pyrolysis at indicated fuel oil feed rate, cm3 min31

ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ
³ I, 0.65 ³ I, 1.25 ³ T, 5.4 ³ I, 5.4 ³ T, 12.0 ³ I, 12.0

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ
Pyrolysis gas, vol %: ³ ³ ³ ³ ³ ³

Shyd ³ 27.9 ³ 26.9 ³ 92.8 ³ 29.8 ³ 92.1 ³ 35.2
³ ³ ³ ³ ³ ³CO ³ 33.7 ³ 34.6 ³ 3 ³ 30.9 ³ 3 ³ 28.1

CO2 ³ 4.4 ³ 4.4 ³ 3 ³ 5.9 ³ 3 ³ 6.6
H2 ³ 34.0 ³ 34.1 ³ 8.6 ³ 33.4 ³ 7.9 ³ 30.1

³ ³ ³ ³ ³ ³Hydrocarbon fraction of pyrolysis gas, vol %³ ³ ³ ³ ³ ³
CH4 ³ 43.9 ³ 31.6 ³ 21.3 ³ 32.0 ³ 20.1 ³ 28.1
C2H6 ³ Traces ³ Traces ³ 5.2 ³ 2.4 ³ 5.3 ³ 4.5
C2H4 ³ 42.1 ³ 46.3 ³ 28.6 ³ 41.8 ³ 27.7 ³ 35.8
C3H8 ³ 2.1 ³ 6.6 ³ 21.8 ³ 7.5 ³ 21.4 ³ 9.1
C3H6 ³ 6.5 ³ 7.8 ³ 10.0 ³ 8.0 ³ 11.0 ³ 9.6
C2H2 ³ 0.2 ³ 0.1 ³ 3 ³ 0.1 ³ 3 ³ 0.1
SC4H8 ³ 3.5 ³ 4.7 ³ 6.7 ³ 4.8 ³ 6.7 ³ 4.5
SC4* ³ 1.7 ³ 2.9 ³ 3.5 ³ 3.4 ³ 3.7 ³ 3.5
SC5 ³ Traces ³ Traces ³ 1.0 ³ Traces ³ 2.0 ³ 2.0
SC6 ³ " ³ " ³ 1.0 ³ " ³ 2.1 ³ 2.8

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ
Gasification, % ³ 11.3 ³ 11.4 ³ 3.2 ³ 12.4 ³ 3.4 ³ 14.1

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ
* SC4, except SC4H8.
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flame, we performed the experiments on the pyrolysis
without initiator. The operation parameters and ex-
perimental conditions were determined in the course
of thermal pyrolysis, and then the initiating flame was
added.

As seen from Table 1, as the temperature is in-
creased from 773 to 923 K, the content of ethylene in
the hydrocarbon fraction of the pyrolysis gas gradual-
ly increases, and at 923 K it comprises 42.8 vol %;
the content of propylene and butenes in the pyrolysis
gas varies within 6.539.0 and 3.138.4 vol %, re-
spectively. As compared to thermal pyrolysis at the
residence time in the flame of 0.5 s and 923 K, initia-
tion with propane3butane flame increases the content
of ethylene in the hydrocarbon fraction of pyrolysis
gas by 13.3 vol %, whereas the content of propylene
and butenes decreases by 7.9 and 4.3 vol %, respec-
tively. It should be noted that the variation of the
pyrolysis temperature by 150oC only slightly affects
the volume content of the target products. However,
in the entire temperature range studied the content of
ethylene in the pyrolysis gas at initiated pyrolysis is
higher than that in the noninitiated process.

The gasification degree varies within 11.5313.2
and 3.635.9% for initiated and thermal processes, re-
spectively. The gasification degree is defined as the
amount of fuel oil (wt %) that passed into the gas
phase.

The effect of the residence time of fuel oil in the
initiating flare zone is illustrated in Table 2. The
residence time was varied by changing the flow rate
of the supplied steam. As seen, as the residence time
of fuel oil in the initiating flare zone is decreased from
0.1 to 0.03 s, the volume content of ethylene and
methane in the pyrolysis gas decreases, whereas the
volume content of SC4H8, C3H6, and C3H8 increases;
the ethane concentration remains almost constant.

When the contact time in the pyrolysis zone was
decreased to 0.2 s and the residence time in the initiat-
ing flare zone, to 0.03 s, the gasification degree in
flame-initiated fuel oil pyrolysis became close to that
in thermal pyrolysis. As seen from the comparison of
experimental results obtained in initiated (Table 2) and
noninitiated (Table 1) pyrolysis at similar gasification
degrees, the volume content of unsaturated hydrocar-
bons in the pyrolysis gas increases relative to satu-
rated hydrocarbons. Initiation of the fuel oil pyrolysis
at gasification degree of 6.2 wt % as compared to
thermal pyrolysis (gasification degree 5.9 wt %) in-
creases the content of ethylene and butenes in the
hydrocarbon fraction of the pyrolysis gas by 8.1 and
0.2%, respectively, whereas the content of propylene

decreases by 4.2%. In this case, the temperature dif-
ference in the thermolysis zone was 150 K.

The residence time in the reaction zone is pre-
dominantly determined by the rate of steam supply to
the fuel oil pulverizer, whereas the increase in the feed
rate of the fuel oil, which falls into the reactor as fine
drops (with size less than 100 mm), does not notice-
ably affect the residence time of the fuel oil in the
reaction zone. At the same time, the composition of
the pyrolysis gas changes with changing the fuel oil
feed rate (Table 3). With increasing fuel oil feed rate,
the content of hydrocarbons in the pyrolysis gas in-
creases from 27.9 to 35.2 vol %. Simultaneously,
despite the increase in the gasification degree, the
content of ethylene in the pyrolysis gas decreases
from 42.1 to 35.8 vol %.

As seen from the comparison of experimental data
obtained in the course of thermal and flame-initiated
pyrolysis (Table 3) at similar feed rates of the fuel oil,
the yield of unsaturated hydrocarbons in the course
of pyrolysis strongly increases with respect to satu-
rated hydrocarbons. At low feed flow (1 : 1.4 fuel
oil : steam ratio), the content of lower olefins in the
pyrolysis gas strongly increases , whereas the content
of saturated C33C4 hydrocarbons decreases. Thus,
in initiation of pyrolysis with propane3butane flame,
with increasing fuel oil feed rate the volume content
of ethylene and methane in the pyrolysis gas decreases
and the content of heavier hydrocarbons C33C4 in-
creases.

Our experimental data showed that, despite varia-
tion of the process conditions in a fairly wide range,
the flame-initiated fuel oil pyrolysis mainly follows
the [olefin] pathway. We identified only C13C4
components in the gaseous mixture. The absence of
heavier hydrocarbons in the pyrolysis products sug-
gests that the process involves profound breakdown of
the fuel oil molecules with formation of lower un-
saturated and saturated C13C4 hydrocarbons, which
determine the final composition of the hydrocarbon
fraction of the pyrolysis gas.

Among the pyrolysis products we also detected
carbon oxides and hydrogen, probably arising from
combustion of the initiating propane3butane mixture
and fuel oil pyrolysis.

CONCLUSIONS

(1) In the course of pyrolysis of fuel oil initiated
by propane3butane3oxygen flame (29 wt % capacity)
and performed at 7733923 K and gasification degree
of about 6 wt %, the content of ethylene and butenes
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in the hydrocarbon fraction of the pyrolysis gas in-
creases by 7.938.1 and 0.2 vol %, respectively,
whereas the content of propylene decreases by 4.03
4.2 vol %.

(2) At pyrolysis temperature from 773 to 923 K,
residence time of the fuel oil in the initiating flame
zone of 0.1 s, flame capacity of 29 wt %, and fuel
oil : steam ratio of 1 : 1.7, the gasification degree is
13314%, and the content of ethylene in the hydro-
carbon fraction of the pyrolysis gas reaches 403
42 vol %.
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Abstract-The kinetic parameters of autooxidation of DL-0.2 diesel oil in the presence of copper were deter-
mined in the range 1203140oC. The possibility of using Ionol for stabilization of diesel oil under these con-
ditions was studied.

High efficiency of diesel engines in comparison
with carburetor engines causes great interest in stabili-
zation of diesel oils (DOs) [133]. At a temperature of
1003140oC, providing proper operation of fuel system
units of diesel engines, DO contacting structural
materials is rather actively oxidized with dissolved
oxygen, whose content reaches 435 vol % [4]. Oxida-
tion of DO is accompanied by formation of tarry
compounds which are deposited on filters and units
of fuel-controlling and fuel-supplying apparatus and
fuel injectors. This disturbs the normal operation of
engines and, as a result, increases the toxicity and
smoke content of exhaust gases. It is known that
copper is a highly active catalyst of oxidation of hy-
drocarbon fuels [5]. In this work we examined the ef-
fect of copper on the kinetics of DO oxidation and the
possibility of DO stabilization with classic oxidation
inhibitor, Ionol.

EXPERIMENTAL

Uptake of O2 in oxidation of DL-0.2 commercial
diesel oil was studied on a gasometric installation of
the static type [6]. Into a 15-ml temperature-controlled
conical glass reactor equipped with a stirrer, 5 ml of
the fuel was placed, and oxygen was bubbled for
10 min. The amount of oxygen taken up, D[O2]
(mol l31), was evaluated by the formula

D[O2] = VO2
/Vf022.4,

where VO2
is the oxygen uptake (ml) and Vf is the fuel

volume (ml).

Autooxidation of DO proceeds with acceleration,
and the kinetics of O2 uptake is described by the rela-
tionship D[O2]1/2 = bt characteristic of hydrocarbon

fuels [6]. In the coordinates D[O2]1/23t, the experi-
mental points fall on a straight line. The parameter b
characterizing the susceptibility of DO to autooxida-
tion is determined as the slope of the experimental
straight line.

Metallic copper was used as a powder, plate, or
ring. The particle size of the powder was determined
with a BIOLAM microscope and a micrometric net-
work of the OS type with the scale factor of 1 0
1032 mm. Based on numerous measurements, the
average radius of copper particles was taken equal to
2 0 1032 mm.

These results allowed estimation of the copper
particle volume, assuming that particles are spherical
(V = 4/3pr3 = 3.201035 mm3), the average weight
of one particle (m = rV = 2.701037 g at rCu = 8.4 0
1033 g mm33), the total number of particles in the
weighed portion of 5.401033 g Cu per 5 ml of fuel
(2 0 104 particles), and also the surface area of one
particle (S = 4pr2 = 50 0 1034 mm2) in the weighed
portion of copper powder (1 cm2 per 5 ml of fuel or
200 cm2 per 1 l of fuel).

The size of the copper plate was 10 0 15 0 0.2 mm.
The copper ring was made from a copper tube 10 mm
in diameter (the element of the fuel system of a diesel
engine), the wall thickness of the ring was 1 mm, and
the ring width was 2 mm.

Experiments on autooxidation of crude DO with
oxygen in the presence of metallic copper at 120oC
for 7 h with parallel measurement of the oxygen up-
take, D[O2], and the optical density of fuel, A, charac-
terizing tarring in the system, showed that these pa-
rameters reach the limiting values by the end of the
run and are 0.22 and 1.6 mol l31, respectively (Fig. 1).
Cessation of DO autooxidation is apparently due to
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Table 1. Influence of the surface area of metallic copper SCu and temperature on the kinetic parameter of DO auto-
oxidation b
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Copper ³ SCu, cm2 l31 ³ T, oC ³ b 0 105, mol1/2 l31/2 s31 ³ b/b0 ³ [(b 3 b0)/(b0S)] 0 103, l cm32

ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Absent ³ 3 ³ 120 ³ 1.1 ³ 3 ³ 3

Powder ³ 50 ³ 120 ³ 2.1 ³ 1.9 ³ 18.2
³ 120 ³ 120 ³ 2.3 ³ 2.1 ³ 9.1
³ 210 ³ 120 ³ 3.2 ³ 2.9 ³ 9.0
³ 126 ³ 120 ³ 3.0 ³ 2.7 ³ 13.7
³ 126 ³ 130 ³ 5.3 ³ 4.8 ³ 30.8
³ 126 ³ 140 ³ 7.5 ³ 6.8 ³ 46.2

Plate ³ 60 ³ 120 ³ 3.2 ³ 2.9 ³ 11.5
Ring ³ 166 ³ 120 ³ 3.2 ³ 2.9 ³ 11.5
ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

deactivation of the catalytically active metal surface.

Adsorption purification of DO on silica gel sig-
nificantly enhances the thermal oxidation resistance of
fuel: the limiting values of D[O2] and A decrease by
factors of 5 and 2, respectively. The kinetic curves
of O2 uptake in the initial stage of DO oxidation
(D[O2] < 1 0 1032 mol l31) in the presence of copper
powder are typical of autoaccelerating processes
(Fig. 1); the curves are made linear in the coordinates
D[O2]1/23time, which allows characterization of the
process using the parameter b (D[O2]1/2 = bt). The
temperature dependence of b in the range 1203140oC
is reasonably adequately described by the Arrhenius
equation

ln b = 9.32 3 64 0 103/(RT),

where R = 8.31 J mol31 K31.

As known, in heterogeneous catalytic oxidation, the
specific activity of a material having a catalytic effect
is characterized by the b /b0 value and by the ratio
(b 3 b0)/(b0S), where b0 and b are the quantitative meas-
ures of the susceptibility of the fuel to autooxidation
in the absence and in the presence of this material, re-

t, min t, min

D[O2] 0 102, mol l31
D[O2] 0 102, mol l31

(a) (b)

Fig. 1. (1) Kinetics of oxidation of diesel oil D[O2] and
(2) variation of optical density A in the presence of copper
at 120oC. (t) Time. Diesel oil: (a) crude and (b) purified on
silica gel.

spectively; S is the metal surface area, cm2 per liter of
fuel [4]. The results of the study (Table 1) showed
that the specific activity of copper powder with re-
spect to DO at 120oC is (13.6+4.6)01033 l cm32

and the ratio b /b0 = 2.4+0.5. It should be noted that
similar values are characteristic of copper in T-6 jet
engine fuel: (b 3 b0)/(b0S) = 5 01033 l cm32 and
b/b0 = 2.51 [4].

It is evident that the increased oxidizability of DO
is caused by accelerated decay of hydroperoxides
ROOH to radicals under the action of metallic copper.
This is suggested by the parabolic dependence of O2
uptake on time (Fig. 1) and the fact that the depen-
dence of the autooxidation parameter b on SCu tends
to a certain limit (Table 1). According to the data
obtained, with increasing surface area of copper from
0 to 50 cm2 per liter of fuel, b is doubled, whereas
further increase in SCu does not result in significant
growth of the autooxidation rate. It is apparent that, at
SCu > 126 cm2 l31, hydroperoxide molecules formed
in the bulk are adsorbed at the copper surface and
a constant initiation rate (b = 0.5aki

12) is maintained in
the system owing to heterogeneous decay of ROOH.
Replacement of the copper powder by copper plate or
copper ring (fragment of copper tube, the element of
fuel apparatus of diesel engine) does not disturb the
shape of the dependence of b on SCu (Table 1).

A conventional inhibitor of radical-chain oxidation,
Ionol PhOH, added to the fuel containing copper
powder (SCu = 126 cm2 l31), efficiently inhibits oxida-
tion, causing appearance of induction periods (ti = 373
90 min at 120oC); their duration is in direct propor-
tion to PhOH concentrations in the range (1.332.7) 0
1034 M. These results allow estimation of the initia-
tion rate Wi:

Wi = 2[PhOH]/ti = (1.1+0.1)01037 mol l31 s31.
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Table 2. Influence of inhibitor concentration [PhOH] and temperature on the parameter of DO autooxidation b and
inhibition coefficient n in the presence of copper powder, SCu = 126 cm2 g l31

ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ
T, oC ³ [PhOH]0102, wt % ³ [PhOH] 0 103, M ³ b 0 105, mol1/2 l31/2 s31 ³ n = b0/b

ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄ
120 ³ 0 ³ 0 ³ 3.0 ³ 3

³ 0.3 ³ 0.12 ³ 2.50 ³ 1.2
³ 0.6 ³ 0.23 ³ 1.25 ³ 2.4
³ 1.0 ³ 0.38 ³ 1.45 ³ 2.1
³ 1.6 ³ 0.60 ³ 0.70 ³ 4.3
³ 4.0 ³ 1.50 ³ 0.78 ³ 3.8
³ 6.0 ³ 2.25 ³ 0.43 ³ 7.0
³ 12.0 ³ 4.50 ³ 0.44 ³ 6.8

130 ³ 0 ³ 0 ³ 5.5 ³ 3

³ 1.0 ³ 0.38 ³ 3.7 ³ 1.5
³ 2.0 ³ 0.76 ³ 1.9 ³ 2.6
³ 2.5 ³ 0.95 ³ 0.9 ³ 6.1
³ 3.0 ³ 1.14 ³ 0.6 ³ 9.2

140 ³ 0 ³ 0 ³ 7.8 ³ 3

³ 1.0 ³ 0.38 ³ 7.7 ³ 1.0
³ 2.0 ³ 0.76 ³ 6.2 ³ 1.3
³ 3.3 ³ 1.26 ³ 3.7 ³ 2.1

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ

The study of the dependence of the autooxida-
tion parameter b and inhibition coefficient n (n =
b0 /bPhOH) on the Ionol concentration showed that, at
120oC and [PhOH] > 0.06 wt %, b decreases by a fac-
tor of 7 and then does not vary noticeably (Table 2).
However, with increasing temperature, the inhibition
activity of Ionol noticeably decreases: the inhibition
coefficient n is 4.3, 2.6, and 1.3 at 120, 130, and
140oC, respectively. At 140oC and concentration of
0.02 wt % ([PhOH] = 7.6 01034 M), virtually no in-
hibition of autooxidation is observed; therefore, other
inhibitors are required for stabilization of DO at
elevated temperatures.

CONCLUSIONS

(1) Diesel oil contacting metallic copper at 1203
140oC is subject to active oxidation and tarring in the
initial stage of the process. The factor of the copper
catalytic effect at 120oC is 2.4+0.5.

(2) Adsorption purification of diesel oil on silica
gel appreciably suppresses its susceptibility to auto-
oxidation. Ionol added to the fuel decreases its oxi-

dizability at 120oC by a factor of 7 but is ineffective
at higher temperatures.
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Abstract-A raffinate meeting the requirements for the transformer oil body was obtained from the 3003
350oC fraction of low-paraffinicity oil by five-step countercurrent extraction of aromatic hydrocarbons and
organoelement compounds with aqueous methyl Cellosolve in the presence of pentane.

Hydraulic oils and transformer oil body are pro-
duced from the 2003300 and 3003350 or 3003400oC
fractions of low-paraffinicity oil, respectively. Low-
paraffinicity oils, among them Troitsk-Anastasievsk
oil, contain virtually no n-alkanes, which allows pro-
duction of low-freezing oils without dewaxing as the
most expensive stage. However, the aromatic hydro-
carbon content in the fraction 2003430oC of the
Troitsk-Anastasievsk oil amounts to 40% (hereinafter,
wt %, unless otherwise stated) [1]. According to the
existing technical specifications, the optimal content
of arenes in it should be within 18322%, the major
part of arenes being represented by monocycloarenes
[2, 3].

Transformer oils can be produced from the 3003
400oC fraction by solvent extraction followed by hy-
drogenation. For example, this combined method is
used in production of T-1500U transformer oil [TU
(Technical Specification) 38.401-58-107]. The advant-
age of solvent-extracted oils is in high gas resistance
coefficient, which is caused by the optimal content of
aromatic hydrocarbons (18322%). As their drawbacks,
we can indicate high dielectric loss tangent tan a,
which is due to excessive resin content, resulting in
deteriorated insulating characteristics and oxidation
resistance of the oil. The resin content can be reduced
from 3.2 to 1.231.3% by additional adsorption refin-
ing of a solvent-extracted oil. In this case, tan a de-
creases from 2.2 to 0.2430.29%, meeting the require-
ments of the technical specifications to T-750 trans-
former oil [3].

Solvent extraction of oil fractions is performed
with phenol, furfural, or N-methylpyrrolidone [4, 5].

However, all these solvents are relatively high-boiling,
which complicates their regeneration. N-Methylpyr-
rolidone, the most selective and high-boiling of them,
forms azeotropic mixtures with a series of saturated
hydrocarbons of the 2003400oC fraction, which
causes oiling of the solvent and complicates its regen-
eration, thus deteriorating the solvent extraction ef-
ficiency [6]. Regeneration of a solvent by aqueous
backwashing or back extraction of arenes from the
extract phase with saturated hydrocarbons is insuf-
ficiently efficient, causing complication of the process
flowsheet and increase in the power consumption.
Furthermore, all the indicated solvents have certain
inherent drawbacks: phenol, low selectivity with re-
spect to arenes and high toxicity; furfural, low thermal
oxidation resistance; and N-methylpyrrolidone, high
cost and corrosion activity [739].

To obtain the transformer oil body from low-paraf-
finicity oil fractions, sulfuric acid refining is used.
However, this method does not longer meet the mod-
ern environmental criteria, because of formation of
large amounts of acid tar to be utilized or disposed of.

The goal of this work is to examine the possibility
of production of the transformer oil body from the
3003350oC fraction of low-paraffinicity oil by solvent
extraction using a low-boiling extraction system readi-
ly regenerable by distillation.

Since the oil in hand contains no n-alkanes, one
may draw an analogy between the composition of its
kerosene3gas-oil fractions and that of 2003320oC
fraction dewaxed by adsorption on zeolites (denorma-
lization product of the Parex plant). Previously we
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Table 1. Parameters of countercurrent extraction refining of the 3003350oC fraction of Troitsk3Anastasievsk oil
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Characteristic ³ Pilot experiment (no. 1) ³ Optimal conditions (experiment no. 2)
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Number of theoretical steps of extraction ³ 5 ³ 5
Temperature, oC ³ 30 ³ 30
Water content in methyl Cellosolve, wt %³ 5 ³ 5
Weight ratio: ³ ³
aqueous methyl Cellosolve : raw material³ 3 : 1 ³ 4 : 1
pentane : raw material ³ 0.7 : 1 ³ 1 : 1
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

reported on extraction of aromatic hydrocarbons from
such denormalization product to obtain a component
for a pollution-free diesel fuel with an arene content
of no more than 10315% [10313].

Oils from the West Siberian oil-and-gas province
(raw material for most of the Russian refineries) are
classified with A1 type [1]. This is essentially paraf-
fin-base crude, in which naphthenes are represented
primarily by monocycloalkanes. It is known that the
solubility of saturated hydrocarbons, having the same
amount of carbon atoms, in polar solvents increases
in the order n-alkanes < isoalkanes < monocycloal-
kanes < polycycloalkanes.

The solubility of alkanes in polar solvents increases
with increasing degree of branching. For example, the
solubility of 2-methylheptane and 2,5-dimethylhexane
in 2-methoxyethanol (methyl Cellosolve) at 50oC is
26.0 and 31.1%, respectively [14].

In contrast to West-Siberian oils, in the kerosene3
gas-oil fractions of low-paraffinicity oils polycyclo-
alkanes and isoalkanes predominate. Therefore, ex-
traction of organoelement compounds and aromatic
hydrocarbons from low-paraffinicity oils is a more
difficult problem as compared to separation of de-
normalization products, more so of straight runs of
West Siberian oils with high n-alkane content. The
success in solving this problem depends primarily on
the solvent selectivity. Among the known relatively
low-boiling solvents, methyl Cellosolve is one of
the most selective solvents with respect to arenes.
For example, at 25oC, its selectivity with respect to
toluene in the octane3toluene system, expressed as
the limiting activity coefficient ratio of these hydro-
carbons in a diluent, was found to be 7.92, whereas
that of methanol, acetone, and pyridine is 4.57, 5.45,
and 6.46, respectively [15].

More selective solvents are known (compared to
methyl Cellosolve) such as sulfur dioxide, 2,2,2-tri-
fluoroethanol, hexafluoro-2-propanol, acetonitrile, and
nitromethane [16]. However, each of these solvents
has drawbacks complicating its practical use as a

solvent. Sulfur dioxide demonstrates high corrosion
activity and high reactivity towards unsaturated hy-
drocarbons. Also, a refrigerating medium is required
in extraction with this solvent. Polyfluoro alcohols are
highly expensive, and nitromethane is dangerously
explosive. Acetonitrile has a density close to that of
the raw material, making it difficult to separate the
extract and raffinate phases; also, at high temperature
of regeneration, hydrolysis of aqueous acetonitrile can
occur with formation of acetic acid, thus initiating
corrosion of the equipment.

Among the advantages of methyl Cellosolve are
high thermal and hydrolytic stability, sufficiently high
density (r4

20 = 0.996), relatively low toxicity (MPC =
80 mg m33 [17]), and low cost. Also, an important
advantage of this solvent is in higher selectivity with
respect to polycycloarenes [18, 19] and sulfur-contain-
ing components of oil fractions [20].

As in solvent extraction refining of the denormali-
zation product of the Parex plant [11], in this work, to
improve the selectivity of methyl Cellosolve, we used
the heterogeneous solvent system containing 5% water
and pentane as a nonpolar diluent.

As a raw material we used a fraction of Troitsk3
Anastasievsk oil, whose characteristics were as fol-
lows: boil-off range (standard distillation) 3023354oC,
refractive index nD

20 1.5026, density r4
20 0.901, sulfur

content 0.16%, sulfury content 30 vol % (31.9 wt %),
kinematic viscosity at 50oC 7.4 mm2 s31, and flash
point (open vessel) 168oC.

Extraction experiments were performed in two
modes, namely, pilot and optimal (Table 1). Five-step
countercurrent extraction was carried out according to
the classical flowsheet using a system of separating
funnels [21]. Results obtained in the pilot experiments
are given in Table 2.

Table 2 shows that the resulting raffinate contains
the desired amount of arenes, but rather large amount
of saturated hydrocarbons still remains in the extract
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Table 2. Characteristics of the raffinate and extract obtained in experiment nos. 1 and 2
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Characteristic
³ Raffinate ³ Extract
ÃÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ
³ no. 1 ³ no. 2 ³ no. 1 ³ no. 2

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄ
Yield, % ³ 79.5 ³ 81.9 ³ 20.5 ³ 12.1
r4

20 ³ 0.896 ³ 0.893 ³ 0.920 ³ 0.937³ ³ ³ ³
nD

25 ³ 1.4925 ³ 1.4912 ³ 1.5545 ³ 1.5585³ ³ ³ ³
Kinematic viscosity at 50oC, mm2 s31 ³ 7.17 ³ 7.15 ³ 3 ³ 3

Sulfury content: ³ ³ ³ ³
vol % ³ 18.6 ³ 18.2 ³ 75.8 ³ 86.3
wt % ³ 20.3 ³ 19.66 ³ 76.9 ³ 87.3

Degree of arene recovery, % ³ 3 ³ 3 ³ 49.4 ³ 49.5
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄ

Table 3. Results of testing of transformer oil
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Characteristic ³ Standard value ³ Actual value
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Kinematic viscosity at 50oC, mm2 s31: ³ ³

at 50oC, no more than ³ 9 ³ 7.88
at 330oC, no more than ³ 1500 ³ 977

Acid number, mg KOH g31 oil, no more than ³ 0.02 ³ Not detected
Flash point, oC, no less than ³ 135 ³ 163
Water-soluble acids and bases ³ Not detected ³ Not detected
Mechanical admixtures ³ " ³ "

Solidification temperature, oC, no higher than ³ 345 ³ 353
Copper corrosion test ³ Passed ³ Passed

³ ³nD
20, no more than ³ 1.4950 ³ 1.4890³ ³

Color units, no more than ³ 1.0 ³ 0.5
Oxidation resistance: ³ ³

volatile low-molecular-weight acids, mg KOH g31 oil, no more than ³ 0.005 ³ 0.002
weight fraction of oil foot, %, no more than ³ 0.01 ³ 0.004
acid number of oxidized oil, mg KOH g31 oil, no more than ³ 0.1 ³ 0.01

Dielectric loss tangent, %, no more than ³ 2.2 ³ 0.24
Density at 20oC, g cm33, no more than ³ 0.895 ³ 0.890
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

(their loss with the extract is about 7% of the esti-
mated total in the raw material).

To increase the solvent extraction selectivity and
the arene content in the extract, we increased the
pentane : raw material weight ratio to 1 : 1. Simul-
taneously, the aqueous methyl Cellosolve : raw ma-
terial weight ratio was increased from 3 : 1 to 4 : 1,
to maintain the attained degree of recovery of arenes
and also their content in the raffinate. The other con-
ditions of countercurrent extraction remained un-
changed. The results of experiment no. 2 are given in
Table 2.

The results show that the arene content in the ex-
tract increased by more than 10%, and the raffinate
yield, by 2.4% (Table 2). The loss of saturated hydro-
carbons with the extract decreased from 7 to 3.4% of
the theoretical total amount in the raw material, i.e.,

by more than half. The higher aromaticity of the ex-
tract in experiment no. 2 is demonstrated also by the
physicochemical characteristics (increased density and
refractive index). In this case, the raffinate quality was
somewhat improved also, i.e., in experiment no. 2, we
reached more selective separation of the raw material
into aromatic and paraffin fractions.

Pentane and the major part of methyl Cellosolve
were removed from the extract and raffinate phases by
distillation on a 20 TP column. Small amount of resid-
ual methyl Cellosolve (1.533.0% against the total in
the raffinate and extract) was stripped with water.
The methyl Cellosolve can be also removed from the
raffinate and extract by purging with an inert gas as in
the industrial process for selective refining of Texaco
oils [7].

The raffinate obtained under the optimized condi-
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tions was additionally refined by adsorption on
bleaching clay, which was taken in amount of 3%
against the raffinate. Then Agidol oil additive was
added (3%). Test results for the resulting transformer
oil revealed that the product meets the requirement of
TU (Technical Specifications) 38.401-58-49392 for
TKp transformer oil in all respects (Table 3).

CONCLUSIONS

(1) Five-step countercurrent extraction of arenes
and organoelement compounds from the 3003350oC
fraction of low-paraffinicity oil at 4 : 1 aqueous
(5% water) methyl Cellosolve to raw material and
1 : 1 pentane to raw material weight ratios allowed
a decrease in the sulfury content from 30 vol % in
the initial raw material to 18 vol % in the extract. In
this case, the yield of the raffinate was about 82%,
and the arene content in the extract, 87%, demonstrat-
ing sufficiently high selectivity of the process.

(2) Transformer oil obtained on the basis of the
above raffinate meets the requirements of TU 38.401-
58-49392 in all respects leaving a wide margin. For
example, the dielectric loss tangent was 0.24% against
2.2% by standards.
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Abstract-A raffinate meeting the requirements for the hydraulic oil body was obtained from the 2253290oC
fraction of low-paraffinicity oil by extraction refining with aqueous methyl Cellosolve in the presence of
pentane.

At the Slavneft3Mendeleev Yaroslavl Oil Refining
Plant, Open Joint Stock Company, hydraulic oils are
produced from the 2003300oC fraction of Troitsk-
Anastasievsk oil. The aromatic hydrocarbon content in
this fraction is about 25% (hereinafter wt %, unless
otherwise stated). However, according to existing
technical specifications, the optimal content of aro-
matic hydrocarbons in environmentally friendly low-
viscous hydraulic oils and fluids should be no more
than 5.5% [133].

Low-aromaticity neutrals are obtained by hydro-
genation of the kerosene3gas-oil fraction of aromatic-
base crude oil; however, to prevent cracking, hydro-
genation of arenes into cycloalkanes should be per-
formed at high pressure (~28 MPa), which requires
high capital investments and power inputs [2]. White
oils (medicinal, perfume, compressor, and cable oils)
with an arene content of 0.532% are produced by
sulfonation with oleum or sulfuric anhydride [4].

Sulfonation of arenes is also used for manufacture
of AMG-10 hydraulic oil. However, this method does
not meet the modern environmental requirements,
because of formation of large amounts of acid tar to
be neutralized or disposed of.

Therefore, white oils are now produced beyond
Russia mostly using a two-stage process involving
hydrofining (to remove organoelement compounds)
followed by hydrocracking at a pressure of 25335
MPa on Pt, Pd, and Ni catalysts [4]. Realization of
such a high-pressure two-stage process also requires
high capital investments and power inputs. The goal
of this work is to check the possibility of manufactur-
ing hydraulic oil body by extraction refining of the

2253290oC fraction of low-paraffinicity oil using a
relatively low-boiling extraction system readily regen-
erable by distillation. Previously, a procedure was
proposed for manufacturing the component of pol-
lution-free diesel oil from the dewaxed 2003320oC
fraction using the methyl Cellosolve3water3pentane
extraction system [5]. The same extraction system was
successfully employed for manufacture of the trans-
former oil body from the 3003350oC fraction of low-
paraffinicity oil [6]. However, hydraulic oil produc-
tion requires deeper dearomatization of the raw ma-
terial as compared to both transformer oil and diesel
fuel production.

EXPERIMENTAL

As a raw material we used a fraction of Troitsk3
Anastasievsk oil, whose characteristics were as fol-
lows: fraction composition (oC): 225 (initial boiling
temperature), 233 (10%), 248 (50%), 273 (90%),
283 (95%), and 290 (dry point); density r4

20 0.861, re-
fractive index nD

25 1.4750, arene content 22.8%,
sulfur content 0.07%, kinematic viscosity at 50oC
2.2 mm2 s31, and flash point (open vessel) 96oC.

For extraction refining of the 2253290oC fraction,
we selected the methyl Cellosolve3water3pentane ex-
traction system (process temperature 30oC, five steps
of countercurrent extraction). These basic parameters
of the process were taken the same as in extraction re-
fining of the 3003350oC fraction, in order to use
the same installation for manufacturing both the hy-
draulic and transformer oil bodies from different raw
materials.
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Table 1. Parameters of countercurrent extraction refining
of the 2253290oC oil fraction (1 : 1 pentane to raw ma-
terial weight ratio)
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Experi- ³Water content in methyl³ Solvent : raw ma-
ment no. ³ Cellosolve, wt % ³ terial weight ratio
ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

1 ³ 2 ³ 4 : 1
2 ³ 2 ³ 7 : 1
3 ³ 4 ³ 8 : 1

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

To adapt the processes to the 2253290oC fraction,
we only changed the water content in the solvent and
the solvent to raw material weight ratio (Table 1).

Extraction experiments were carried out using a
system of five thermostatically controlled separating
funnels [7]. In light of the need in deeper refining
of the 2253290oC fraction as compared to the trans-
former oil fraction, to enhance the solvency of methyl
Cellosolve, in pilot experiment nos. 1 and 2 we
reduced the water content in the solvent from 5 to 2%.
Note that the use of anhydrous methyl Cellosolve is
impracticable because of the low critical temperature
of dissolution in pentane (32oC).

Table 2 shows that, in experiment no. 1, we failed
in attaining the desired arene content in the raffinate.
To increase the degree of arene recovery, in experi-
ment no. 2 we increased the solvent to raw material
volume ratio from 4 : 1 to 7 : 1, all other conditions
being equal. In this case we obtained the raffinate
of the desired quality. However, in this case, the ex-
traction selectivity was insufficient: the arene content
in the extract was below 60%, and the loss of satu-
rated hydrocarbons with the extract, 13.16% (counting
on the raw material) or 17% of their potential content
in the raw material.

Therefore, to increase the process selectivity, in
experiment no. 3 we increased the water content in

Table 2. Characteristics of the raffinate and extract obtained in experiment nos. 133
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Characteristic
³ Experiment no. 1 ³ Experiment no. 2 ³ Experiment no. 3
ÃÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ
³ raffinate ³ extract ³ raffinate ³ extract ³ raffinate ³ extract

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
Yield, % ³ 78.1 ³ 21.9 ³ 67.5 ³ 32.5 ³ 68.7 ³ 31.3³ ³ ³ ³ ³ ³
nD

20 ³ 1.4651 ³ 3 ³ 1.4612 ³ 3 ³ 1.4609 ³ 1.5112³ ³ ³ ³ ³ ³
r4

20 ³ 3 ³ 3 ³ 3 ³ 3 ³ 0.836 ³ 0.910³ ³ ³ ³ ³ ³
Sulfury content, vol % ³ 8.0 ³ 3 ³ 4.5 ³ 3 ³ 4.0 ³ 63.1
Arene content, % ³ 8.3 ³ 75.6 ³ 5.1 ³ 59.5 ³ 4.5 ³ 86.5
Degree of arene recovery, %³ 3 ³ 72.6 ³ 3 ³ 84.8 ³ 3 ³
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

methyl Cellosolve to 4%. At the same time, we in-
creased the solvent to raw material volume ratio to
8 : 1, to maintain the desired quality of the raffinate.
The results of experiment no. 3 are better in all re-
spects as compared to experiment no. 2: lower arene
content in the raffinate and higher raffinate yield,
arene content in the extract, and degree of arene re-
covery. The loss of saturated hydrocarbons with
the extract in experiment no. 3 decreased to 11.58%
(counting on the raw material) or to 15% of their
potential content in the raw material.

It is possible to further improve the process selec-
tivity, i.e., to increase the raffinate yield and arene
content in the extract and to decrease the loss of satu-
rated hydrocarbons with the extract. However, for this
purpose, we should further increase the solvent to raw
material and pentane to raw material ratios, which will
inevitably increase the power consumption for regen-
eration of the solvents and also in the capital cost
due to the need in increasing diameter of the extractor
and distillation columns.

The results show that extraction refining of the
2253290oC fraction of Troitsk3Anastasievsk oil
requires more stringent process conditions, including
higher solvent to raw material ratio, as compared to
those used in extraction of arenes from the denormali-
zation products from the Parex plant (Kirishinefteorg-
sintez Production Association) [8]. This is caused by
predominance in Troitsk3Anastasievsk oil of poly-
cycloalkanes and highly branched alkanes, which are
more readily soluble in polar solvents, particularly, in
methyl Cellosolve, as compared to monocycloalkanes
and monomethylalkanes of the diesel fraction of West
Siberian oils.

In this work, methyl Cellosolve and pentane were
recovered from the extract and raffinate phases by dis-
tillation on a 20 TP column. Small residual amounts
of methyl Cellosolve (~2%) were removed from the
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Table 3. Results of testing the raffinate as the AMG-10 hydraulic oil body
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Characteristic ³ Standard value (TU 38.301-29-21) ³ Raffinate from run no. 3
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Density at 20oC, g cm33, no more than ³ 0.850 ³ 0.837
Initial boiling temperature, oC, no higher than ³ 210 ³ 225

³ ³Kinematic viscosity at 50oC, mm2 s31: ³ ³
at 50oC, no less than ³ 2.2 ³ 2.2
at 330oC, no less than ³ 200 ³ 142

Flash point in closed vessel, oC, no less than ³ 93 ³ 105
Solidification temperature, oC, no higher than ³ 372 ³ 372
Mechanical admixtures, % ³ 3 ³ 3

Moisture content, % ³ 3 ³ 3

Sulfury content, vol %, no more than ³ 4.5 ³ 4.2³ ³
nD

20 ³ 3 ³ 1.4595
Aniline point, oC, no lower than* ³ 76.5 ³ 70.4
Acid number, mg KOH g31 oil, no more than ³ 0.03 ³ 0.02
Rubber swelling in AMG-10 oil, %, no more than ³ 437 ³ 6
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
* This characteristic of AMG-10 is not critical for rejection.

extract and raffinate by aqueous stripping. In the
large-scale process, methyl Cellosolve residuals can
be removed from the extract and raffinate not by
aqueous washing, but by live steam distillation or
purging with an inert gas.

In extraction refining of relatively light fractions
with methyl Cellosolve, the possibility of formation
of azeotropic mixtures with hydrocarbons boiling
below 200oC should be taken into account.

It is known that azeotropic mixtures characterized
by positive deviation from the Raoult’s law are
formed if the following condition is realized [9]:

g0
1 > P0

2 /P0
1

where g0
1 is the activity coefficient of the hydrocarbon

at infinite dilution in the azeotropizer component and
P0

1 and P0
2 are the saturated vapor pressures of the

hydrocarbon and azeotropizer component at the boil-
ing point of the azeotropic mixture.

With arenes, methyl Cellosolve forms systems
characterized by small deviations from ideality (activ-
ity coefficient of arenes in methyl Cellosolve at in-
finite dilution g0 ~335). Therefore, methyl Cellosolve
having bp 124.4oC can form azeotropic mixtures only
with arenes whose boiling point differs from that of
methyl Cellosolve by no more than 30oC, i.e., with
such solvents as toluene, xylenes, and cumene, but not
with mesitylene (bp 164.7oC) and arenes C10.

The limiting activity coefficients of saturated hy-
drocarbons in methyl Cellosolve are considerably

higher. Therefore, methyl Cellosolve can form azeo-
tropic mixtures even with decane (bp 174.6oC) [10].
Also methyl Cellosolve can form tangential azeotropic
mixtures with undecane (bp 195.6oC) and branched
alkanes C11.

The initial boiling temperature of the fraction in
hand is 225oC (standard distillation), which corre-
sponds to an initial boiling temperature of about
200oC on the actual boiling point curve. Therefore, the
2253290oC fraction should contain no C11 alkanes,
and we observed no formation of azeotropic mixtures
of methyl Cellosolve with hydrocarbons in solvent
regeneration.

However, if the initial boiling temperature of a
fraction were lower by 10315oC, it is not improbable
that C11 alkanes capable of forming azeotropic mix-
tures with methyl Cellosolve would enter this fraction.
In this case, the process flowsheet should include
separators for these azeotropic mixtures. However, no
oiling of methyl Cellosolve with hardly removable
trace arenes will occur even if the initial boiling tem-
perature under standard distillation conditions is
lowered to 1903200oC.

The raffinate obtained after extraction refining of
the 2253290oC fraction of low-paraffinicity oil meets
the basic requirements of TU (Technical Specifica-
tions) 38.301-29-21 for AMG-10 hydraulic oil body
(Table 3).

Thus, AMG-10 hydraulic oil body can be manufac-
tured by extraction refining of the 2253290oC fraction
of low-paraffinicity oil. This method should be con-
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sidered as an alternative to sulfuric acid refining as
an environmentally unfavorable process, as well as
hydrogenation as requiring the use of pure hydrogen
and high-pressure equipment.

CONCLUSION

Five-step countercurrent extraction refining of the
2253290oC fraction of low-paraffinicity oil containing
23% arenes, at 8 :1 solvent (methyl Cellosolve34%
H2O) to raw material and 1 : 1 pentane to raw materi-
al weight ratios, allowed decrease in the sulfury con-
tent in the raffinate to 4.5 vol % (raffinate yield about
69%). The raffinate thus obtained meets the require-
ments to the AMG-10 hydraulic oil body.
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Abstract-Liquid-phase ozonolysis of asphaltenes from the semicoking tar of G17 coal was studied.

In structural studies of asphaltenes, ozone is of
particular interest as a specific agent cleaving double
bonds [139]. Identification of low-molecular-weight
(water-soluble) and high-molecular-weight (water-
insoluble) products of asphaltene ozonolysis by 1H
and 13C NMR spectroscopy, gas chromatography3
mass spectrometry (GC3MS), gas3liquid (GC) and
thin-layer (TLC) chromatography, UV/Vis spectros-
copy, and ESR allows detailed characterization of the
molecular structure of asphaltenes of various origins,
which, in turn, is necessary for their efficient appli-
cation.

In this work we studied liquid-phase ozonolysis of
asphaltenes from the semicoking tar of G17 coal.

EXPERIMENTAL

Coal characteristics: moisture content Wd 2.9, ash
residue Ac 8.7, yield of volatiles Vdaf 36.6% (based
on air-dry coal); elemental composition, % daf: C
80.8, H 5.7, N 1.0, O 11.7, Stot 0.8. Yield of semi-
coking tar, % of organic matter of coal (OMC): 15.1;
chemical group composition of semicoking tar, % of
anhydrous tar: organic bases 1.15, carboxylic acids
0.85, phenols 18.96, hydrocarbons 32.90, neutral oxy-
gen-, nitrogen-, and sulfur-containing compounds
25.11, asphaltenes 86, and resinous substances + loss
12.43 [10].

Characteristics of asphaltenes: molecular weight
M = 277.5; elemental composition, % daf: C 77.8,
H 8.2, N 2.6, O 11.4; functional composition,
g-equiv mol31: phenolic groups (PG) 0.42, quinoid
groups (QG) 0.40, keto groups (KG) 0.27, alcoholic
groups (AG) 0.38, alkoxy groups (AOG) 0.22, and
heterocyclic oxygen (Oc) 0.76.

In the mineral fraction of asphaltenes, we identified
by emission spectrum, X-ray fluorescence, and X-ray

phase analyses the following elements: Fe, Mg, Al,
Si, Ti, Ni, Sn, Sb, V, Mn, Cr, Zn, Zr, Pt, Rh, Hg, Ge,
Ga, Pb, Ca, Na, K, Ce, Co, and Nd. The IR spectra
of asphaltenes contained absorption bands (n, cm31)
of the following structural fragments: aromatic rings
(303033080, 1600, 1500, 144031465), with the in-
creased intensity of the bands at 1600 and 1500 sug-
gesting formation of fused structures; CH2 groups
exhibiting stretching (2840, 2940, 2925, 2850) and
bending (7203740, 970, 1470) vibration bands, whose
high intensity suggests high content of hydrogenated
rings; phenolic hydroxyls (357033670, 114031230,
131031410); methoxy groups (2850); quinoid groups
(1645, 1665, 1675, 1745); cyclic and naphthenic alco-
hols (103031120, 126031350, 363033700); oxygen-
and nitrogen-containing heterocycles (1565, 1500,
101531030, 8453870, 7403800).

Asphaltenes have relatively high molecular weight
(1543589); they contain alicyclic, aromatic, and het-
erocyclic rings fused in the linear or angular fashion.

From the practical viewpoint, one of promising
ways of asphaltene processing is homogeneous pyrol-
ysis, as it can yield additional amounts of hydrocar-
bons and other valuable products. However, the yield
of pyrocarbon is relatively high, which calls for devel-
opment of alternative procedures for processing as-
phaltenes. One of such procedures is ozonolysis.

Homogeneous ozonolysis of asphaltenes was per-
formed in an installation consisting of an ac generator,
an ozonizer equipped with a water-cooled jacked and
tungsten electrodes, a bubbling reactor, a temperature
control system, a control valve for feeding air, and a
bottle packed with silica gel ASKM for drying the air
fed to the ozonizer. The volume fraction of ozone in
the ozone3air mixture was 2.5%. The reaction was
performed in chloroform at 20+1oC for 30 h. The
optimal reaction time was chosen in a series of pre-
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liminary experiments in the course of which samples
of the reaction mixture were taken and analyzed by
TLC and IR and UV/Vis spectroscopy. The reaction
performed for a time longer than 25330 h caused no
further significant changes in the composition of the
ozonolysis products.

Active transformations of asphaltenes under the
action of ozone start after an induction period (233 h)
and are the most significant in the first 12315 h. The
ozonolysis mechanism is not unambiguous and con-
stant throughout the process, as judged from the trends
in variation of the content of various functional groups
with time.

In the first stage of the process, the content of
aromatic rings drastically decreases, and ozonides are
formed. The content of phenolic groups and hetero-
cyclic oxygen drastically decreases also, but the rela-
tive content of quinones somewhat increases.

This is followed by decomposition of ozonides and
formation of carboxy and keto groups with dramatic
decrease in the content of quinoid groups. Finally, the
amount of aliphatic substituents decreases and naph-
thenic rings are cleaved, which is indicative of the oc-
currence of radical oxidation with atomic and molecu-
lar oxygen formed by partial decomposition of ozone.

Thus, the revealed trends in transformations of
asphaltenes in the course of ozonolysis allow an im-
portant conclusion that there are two reaction path-
ways: classical ozonolysis involving cleavage of peri-
pheral aromatic rings and heterocycles via ozonides
and radical oxidation with atomic and molecular oxy-
gen, apparently occurring after saturation with ozone
of the multiple bonds in aromatic rings.

The mechanism of cleavage of [internal] aromatic
rings in fused asphaltene structures is different and
apparently involves intermediate formation of qui-
nones, which accounts for a certain increase in their
content in the initial stage of ozonolysis.

The induction period is most probably due to the
slowest stage of the process, addition of ozone to
multiple bonds with the formation of ozonides. Then,
as the ozonides decompose, the rate of asphaltene
oxidation by various pathways sharply grows.

Thus, the kinetic features of ozonolysis revealed by
prompt analytical procedures form a theoretical basis
for controlling the process so as to stop it at the re-
quired stage, in particular, at the stage of ozonide
formation.

After ozonolysis completion, the reaction mixture
was refluxed with distilled water for 2 h to fully

decompose ozonides, and the organic and aqueous
phases were separated in a separatory funnel. The
weight gain of the organic phase after removal of the
solvent was 66.15 wt %.

To identify acidic components of the aqueous layer,
the aqueous phase was chromatographed on an acti-
vated Silufol plate in the system ethanol325% ammo-
nia3water (volume ratio 50 : 15 : 2.5). A reference
mixture of acids was chromatographed simultaneous-
ly. The plates were developed under UV light (254
and 366 nm) and then sprayed with a 0.25% solution
of Bromocresol Purple (reagent for carboxylic acids)
and a 0.2% solution of diazotized p-nitroaniline (re-
agent for phenols).

We identified oxalic (the major component of
water-soluble products), salicylic, succinic, benzoic,
and phthalic acids.

An aliquot of the aqueous layer was titrated poten-
tiometrically with 1 N aqueous-alcoholic KOH. From
the first potential jump corresponding to titration of
oxalic acid, we evaluated its yield: 22.5% based on
the initial asphaltenes.

The composition of organic products of asphaltene
ozonolysis was found by combination of the data of
IR and UV/Vis spectroscopy, cryoscopy, elemental
and quantitative functional analysis, and TLC.

Under the optimal TLC conditions (petroleum
ether3acetone3benzene, volume ratio 25 : 40 : 15), we
obtained 26 close-cut fractions (see table).

It is seen that the isolated components are charac-
terized by broad ranges of the molecular weight (1503
295) and composition (% daf: C 53.2386.8, H 3.73
13.3, and O 7.7335.6). Among functional groups, the
carboxy and keto groups are present in the largest
amounts: 0.7431.92 and 0.6031.62 g-equiv mol31,
respectively. The content of hydroxy groups is also
significant: 0.4930.81 g-equiv mol31. Quinoid groups
were identified in four compounds, with the content
of 1.7031.99 g-equiv mol31. Alkoxy, ester, and lac-
tone groups and heterocyclic oxygen are untypical of
the isolated components: only two or three structures
were detected.

The presumed structural formulas of the isolated
compounds are listed below.
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Except methyl- and dimethyldecalins, which are
the only detected hydrocarbons, the organic phase main-
ly consists of functional (mostly bifunctional) mono-,
bi-, and tricyclic compounds containing carboxy, keto,
and hydroxy groups. The high content of aromatic
rings along with naphthenic rings may be due to sec-
ondary formation of aromatic rings in the course of
ozonolysis by oxidative dehydrogenation of naph-
thenes. Quinoid structures are all the more secondary;
they are formed by intermediate oxidation of [inter-
nal] aromatic rings of the initial asphaltenes. The
carboxy and keto groups are formed by oxidative
degradation of alkyl substituents and naphthenic rings.

The whole set of our results allows certain practical
conclusions.

Firstly, mild ozonation can be successfully used as
an additional procedure for confirming the structure
of high-molecular-weight asphaltenes by converting
them into low-molecular-weight compounds, and also
for revealing the structural correlations between the
initial and oxidized asphaltenes and for elucidating
possible transformation pathways of various compo-

nents of oxidized asphaltenes.

For example, for several pathways of possible
transformations of one of the initial asphaltenes, we
calculated the activation energy Ea by the procedure
[11] based on the assumption that the bond energies
in the activated complex are additive:
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The calculated activation energies are as follows:



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 1 2003

OZONOLYSIS OF ASPHALTENES FROM SEMICOKING TAR OF G17 COAL 151

Characteristics of asphaltene ozonolysis products*
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Fraction no. ³ M, formula, elemental and functional composition
ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

1 ³M 158; C11.4H20.9; C 86.8, H 13.2
2 ³M 170; C12.3H22.6; C 86.7, H 13.3
3 ³M 164; C9.0H7.9O3.0; C 65.9, H 4.8, O 29.3, CG 0.98, KG 0.91
4 ³M 185; C9.3H8.2O4.1; C 60.0; H 4.4; O 35.6; CG 0.97; EG, LR 0.83
5 ³M 149; C9.1H8.1O2.0; C 73.0; H 5.4; O 21.6; EG, LR 0.85
6 ³M 160; C8.3H10.4O3.1; C 62.3, H 6.5,O 31.2, KG 1.62, PG 0.81
7 ³M 150; C8.5H14.9O2.1; C 67.6, H 9.9, O 22.5, CG 0.74
8 ³M 161; C8.3H12.4O3.1; C 61.5, H 7.7, O 30.8, CG 0.76, KG 0.70
9 ³M 165; C7.3H10.4O4.2; C 53.2, H 6.3, O 40.5, CG 0.75, KG 0.63, AG 0.72

10 ³M 187; C9.4H8.2O4.2; C 60.0, H 4.4, O 35.6, CG 1.82
11 ³M 211; C13.1H22.2O2.0; C 74.3, H 10.5, O 15.2, KG 0.60, AG 0.70
12 ³M 180; C9.5H14.8O3.2; C 63.5, H 8.2, O 28.3, CG 0.88, Oc 0.74
13 ³M 190; C9.2H14.3O4.1; C 58.1, H 7.5, O 34.4, CG 0.80, AG 0.68, Oc 0.70
14 ³M 169; C8.6H15.0O3.0; C 60.8, H 8.9, O 30.3, CG 0.82, AG 0.74
15 ³M 203; C10.2H16.3O4.1; C 60.0, H 8.0, O 32.0, CG 0.75, KG 0.68, AG 0.62
16 ³M 204; C11.3H18.6O3.1; C 66.7, H 9.1, O 24.2, CG 0.77, AG 0.60
17 ³M 198; C11.5H10.5O3.1; C 69.5, H 5.3, O 25.2, CG 0.97, KG 0.87
18 ³M 170; C10.5H10.5O2.1; C 74.1; H 6.2; O 19.7; EG, LR 0.91
19 ³M 185; C10.4H10.4O3.1; C 67.4, H 5.6, O 27.0, AG 0.65, QG 1.85
20 ³M 220; C12.2H8.4O4.1; C 66.7, H 3.7, O 29.6, CG 0.94, QG 1.92
21 ³M 229; C15.5H10.3O2.1; C 81.1, H 4.5, O 14.4, QG 1.99
22 ³M 214; C14.1H12.2O2.0; C 79.2, H 5.7 O 15.1, KG 0.90, AOG 0.71
23 ³M 216; C15.6H12.5O1.0; C 86.5, H 5.8, O 7.7, AOG 0.74
24 ³M 215; C13.1H10.1O3.0; C 72.9, H 4.7, O 22.4, CG 0.83, KG 0.92
25 ³M 250; C14.8H9.8O3.9; C 70.9, H 3.9, O 25.2, AOG 0.34, PG 0.49, QG 1.70
26 ³M 295; C16.8H13.9O5.0; C 68.4, H 4.7, O 26.9, CG 1.92, KG 0.65, PG 0.68

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
* (CG) Cresol groups, (EG) ester groups, and (LR) lactone rings.

Ea
1 = 148.75, Ea

2 = 168.02, and Ea
3 = 338.55 kJ mol31.

It is seen that pathway (3) with the highest activa-
tion energy is characterized by the yield as low as
0.2%, whereas the two other pathways whose activa-
tion energies are approximately two times lower give
~15 times higher product yields: 2.7 and 3.1%.

The contribution of pathway (1) is somewhat lower
than that of pathway (2), despite lower Ea. This may
be due to further degradation of the product of reac-
tion (1), involving the quinone ring and occurring
before the product concentration is measured.

Secondly, we have found a way of efficient pro-
cessing of asphaltene raw materials which are accum-
ulated in large amounts at petrochemical and coal-tar
chemical plants and have no applications yet.

High-molecular-weight asphaltene compounds can
be converted by ozonolysis into valuable products and
raw materials for organic synthesis. In particular, high
yield of oxalic acid (22.5% based on the initial asphal-

tenes) makes economically feasible its recovery from
water-soluble ozonolysis products. Succinic and sali-
cylic acids can be obtained as by-products.

Among the components of the organic phase, of
considerable interest are polycarboxylic acids as addi-
tional significant source of raw materials for heat-
resistant fibers, plastics, and lubricants, and also qui-
nones as starting compounds for preparing dyes.

CONCLUSIONS

(1) Homogeneous ozonolysis of asphaltenes from
the semicoking tar of G17 coal was studied, and vari-
ation of the structure of products was monitored.

(2) The ozonolysis products contain aromatic and
alicyclic structures substituted with phenolic, quinoid,
carboxy, keto, and ester groups, oxygen-containing
heterocycles, and six-membered lactones.

(3) The major pathways of asphaltene ozonolysis
were suggested.
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Abstract-A process was developed for converting tantalum(V), niobium(V), and titanium(IV) sulfate and
chloride to their fluorides in order to improve separation of these elements.

Large deposits of rare-earth titanoniobates, loparite
and perovskite, are located on the Kola Peninsula.
Some procedures of their breakdown yield acidic sul-
fate and chloride solutions containing tantalum(V),
niobium(V), and titanium(IV) [135]. Numerous
studies on separation of rare metals from these solu-
tions were summarized in [6]. Especially numerous
papers deal with extractive recovery of Ta(V), Nb(V),
and Ti(IV) from chloride solutions. For example,
more than twenty papers on extraction of these metals
with tributyl phosphate were published. Increased in-
terest in this problem was caused by researchers, at-
tempts to develop an extraction procedure for treat-
ment of loparite chlorination products formed in in-
dustrial processing of loparite ore in Russia [7]. How-
ever, these attempts failed. Serious problems origi-
nated from the dependence of the extractability of
Nb(V) and especially Ta(V) on the history (prepara-
tion procedures) of the solutions of these metals, from
deterioration of extractive recovery and separation
of Nb(V) from Ta(V) due to copolymerization of
Nb(V) with Ta(V), and of Nb(V) and Ta(V) with
Ti(IV) and Zr(IV) and other metals, and a sharp de-
crease in the extractability of Ta(V) on standing or
heating of solutions [6]. These facts, along with such
negative factors as relatively low solubility of Nb(V)
and Ta(V) in hydrogen chloride solutions, active joint
extraction of foreign metals, and their difficult re-
moval from the target metals make extractive separa-
tion of Ta(V), Nb(V), and Ti(IV) from chloride solu-
tions unfeasible. Still greater problems arise in extrac-
tive separation of Ta(V), Nb(V), and Ti(IV) from
sulfate solutions [6].

The most efficient separation and purification of
the metals under consideration is attained with fluo-
ride system, which is successfully used in industry

[8]. In this system, Ta(V), Nb(V), and Ti(IV) are
jointly extracted with organic acids from solutions
prepared by breakdown of rare-metal titanoniobates
with sulfuric or hydrochloric acids [135] and then are
backwashed with hydrofluoric acid. Ta(V) and Nb(V)
are recovered from the resulting fluoride solutions by
extraction with tributyl phosphate (TBP) [9] or octanol
[10]. Owing to conversion of sulfate and chloride
complexes into fluoride derivatives and the fact that
organic acids recover metals by the ion-exchange
mechanism virtually without mineral acids, the lib-
erated H2SO4 and HCl can be reused for breakdown
of the initial titanoniobate [6]. After extractive re-
covery of Ta(V) and Nb(V), the spent aqueous fluo-
ride solutions can be subjected to dialysis or pyrolysis
[1, 2] to obtain commercial titanium dioxide and
regenerate HF for its reuse for backwashing metals
from the organic extracts. The above-noted procedures
are promising for developing a low-waste procedure
for processing of rare metal raw materials.

Among effective organic acid extractants, the
cheapest and the most commercially available is
di(2-ethylhexyl) hydrogen phosphate (HDEHP). Our
experimental results on extractive recovery of Ta(V),
Nb(V), and Ti(IV) with HDEHP from sulfuric acid
process solutions obtained by different procedures of
breakdown of loparite, perovskite, and sphene with
sulfuric acid are listed in Table 1. The data on back-
washing of the metals are given in Table 2. In our ex-
periments we used technical-grade HDEHP containing
about 7 vol % of main component, about 7 vol % of
mono(2-ethylhexyl) dihydrogen phosphate (H2MEHP),
and isooctyl alcohol. Kerosene and RED-1 (C123C16
paraffins hydrocarbons) were used as diluents.

The extraction was performed at 18320oC. After
one or two contacts of the organic phase with the
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Table 1. Extractive recovery of Ta(V), Nb(V), and Ti(IV) from sulfuric acid solutions with 40 vol % HDEHP solution in
organic diluent
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Run
³ Content in the initial solution, M ³

Diluent
³

Vo : Va

³ Degree of recovery, %
ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ´ ³ ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ

no. ³ Ta(V) ³ Nb(V) ³ Ti(IV) ³ H2SO4 ³ ³ ³ Ta(V) ³ Nb(V) ³ Ti(IV)
ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ

1 ³ 0.0018 ³ 0.030 ³ 0.022 ³ 2.6 ³Kerosene ³ 1 : 1 ³ ~100 ³ ~100 ³ ~100
2 ³ 0.0018 ³ 0.030 ³ 0.022 ³ 6.5 ³" ³ 1.6 : 1 ³ ~100 ³ ~100 ³ ~100
3 ³ 0.0003 ³ 0.015 ³ 0.075 ³ 5.0 ³" ³ 0.4 : 1 ³ 3 ³ 99.4 ³ 97.4
4 ³ 0.0003 ³ 0.015 ³ 0.075 ³ 10.0 ³" ³ 0.2 : 1 ³ 85.7 ³ 90.9 ³ 98.2
5 ³ 0.0003 ³ 0.015 ³ 0.075 ³ 10.0 ³" ³ 0.3 : 1 ³ 96.7 ³ 95.4 ³ 99.1
6 ³ 3 ³ 0.006 ³ 0.072 ³ 10.0 ³RED-1 ³ 0.5 : 1 ³ 3 ³ 90.2 ³ 94.0
7 ³ 0.0025 ³ 0.015 ³ 0.22 ³ 7.9 ³" ³ 1 : 1 ³ 57 ³ 43 ³ 43
8* ³ 0.0025 ³ 0.015 ³ 0.22 ³ 7.9 ³" ³ 1 : 1 ³ 73 ³ 63 ³ 92

ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ
* Extraction at 40oC.

Table 2. Backwashing of Ta(V), Nb(V), and Ti(IV) from 40 vol % HDEHP solution in organic diluent with 7.5 M
aqueous HF
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Content in HDEHP, M ³
Diluent

³
Vo : Va

³ Degree of recovery, %
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ´ ³ ÃÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

Ta(V) ³ Nb(V) ³ Ti(IV) ³ ³ ³ Ta(V) ³ Nb(V) ³ Ti(IV)
ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ

0.0020 ³ 0.050 ³ 0.063 ³Kerosene ³ 10 : 1 ³ ~100 ³ ~100 ³ 72.6
3 ³ 0.012 ³ 0.14 ³RED-1 ³ 2 : 1 ³ 3 ³ 99.7 ³ 97.3
3 ³ 0.012 ³ 0.14 ³" ³ 5 : 1 ³ 3 ³ 98.2 ³ 96.4

0.0003 ³ 0.015 ³ 0.41 ³" ³ 4.5 : 1 ³ >66 ³ 97.8 ³ 97.5
ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

aqueous hydrogen fluoride solution, Ta(V), Nb(V),
and Ti(IV) are virtually exhaustively backwashed
from the organic phase. Because Vo is substantially
larger than Va, the target metals are concentrated in the
aqueous fluoride backwashes by a factor of about 10.
Table 1 (run nos. 7 and 8) shows that heating con-
siderably improves the extraction of the rare elements
with HDEHP. We found also that addition of neutral
oxygen-containing solvents (e.g., TBP) improves the
extractive recovery of Ta(V) and Nb(V). The amount
of this additive, however, should not be large (e.g., for
TBP, no more than 335 vol % ), because higher con-
centrations of additives prevent backwashing of the
metals with aqueous HF. The similar technique was
successfully used by us for converting Ta(V), Nb(V),
and Ti(IV) chlorides to their fluorides [4]. In this
process, both the degree of extracive recovery of the
rare metals with HDEHP and the degree of their back-
washing were close to 100%.

In conclusion it should be noted that the contact of
HDEHP with concentrated mineral acids should be
avoided. For example, contact of HDEHP with aque-
ous HF and H2SO4 with concentration exceeding 8

and 10 M, respectively, results in fast decomposition
of this extractant [11].

CONCLUSIONS

(1) Ta(V), Nb(V), and Ti(IV) are virtually com-
pletely recovered from aqueous sulfuric acid with
di(2-ethylhexyl) hydrogen phosphate and are back-
washed from the organic phase with aqueous HF.

(2) Conversion of Ta(V), Nb(V), and Ti(IV) to
their fluorides by backwashing from the organic phase
with aqueous hydrogen fluoride is promising for
development of low-waste procedures for processing
rare-earth titanoniobates.
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Abstract-The solubility of gypsum in 0330 wt % nitric acid solutions at 20oC was studied. The data were
compared with the results obtained at 60oC.

Methods involving preliminary leaching of calcium
ions with nitric acid show promise for recovery of
calcium-containing rare-metal raw materials (perov-
skite, sphene) [133]. The forming solutions contain
free nitric acid, nitrates of calcium and rare-earth ele-
ments, and, to a small extent, nitrates of other im-
purity elements. Most of calcium ions can be precipi-
tated from the leaching solution by addition of sul-
furic acid, and the nitric acid solution after concentrat-
ing can be reused to break down the concentrates.
Reuse of nitric acid solutions is also of interest due to
the fact that under certain conditions rare-earth ele-
ments do not precipitate jointly with calcium sulfate
[4] and can be accumulated in the solution and sub-
sequently recovered by extraction.

Methods are being developed for extracting lan-
thanides by nitric acid leaching of phosphogypsum,
CaSO4 .2H2O, and phosphohemihydrate, 2CaSO4 .
H2O, which are by-products in production of wet-
process phosphoric acid from Khibiny apatite concen-
trate [537]. In the course of leaching, phosphohemi-
hydrate recrystallizes into phosphogypsum, and cal-
cium sulfate dissolves in the nitric acid solutions.

To estimate the efficiency of the calcium ion pre-
cipitation from nitric acid leaching solutions and the
amount of calcium sulfate dissolving in nitric acid
during leaching of phosphogypsum, we determined
experimentally the dependence of the solubility of
calcium sulfate dihydrate on the nitric acid concentra-
tion at 20oC.

The solubility of calcium sulfate dihydrate in nitric
acid was studied by the isothermal method. Analyti-
cally pure grade chemicals were used. The initial solu-
tions with a prescribed HNO3 concentration and ex-
cess CaSO4 .2H2O were kept in hermetically sealed
temperature-controlled flasks at 20+0.5oC with stir-
ring until the equilibrium was attained. The process

was monitored by analysis of the liquid phase at
regular intervals for the content of Ca2+ and SO4

23

ions by standard photometric and gravimetric proce-
dures. The presence of two endothermic peaks in the
ranges 1243150 and 1783192oC in the thermograms
and the X-ray phase analysis data for the samples of
the bottom phase confirm the existence of CaSO4 .
2H2O under the examined conditions.

As seen from the results obtained (see figure), the
dependence of the gypsum solubility on the nitric acid
concentration at 20oC passes through a maximum in
the range 22325 wt % HNO3. Data on the CaSO4 .
2H2O solubility at 60oC [8] are presented for com-
parison. The observed direct temperature dependence
of the CaSO4 .2H2O solubility in nitric acid confirms
the previous results [4].

The results obtained are useful for engineering cal-
culations and physicochemical substantiation of flow-
sheets for reprocessing of calcium-containing rare-
metal raw materials. In particular, we can state that

S, wt %

HNO3, wt %

Solubility S of CaSO4 .2H2O in nitric acid at (1) 20 and
(2) 60oC [8].
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the low residual concentration of calcium ions in
recycled nitric acid solutions must not impede their
reuse for breaking down sphene concentrate.
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COMMUNICATIONS

Electrotreatment of Wastewaters from High-Octane Fuel
Production To Remove Methyl tert-Butyl Ether and Methanol
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Received October 2, 2001; in final form, January 2002

Abstract-The possibility is examined of removing methyl tert-butyl ether from wastewaters by electro-
treatment.

Industrial wastes from gas-condensate stabilization
plants contain methanol, sodium carbonate and hydro-
carbonate, tert-butanol, isobutene dimers, and methyl
tert-butyl ether CH3OC(CH3)3 (MTBE). The standard
flowsheet of wastewater treatment in such plants in-
cludes hydrocyclones, oil removers, floatation mach-
ines, and tanks for treated wastewater. A line of
wastewater treatment to remove MTBE and associated
acetone, dimeric isobutene, methanol, and hydrocar-
bons is connected in parallel. MTBE cannot be oxi-
dized biochemically. At the input of the line, the
MTBE concentration amounts to 20340 mg g31. At
the output, it should be no more than 0.001 mg g31.
The facilities and pipelines should be leakproof.

At the Surgut gas-condensate stabilization plant,
the output of the treatment plant for removal of
MTBE is 4.0 m3 day31. The chemical oxygen demand
(COD) of the wastewater to be treated is 7 g l31, the
oil product content, 1003200 mg l31, and pH 6.538.5.
The MTBE concentration at the output is 10 mg l31

and that of the suspended material, up to 100 mg l31.

The use of electrotreatment for such wastes was
reported in [135]. In this work we studied the effi-
ciency of electrotreatment to remove MTBE from
wastewaters containing 14.5 mg l31 MTBE in the
presence of 68 g l31 methanol. The concentrations of
MTBE, methanol, tert-butanol, and hydrocarbons
were determined chromatographically, using a thermal
conductivity detector. Electrotreatment was performed
with an Akvalon electrode array [3, 4] (voltage on
the flat electrodes 24 V, interelectrode distance 33
4 mm, and power consumption 40 W).

The electrode array consisted of four plates
14.5 cm high (two of them 6.4 cm wide, and two,
3.9 cm). Such an electrode arrangement allowed both
uniform or nonuniform electrical field conditions.

As filters we used foamed propylene fiber cartridges
(horizontal filtration to the center; countercurrent
washing with water). In one series of experiments we
used aluminum electrodes (treatment time 120 min
using 6-min pulses and 1-min breaks) and in the other
series, large-width aluminum internal electrodes and
small-width iron external electrodes (treatment time
60 min with the same pulses). The dispersion formed
in the course of electrotreatment was agitated in
breaks between pulses.

After electrotreatment with the aluminum electrode
array, the MTBE concentration decreased from 14.5 to
6.8 mg l31. More considerable effect was observed
with the combined electrode array. We failed to re-
cover MTBE exhaustively. The methanol concentra-
tion decreased to 60.7 g l31 after electrotreatment with
combined electrode array for 30 min and to 42 g l31

after treatment with Al electrode array for 60 min.

One more series of experiments was performed, to
determine the efficiency of electrotreatment of waste-
waters formed after regeneration of reforming col-
umns, containing Na2CO3, Na2SO3, and 1.01 mg l31

of iron ions (pH 7.5, dry residue 9500 mg l31). After
electrotreatment with Al electrode array for 60 min,
the dry residue was 9540 mg l31 and iron concentra-
tion, 0.41 mg l31; and with the combined electrode
array, 9340 and 0.7 mg l31, respectively.

Increased efficiency of wastewater treatment in the
electrical field is due to the fact that, in this case,
coagulation with participation of organic molecules
[5] and associates is followed by their chemisorption
on some coarser aggregates formed from the regen-
erated coagulant [Fe(OH)2 + Fe(OH)3 + Al(OH)3] and
multiple-charged Al and Fe cations. Because of the
weak polarity, the common electrokinetic effects can
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be only partly manifested in the course of coagulation.
At the same time, certain contributions to this process
are provided by dielectrophoresis, including dipolo-
phoresis [1].

CONCLUSION

The use of external uniform or nonuniform elec-
trical fields at a strength of up to 100 V cm31 for treat-
ing industrial wastewaters from gas condensate stabili-
zation plants allows reduction of the contents of such
oxygen-containing organic fuel additives as methyl
tert-butyl ether and methanol.
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Abstract-1,3-Bis(trialkylammonio)-2-propanol dihalides were prepared, and their retardant activity was
studied in relation to the chemical structure.

No retardants (compounds inhibiting the growth
of plant pedicels and increasing their productivity)
effective toward rape are known [1]. Relatively low
retardant activity is exhibited by N, N-dimethylmor-
pholinium [2, 3] and N, N-dimethylpiperidinium [4]
chlorides.

With the aim of revealing a correlation between the
retardant activity and chemical structure and of search-
ing for new retardants effective toward rape, we have
converted 1,3-bis(dialkylamino)-2-propanols Ia3Ic
[537] into 1,3-bis(trialkylammonio)-2-propanol diha-
lides IIa3IIc, IIIa3IIIc, and IVa3IVc and studied
their biological activity. Quaternization was performed
with iodomethane, 1-chloro-2-propene, or benzyl
chloride:

R2NCH2CHOHCH2NR2
Ia3Ic

R`X
776 [R`R2N+CH2CHOHCH2N+R2R`]2X3,

IIa3IIc, IIIa3IIIc, IVa3IVc

where NR2 = N(C2H5)2 (Ia), piperidino (Ib), morpho-
lino (Ic); NR2 = N(C2H5)2; R` = CH3, X = I (IIa);
R` = CH2CH=CH2, X = Cl (IIb); R` = CH2C6H5, X =
Cl (IIc); NR2 = piperidino; R` = CH3, X = I (IIIa);
R` = CH2CH=CH2, X = Cl (IIIb); R` = CH2C6H5,
X = Cl (IIIc); NR2 = morpholino; R` = CH3, X = I
(IVa); R` = CH2CH=CH2, X = Cl (IVb); R` = CH2 .

C6H5, X = Cl (IVc).

The yield was 85399%. The composition and struc-
ture of the compounds were proved by UV and 1H
NMR spectroscopy and by elemental analysis (see
table). The absorption band of the aromatic ring in the
UV spectra of IIc3IVc is located at about 264 nm

(loge = 2.833.0), and the chemical shift of the hy-
droxyl proton in the 1H NMR spectra of IIa3IVa, in
the region of d = 4.9 ppm.

The retardant activity was studied with respect to
rape plantules and roots under laboratory conditions
[8] and in field experiments.1

The height, diameter, anatomic structure, and resis-
tance to lodging of pedicels, and the plant productiv-
ity were estimated [9].

We found that salt IVb inhibits the growth of rape
plantules and pedicels, appreciably increases the green
and dry weight of roots, and stimulates formation of
components of rape harvest as compared to the con-
trol. Compounds IIa, IIc, IIIa3IIIc, IVa, and IVc are
considerably less active or inactive at all. Thus, re-
placement of the morpholine fragment in the molecule
of IVb by the piperidine or diethylamine fragments,
as well as replacement of the 2-propenyl substituent
by methyl or benzyl substituents, sharply decreases
the retardant activity toward rape.

EXPERIMENTAL

The UV spectra were taken on a Specord UV-VIS
spectrophotometer in 95% ethanol, and the 1H NMR
spectra, on a Tesla BS-487C spectrometer (80 MHz,
solvent CF3CO2H, internal reference TMS).

1,3-Bis(N, N-dialkyl-N-methylammonio)-2-pro-
panol diiodides IIa3IVa. Iodomethane (42.6 g,
0.3 mol) was added dropwise with stirring to 0.1 mol
of Ia3Ic. The mixture was kept at 50360oC for 0.5 h
ÄÄÄÄÄÄÄÄÄÄÄÄ
1 Field experiments were performed in the pilot area of the

Lithuanian Institute of Agriculture (Dotnuva Academy).
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Yields, melting points, and elemental analyses of IIa3IIc, IIIa3IIIc, and IVa3IVc
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ

Compound
³

Yield, %
³

mp, oC
³ Found, %/Calculated, % ³

Formula³ ³ ÃÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ´
³ ³ ³ C ³ H ³ Cl ³ N ³

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄ
IIa ³ 90 ³ 1563157 ³ 31.96/32.11 ³ 6.70/6.63 ³ 3 / 3 ³ 5.88/5.76 ³C13H32I2N2O

³ ³ ³ ³ ³ ³ ³IIIa ³ 91 ³ 1943196 ³ 35.60/35.31 ³ 5.99/6.32 ³ 3 / 3 ³ 5.52/5.49 ³C15H32I2N2O
³ ³ ³ ³ ³ ³ ³IVa ³ 85 ³ 2353237 ³ 30.52/30.37 ³ 5.37/5.49 ³ 3 / 3 ³ 5.21/5.45 ³C13H28I2N2O3
³ ³ ³ ³ ³ ³ ³IIb ³ 98 ³ 2043205 ³ 57.52/57.45 ³ 10.28/10.21 ³ 20.03/19.95 ³ 7.81/7.88 ³C17H36Cl2N2O
³ ³ ³ ³ ³ ³ ³IIIb ³ 98 ³ 2013203 ³ 60.31/60.15 ³ 9.62/9.56 ³ 18.77/18.69 ³ 7.54/7.38 ³C19H36Cl2N2O
³ ³ ³ ³ ³ ³ ³IVb ³ 86 ³ 1683170 ³ 52.90/53.26 ³ 8.83/8.41 ³ 18.11/18.50 ³ 7.07/7.31 ³C17H32Cl2N2O3
³ ³ ³ ³ ³ ³ ³IIc ³ 99 ³ 2053206 ³ 66.06/65.92 ³ 8.81/8.85 ³ 15.42/15.57 ³ 6.24/6.15 ³C25H40Cl2N2O
³ ³ ³ ³ ³ ³ ³IIIc ³ 85 ³ 2343235 ³ 67.70/67.63 ³ 8.44/8.41 ³ 14.88/14.79 ³ 5.83/5.84 ³C27H40Cl2N2O
³ ³ ³ ³ ³ ³ ³IVc ³ 92 ³ 1803183 ³ 62.23/62.11 ³ 7.76/7.51 ³ 14.89/14.67 ³ 5.62/5.79 ³C25H36Cl2N2O3

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ

and cooled to 20oC; the precipitate was filtered off,
washed with anhydrous diethyl ether, dried in a vac-
uum, and recrystallized from acetone3ethyl acetate
(1 : 3 by volume).

1,3-Bis(N, N-dialkyl-N-2-propenylammonio)-2-
propanol dichlorides IIb3IVb. A mixture of 0.1 mol
of Ia3Ic and 30.6 g (0.4 mol) of 1-chloro-2-propene
was refluxed for 60 days and cooled; the precipitate
was worked up as described for IIa3IVa and recrys-
tallized from acetone3ethyl acetate (1 : 5 by volume).

1,3-Bis(N , N-dialkyl-N-benzylammonio)-2-
propanol dichlorides IIc3IVc. A mixture of 0.1 mol
of Ia3Ic and 50.6 g (0.4 mol) of benzyl chloride was
heated at 100oC for 50 h and cooled; the precipitate
was worked up as described above for IIa3IVa.

CONCLUSIONS

(1) A procedure was developed for preparing 1,3-
bis(trialkylammonio)-2-propanol dihalides by N-alky-
lation of 1,3-bis(dialkylamino)-2-propanols.

(2) Among the compounds prepared, 1,3-bis(N-2-

propenylmorpholinio)-2-propanol dichloride exhibits
retardant activity toward rape.
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REVIEWS

Gaile, A.A., Proskuryakov, V.A., Semenov, L.V., Pul’tsin, N.M.,
Parizheva, N.V., Zakharov, A.P., Apter, Yu.M., and

Solodova, N.I., Predel’nye koeffitsienty aktivnosti uglevodorodov:
Spravochnik (Limiting Activity Coefficients of Hydrocarbons

in Specific Solvents: A Handbook), Gaile, A.A., Ed.
St. Petersburg: Sankt-Peterburg. Gos. Univ., 2002

The handbook covers experimental activity coef-
ficients of hydrocarbons C53C9, including alkanes,
cycloalkanes, alkenes, alkadienes, alkynes, and arenes
at infinite dilution in more than 500 polar solvents,
obtained by GLC at the St. Petersburg State Tech-
nological Institute. Note that a significant part of these
data was previously published only in dissertations.

It follows from comparison with the fundamental
handbook (Gmehling, J., Menke, J., and Schiller, M.,
Activity Coefficients at Infinite Dilution, Frankfurt on
Main, 1994) that the reviewed handbook covers more
than a half of all the known selective solvents. Data
given in this handbook are of importance for choosing
optimal separating agents in extraction, extractive and

azeotropic distillations, and absorption, i.e., in the
processes widely used in oil-refining and petrochemi-
cal industries. Data on the limiting activity coef-
ficients of hydrocarbons can be used for predicting
their solubility, and the selectivity of a solvent can be
judged from the activity coefficient ratios of com-
ponents to be separated. Also these data are widely
used in modeling phase equilibria liquid3liquid and
liquid3vapor using semiempirical Wilson, NRTL,
UNIQUAC, and other equations.

The handbook is of interest for specialists working
in the fields of physical chemistry, oil processing,
and petrochemistry.

I. V. Tselinskii
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REVIEWS

Blinov, L.N., Khimiko-ekologicheskii slovar’-spravochnik
(Chemical-Ecological Dictionary-Reference Book)

St. Petersburg: Lan’, 2002, 272 pp.

In recent decades, such disciplines as ecology, safe
mode of life, ecological chemistry, and chemistry of
the environment have appeared in the curricula of sec-
ondary- and higher-school institutions. The increasing
attention is given to preservation in quite a number of
other general and special courses. In this connection,
numerous special terms have appeared, not used wide-
ly previously. The chemical-ecological dictionary-
reference book under discussion is the first publication
of this kind, which is intended to serve to a wide
audience of readers, and schoolchildren and junior
students in the first place. The book, written in well-
understandable manner, presents interpretation of
about 1400 various terms of generally chemical and
ecological nature.

The first edition of the reference book, considered
here, proves to be much more [chemical] than [eco-
logical,] despite the apparent conventionality of such
a distinction. No more than 8310% of the total num-
ber of entries are devoted, according to our estimate,
to ecological terms proper. Sufficiently detailed evi-
dence is given about all elements of the periodic table,
much attention is given to the terminology used to
describe the chemical bond (atomic and molecular
orbitals, bonding molecular orbital, metal3metal bond,
chemical bond), to issues concerning the nomencla-
ture of chemical compounds (systematic nomenclature
of anions, cations, acids, acid and basic salts, bases,
oxides, organic compounds).

The book written by L.N. Blinov, a known spe-
cialist, professor of St. Petersburg State Polytechnic
University, can well be used as additional textbook of
chemistry in a wide variety of educational institutions.
It seems advisable to enhance, in subsequent editions
of the book, its ecological component by including
entries concerning the pollution of the environment
with heavy metals, and mercury in the first place,
evidence about radiation accidents that have occurred
in Russia and their consequences. Such compounds as
tetraethyllead, fluorochloromethanes, and dioxins
deserve separate consideration. It would be well to
characterize potassium superoxide, the most important
component of formulations serving to evolve oxygen
and absorb carbon dioxide in self-contained objects.
When considering metals, it would be appropriate to
specify the amount of their production in Russia and,
in some cases, place emphasis on the environmental
problems associated with their manufacture. This, in
particular, refers to aluminum, whose manufacture
inflicts severe damage on the environment, is accom-
panied by discharge of fluoride compounds, and pos-
sibly leads to formation of benzopyrene in anode mass
baking.

Blinov has demonstrated a rather valuable initia-
tive, which deserves any kind of support.

A. G. Morachevskii
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Nataliya Aleksandrovna Smirnova
(to 70th Anniversary of Her Birthday)

On January 4, 2003, Nataliya Aleksandrovna Smir-
nova, a corresponding member of the Russian Acad-
emy of Sciences, professor, and head of the Chair of
Physical Chemistry at St. Petersburg State University,
was 70.

N.A. Smirnova is a prominent physical chemist
and honorable representative of the physicochemical
school of St. Petersburg University. Her basic research
made a significant contribution to several parts of
modern physical chemistry: molecular theory of solu-
tions, theory of phase equilibria, and molecular-
statistical theory of complex fluid systems of various
kinds.

Smirnova is the author of about 300 scientific pub-
lications, including monographs and textbooks. Wide
acceptance has been gained by the monograph Metody
statisticheskoi termodinamiki v fizicheskoi khimiii
(Methods of Statistical Thermodynamics in Physical
Chemistry), the first and very successful manual of
statistical thermodynamics for chemists (1st edition,
1973; 2nd edition, 1983; translated abroad). Numer-
ous Smirnova’s original investigations were sum-
marized in her monograph Molekulyarnye teorii ras-
tvorov (Molecular Theories of Solutions, 1988), she
was the author of the most important chapters in col-
lective monographs Termodinamika razbavlennykh
rastvorov (Thermodynamics of Dilute Solutions) and
Termodinamika ravnovesiya zhidkost’3par (Thermo-
dynamics of the Liquid3Vapor Equilibrium), and in
IUPAC publication Uravneniya sostoaniya (Equations
of State).

The investigations carried out by Smirnova and her
disciples have the fundamental nature and are charac-
terized by high scientific level, being, at the same
time, aimed at solution of important applied problems.
These include development of effective methods for
calculation of phase equilibria in order to optimize
separation processes, methods for calculation of ther-
modynamic properties and phase equilibria in systems
composed of oil and natural gas in a very wide range
of conditions, analysis of factors influencing precipita-
tion of asphaltenes from crude oil, establishment of
regular trends in physicochemical behavior of mixed
surfactant solutions, etc.

Also fruitful are Smirnova’s pedagogic activities:

She has been delivering general courses of lectures
on physical chemistry and statistical thermodynamics
and special courses at the chemical faculty and work-
ing with graduates, postgraduates, and doctoral candi-
dates. Among Nataliya Aleksandrovna’s disciples are
doctors and candidates of science and known scien-
tists. Smirnova has been delivering lectures at leading
universities in many countries all over the world and
participating in the work of international scientific
conferences, both as speaker and as conference or-
ganizer. Smirnova’s works have been twice honored
with awards of St. Petersburg University and a State
Prize of the USSR. She conducts important scientific-
organizational work, being a member of a number of
Scientific Councils and a member of Editorial Boards
of Zhurnal Prikladnoi Khimii (Russian Journal of
Applied Chemistry) and Zhurnal Fizicheskoi Khimii
(Russian Journal of Physical Chemistry).

Editorial Board of Zhurnal Prikladnoi Khimii,
Russian Academy of Sciences
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Sergei Sergeevich Markov
(October 23, 19063November 20, 2002)

Prikladnaya Khimiya Russian Scientific Center and
the entire domestic chemical science have suffered an
irreplaceable loss.

On November 20, 2002, Sergei Sergeevich Mar-
kov, research worker at the Center, doctor of chemis-
try, professor, laureate of Lenin and State Prizes,
passed away at the age of 96. Having graduated from
the Leningrad Pharmaceutical, and then from the
Leningrad Technological, institutes, Sergei Sergeevich
started his scientific activities at the State Institute of
Applied Chemistry (GIPKh) and devoted to this insti-
tute 73 years of his working life, having worked his
long way up from laboratory assistant to deputy direc-
tor of the Institute for scientific work.

Death deprived us of an outstanding scientist,
prominent specialist and organizer in the field of tech-
nical chemistry and space technology. All Prof. Mar-
kov’s activities have been associated with the develop-
ment of domestic chemical industries and creation of
the Russian school of chemical engineers with a broad
spectrum of capabilities.

Technology for nepheline processing, production
of aluminum oxide from bauxites, synthesis of com-
pounds of magnesium, iodine, and bromine and in-
organic fluoro compounds-all these issues have been
the subject of his interests and have been powered by
his ideas.

Special mention should be made of Sergei Sergee-
vich’s works on organization of industry for manufac-
ture of manganese compounds, on whose synthesis he
has been working till the last days of his life.

The originality and national importance of these in-
vestigations and industrial implementation of research
developments are characterized by the fact that, in
1937, the scientific degree of the candidate of science
was conferred to Markov without backing a disserta-
tion, and in 1943, he was awarded the State Prize of
the USSR for the development of GAP (GIPKh active
pyrolusite).

During the World War II, Sergei Sergeevich re-
mained in besieged Leningrad and supervised, together
with the staff members of GIPKh, manufacture of
defense-related products for the Leningrad front.

In postwar years, continuing his work on problems

concerning the technology of manufacture of fluoride
and manganese compounds, compounds of magnesi-
um, iodine, and bromine, and various nitro com-
pounds, Prof. Markov devoted his efforts to the de-
veloping space technology.

His works on creation of rocket propellant compo-
nents and their use in special technologies culminated
in that, in 1967, Markov was awarded, together with
other members of a group, his second State Prize, and
in 1976, a Lenin Prize for works on technology for
synthesis of a new class of nitro compounds.

Sergei Sergeevich has trained a sizable pleiad of
specialists working in various fields of the national
economy. His disciples include candidates and doctors
of science and directors of companies, and with all
of them he unselfishly shared his ideas, professional
and everyday experience, and knowledge.

Production shops to which Sergei Sergeevich made
a prominent creative contribution are still working
at plants in Slavgorod, Perm, Nevinnomyssk, Dnepro-
dzerzhinsk, Samara, Moscow, St. Petersburg, Saki,
Krasnoperekopsk, Baku, Novotroitsk, Nebit Dag, Nef-
techala, Salavat, and Biisk; his studies in chemistry of
manganese have gained worldwide acceptance.

Markov’s merits have been honored with high
State awards.

The rich legacy bequeathed to us by Sergei Sergee-
vich is constituted by his disciples, his numerous
papers and inventions, and fruitful scientific ideas he
had no time to implement himself.

An attentive and sensitive person and manager, he
has been always deeply respected by staff members
of the Institute and plants where he has ever been and
worked.

The unexceptionable honesty, culture, devotion to
work and colleagues, and enormous working capacity
and energy of Sergei Sergeevich have always caused
sincere delight of those around him.

Together with his relatives and friends, we deeply
grieve over the irreplaceable loss and will preserve
Sergei Sergeevich Markov’s respectful memory in our
hearts.

Staff members of the Prikladnaya Khimiya
Russian Scientific Center
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A Study of Calcium Chloride Purification
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Abstract�Two methods of calcium chloride purification were studied: crystallization from aqueous solutions
and joint precipitation of impurities from aqueous solutions onto inorganic collectors (hydrated aluminum or
zirconium oxides). The purification factors were calculated and a high efficiency of purification of calcium
chloride solutions with hydrated zirconium dioxide as collector was established.

Calcium chloride is widely used in metallurgical,
chemical, chemical-pharmaceutical, aircraft, and coal
industries, in glass manufacture, agriculture, everyday
chemistry, etc. [1].

In chemical industry, calcium chloride is, along
with calcium nitrate, a key compound for preparing
the most practically important calcium products (cal-
cium carbonate, phosphate, chromate, etc.) [2].

In recent years, ultrapure calcium compounds (cal-
cium carbonate, fluoride, and phosphate) have found
application in fabrication of optical fibers, single crys-
tals, and luminophores, [3, 4]. This required the de-
velopment of novel methods for thorough purification
of the accessible raw material, calcium chloride.

In the system CaCl2�H2O, compounds of the
following compositions crystallize: CaCl2 � 6H2O,
CaCl2 � 4H2O, CaCl2 � 2H2O, CaCl2 � H2O, and CaCl2,
whose solubilities are 42.9, 53.60, 67.20, and 77.32,
and >80 wt %, respectively [1, 5].

The efficiency of crystallization purification of cal-
cium chloride could be estimated from data on phase
equilibria in water�salt systems containing this salt.
However, the relevant data are scarce. The systems
CaCl2�MnCln�H2O, where Mn is Co(II) [6, 7], Cu(II)
[8], NH4

+ [9], K [10], or Mg(11) are of simple eutonic
type at 25�C; those in which Mn is Cu(I) [8], Mn(II)
[12], Zn [13], or Cd [14] are binary compounds. An-
alysis of the data presented suggests that crystalliza-
tion from aqueous solutions is an effective method
for separation of calcium chloride from Co(II), Cu(I),
Cu(II), Mn(II), Zn, Cd, NH4

+, K, and Mg chlorides.

Crystallization of CaCl2 from HCl solutions is
promising, since in this case, the yield of the target
product increases substantially (CaCl2 solubility in

a 26�28% HCl solution is 4 times lower at 0�C and
twice lower at 15�C than that in H2O [1]); however,
this process has not been studied. It has been proposed
to purify CaCl2 solutions to remove iron ions by treat-
ment with carbonate-containing compounds (ammo-
nium carbonate solution) at 71�100�C and pH 4�7.
A product containing 8 � 10�5 wt % iron has been ob-
tained [15].

A way to prepare CaCl2 phosphors by precipitation
of sparingly soluble sulfide and phosphate impurities,
separation of precipitate, and boiling of the solution
with activated carbon has been described. The quality
of the product obtained has not been reported [16].

Joint precipitation of impurities with calcium car-
bonate at 60�80�C and pH 5�7 has been proposed
as a method for purification of CaCl2 solutions, and
the possibility of using purified solution for preparing
luminophore has been demonstrated [17, 18].

Treatment of CaCl2 solutions with complexing
reagents (sodium diethyldithiocarbamate [17�19],
8-oxyquinoline [20]) is highly efficient in removal
of iron, heavy metals, and other impurities.

Analysis of the above data on CaCl2 purification
shows that published data are rather scarce. Promising
among the known purification methods are crystalliza-
tion of CaCl2 from aqueous solutions and joint pre-
cipitation of impurities onto inorganic collectors.

The aim of the present study was to analyze the
process of calcium chloride purification.

EXPERIMENTAL

Two methods of calcium chloride purification were
studied: crystallization from aqueous solutions and
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Table 1. Impurity fractionation in crystallization of CaCl2
from aqueous solutions at 25�C
����������������������������������������

Impurity, �
�

� Kpur for CaCl2 � 6H2O crystals
� ��������������������������wt % � � with washing � without washing

����������������������������������������
59Fe: � � �

1 � 10�4� 0.60 � 10.0 � 0.3 � 78.0 � 2.3
1 � 10�5� 0.50 � 6.2 � 0.2 � 70.0 � 2.1
1 � 10�5� 0.60 � 5.0 � 0.1 � 56.0 � 1.2

54Mn: � � �
5 � 10�6� 0.50 � 9.0 � 0.3 � 96.6 � 2.9
5 � 10�6� 0.60 � 8.5 � 0.2 � 89.5 � 2.8

51Cr: � � �
5 � 10�6� 0.50 � 8.1 � 0.2 � 96.2 � 2.5
5 � 10�6� 0.60 � 7.2 � 0.2 � 86.5 � 2.5

63Ni: � � �
5 � 10�6� 0.50 � 8.0 � 0.2 � 78.6 � 2.2
5 � 10�6� 0.60 � 7.1 � 0.2 � 72.3 � 2.2

57Co: � � �
5 � 10�6� 0.50 � 8.0 � 0.2 � 90.7 � 2.7
5 � 10�6� 0.60 � 6.0 � 0.2 � 75.3 � 2.2

����������������������������������������

joint precipitation of impurities from aqueous solu-
tions onto inorganic collectors.

The study was performed using radioactive tracers
59Fe, 60Co, 54Mn, 51Cr, 64Cu, and 63Ni. The radiation
was recorded simultaneously from several isotopes us-
ing an IN-96B automated multichannel gamma spec-
trometer (France) and a semiconductor detector (sin-
gle-crystal germanium). The relative measurement
error was �2�3%. Beta radiation (63Ni) was measured
with a BDIS 3-05 transducer with detector (thallium-
activated NaI), PS-2 counter unit, and scintillating
granules. The relative accuracy of the measurement
was �10%. The results of radiometric analysis were
used to calculate the crystal purification factors Kpur
as the ratio of the specific activities of crystals (so-
lution) before and after crystallization (purification),
related to unit mass of CaCl2 � 6H2O), and the degree
� of precipitation of the main substance (CaCl2 �6H2O)
into the solid phase during crystallization [21].

The purification of CaCl2 by crystallization was
studied as follows: radioactive isotopes of the cor-
responding metals were introduced into 100 ml of
a 78% solution of CaCl2 � 6H2O [14�1 ultrapure
grade, TU (Technical Specification) 6-09-3834�80],
and the mixture was stirred and kept for 1 day for
isotopic exchange to occur. Then, the solution was
evaporated on a water bath to obtain solid phase in
varied yield and cooled to room temperature under
continuous agitation. The crystals precipitated were
separated on a Büchner funnel (�blue tape� filtering

paper) and firmly squeezed between two sheets of
filtering paper to remove mother liquor. The squeezed
crystals were twice washed with a saturated solution
of initial CaCl2, whose volume was equal to the crys-
tal mass, and then squeezed again. The specific activ-
ities of the initial solution, mother liquor, squeezed
crystals before washing, and doubly washed crystals
(after dissolution in water) were determined, and Kpur
were calculated.

Analysis of the results obtained (Table 1) shows
that the degree of CaCl2 purification by crystalliza-
tion from aqueous solution to remove iron, manga-
nese, chromium, nickel, and cobalt ion impurities is
not too high. The low degree of purification of the
CaCl2 � 6H2O crystals (Table 1) is due to occlusion
of the mother liquor, since additional washing of the
crystals makes Kpur higher for all of the impurities
studied. According to published data, calcium and
cobalt (copper and manganese) chlorides do not form
solid solutions in joint crystallization from aqueous
solutions [6�8, 12].

The results obtained are accounted for by the char-
acteristic high solubility of CaCl2 and stability of
metastable supersaturated solutions. This leads to
changes in the crystal growth mechanism, facilitates
formation of aggregates, closed cavities, and capillar-
ies, and causes surface deterioration and the resulting
pronounced entrapment of mother liquor by the crys-
tals, which is responsible for the low degree of puri-
fication of unwashed crystals (Table 1).

Additional washing of the isolated CaCl2 � 6H2O
crystals with a saturated aqueous solution of this
compound markedly increases the degree of purifica-
tion (Table 1). Despite the necessity for processing
of large volumes of mother liquors, the crystallization
method shows industrial promise. Compared with
calcium nitrate crystallization [21], the method in
question is more efficient for preparing small amounts
of ultrapure calcium salts in laboratory.

Also, purification of CaCl2 solutions with inor-
ganic collectors was studied. It has been established
previously [21] that purification of calcium nitrate
solutions to remove 3d-metal impurities with the use
of hydrated aluminum and zirconium oxides is high-
ly effective. It has been proposed to purify calcium
chloride solutions by coprecipitation of impurities on-
to a CaCO3 collector [15, 17, 18]. However, this col-
lector is, as a rule, effective only for iron impurity [15,
21]. Therefore, hydrated aluminum, Al2O3 � nH2O, or
zirconium oxides, ZrO2 � nH2O, precipitated in a solu-
tion being purified were used in this study for puri-
fication of CaCl2 aqueous solutions.
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Table 2. Distribution of iron(III), chromium(III), manganese(II), and copper(II) impurities upon purification of a 20%
CaCl2 solution on inorganic collectors*

������������������������������������������������������������������������������������

c, � Kpur for indicated impurity 	 c, � Kpur for indicated impurity
������������������������������������
 ����������������������������������wt % � Fe(III)� Cr(III) � Mn(II) � Co(II) � Cu(II) 	 wt % � Fe(III) � Cr(III) �Mn(II)� Co(II) � Cu(II)

������������������������������������������������������������������������������������
Collector�Al2O3 � nH20 	 Collector�ZrO2 � nH20	

5 � 10�4 �100 � 3� � � � 	 5 � 10�4 � 300 � 9 � � � �
5 � 10�5 �120 � 3� � � � 	 5 � 10�5 �1200 � 35� � � �
1 � 10�5 � � 100 � 3 � 10 � 0.3 �25.0 � 0.7� 	 1 � 10�5 � � 250 � 7 �100 � 3� �
5 � 10�6 � � � � �20.0 � 0.6	 5 � 10�6 � � � � 70 � 2 � 150 � 4
������������������������������������������������������������������������������������
* (c) Impurity concentration.

Table 3. Quality of initial and purified CaCl2 and CaCl2 � 6H2O samples and the best foreign products (according to
catalogues)
������������������������������������������������������������������������������������

Sample
� Impurity content, c � 106, wt %
���������������������������������������������
� Fe(III) � Mn(II) � Cu(II) � Cr(III) � Ni(II) � Co(II)

������������������������������������������������������������������������������������
Laboratory: � � � � � �

Initial � 500 � 20 � 50 � 50 � 8 � <5
Purified � 20 � <2 � <2 � <2 � <2 � <0.5

Analytical-purity grade, TU 6-09-4578�78, Russia � 200 � � � �
14-1 special-purity grade, TU 6-09-3834�80, Russia � 50 � � 1 � � Ni(II)�Co(II), 30
Extra pure, Riedel-de-H�aen, Germany � 500 � � 500 � � �
Suprapur,* E.Merck, Germany � 5 � 1 � 0.5 � � 0.5 � 0.5
������������������������������������������������������������������������������������
* CaCl2 � 4H2O.

Solutions of radioactive isotopes were introduced
into a 20 wt % solution of CaCl2 (25 ml), the solu-
tion was stirred for 3 h for the isotope exchange to
occur, and a sample was taken for radiometric mea-
surements. Then, calculated amounts of a 20% solu-
tion of Al(NO3)3 (17-3 ultrapure grade, TU 6-09-
3657�74) or ZrOCl2 (chemically pure grade, TU 6-09-
3677�74, 2.0 wt % relative to the CaCl2 � 6H2O mass
by analogy with the data of [21]) were introduced into
the solution, and a 10% solution of NaOH [18-3 spe-
cial-purity grade, OST (All-Union Standard) 6-01-
302�74] was gradually added under agitation to
pH 8.0. The mixture was stirred for 1 h, the precip-
itated hydrated aluminum or zirconium oxides were
separated on a TsLN-2 centrifuge, and the purified
solution was sampled for radiometric analysis. The
method of analysis and the procedure for calculating
Kpur are described above.

Analysis of the results obtained (Table 2) shows that
the purification of CaCl2 solution with ZrO2 � nH2O
collector is a highly effective process. For Al2O3 �nH2O,
the degree of CaCl2 purification is somewhat lower
and differs significantly from the results obtained
previously for Ca(NO3)2 solutions [22]. This can be

accounted for by higher stability of chloride com-
plexes in aqueous solutions [23].

The data on coprecipitation of metal ions onto
ZrO2 �nH2O (Table 2) correlate well with the values of
the first constants of their hydrolysis [24] and supple-
ment the previously established selectivity series [25].

Large-scale laboratory experiments on CaCl2 pu-
rification by crystallization from aqueous solutions
were performed. An aqueous solution of CaCl2 was
prepared by dissolving an analytically pure reagent at
70�C, filtering the solution on a �blue tape� filtering
paper, evaporating it on a water bath to about 60%
yield, and cooling the mixture to room temperature
under continuous agitation. The crystals precipitated
were carefully separated and washed with a sat-
urated solution of CaCl2 (14-1 special-purity grade),
whose volume was equal to the mass of the separated
CaCl2 � 6H2O crystals. Then the crystals were dried
at 25�28�C and subjected to spectrochemical analysis
[26].

A comparison of the quality of the initial CaCl2
samples and those purified by crystallization from
aqueous solution (Table 3) showed that this method is
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promising for preparing a special-purity-grade product.
For preparing ultrapure calcium salts, the CaCl2 crys-
tallization is a more effective method than the previ-
ously described technique using calcium nitrate [21].

CONCLUSIONS

(1) Purification of CaCl2 by crystallization from
aqueous solutions was studied using radioactive trac-
ers. The purification factors were calculated. It was
found that the low values of Kpur for CaCl2 � 6H2O
crystals are due to occlusion of the mother liquor.
It was shown that CaCl2 crystallization is promising
method for preparing an ultrapure product.

(2) Purification of aqueous CaCl2 solutions by
coprecipitation of impurities onto inorganic collectors
(Al2O3 � nH2O or ZrO2 � nH2O) was studied using ra-
dioactive tracers. A high efficiency of the ZrO2 � nH2O
collector for purification of CaCl2 solutions was dem-
onstrated.
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Abstract�Problems associated with the optimization of processing of olivine from mining wastes and, in
particular, from dressing tailings of vermiculite ores with sulfuric acid in order to obtain a magnesium
meliorant characterized by alkaline reaction were considered. The influence of a seed on the course of silica
gel coagulation and on the filtration of the forming solutions was studied.

Atmospheric precipitation near mining and smelt-
ing plants is characterized by increased acidity.
Although the strongest impact of acid rains on the
environment is observed on territories closely adjacent
to nonferrous metallurgy plants, the influence of these
rains is also pronounced at a considerable distance
from the plants. In particular, acid rains in Kola
peninsula also fall in regions virtually lacking any
industrial plants, including nature reserves. This at-
mospheric precipitation, which is characterized by pH
ranging from 3.6 to 4.7, contains 2.1 to 52.7 mg l�1

of sulfate ions [1].

Under the action of acid rains, a number of neces-
sary nutritious elements, Mg2+, Ca2+, and Mn2+ cat-
ions in the first place, are selectively leached from
plants and soil of forest ecosystems [1].

To compensate for the deficiency of cations, it is
necessary to use meliorants that would replenish the
nutritious substances. In view of the increased acidity
of soil in zones affected by acid rains, the meliorants
must possess a neutralizing capacity and also improve
the soil structure. With account of the large areas of
deteriorated forests, the meliorants must be compar-
atively low-cost and readily accessible.

An important factor in making lower the cost of
a meliorant is cheapness of raw materials. The most
promising in this regard are mining wastes. Annually,
industrial countries produce hundreds of millions of
tons of ferrous and various nonferrous metals. Most
part of ores is separated, in the course of ore dressing,

in the form of nonmetalliferous minerals from the
valuable minerals and discarded as waste into tailing
dumps. The maintenance of tailing dumps is rather
expensive. Finely dispersed tailings react with atmo-
spheric agents. Flotoreagents, which are sorbed on
the surface on nonmetalliferous minerals, and prod-
ucts of oxidation of sulfides are leached into surface
and ground waters. In the course of oxidation of ore
dressing tailings, readily soluble sulfates of heavy
metals pass into the environment [2]. The large vol-
ume of the mining waste accumulated gives no reason
to believe that they could be processed in near future.
Therefore, the primary objects of study and targets for
utilization technologies are mining wastes that can be
reprocessed into ecological-purpose materials [3].

Meliorants can be manufactured from mining
wastes mainly composed of silicates (olivinites, du-
nites, etc.) or magnesium hydrosilicates (serpentinites).

In particular, meliorants can be obtained from
serpentine-containing materials, which are wastes
formed in processing of copper-nickel, vermiculite,
and some other ores. However, serpentine materials
are to be activated in order to obtain the final product.
This involves certain energy expenditure, which is not
always justified.

Use of mining wastes mainly composed of anhy-
drous magnesium silicates, olivines, which are fre-
quently richer in magnesium oxide than serpentines,
offers more promise for manufacture of meliorants. In
this case, strip-pit olivinites of the Kovdor phlogopite
deposit, dressing tailings of vermiculite ores, strip-pit
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Fig. 1. Degree of olivine processing, �, vs. processing
time �. Processing temperature (�C): (1) 20; (2) 40; (3) 60;
(4) 80; (5) 80, with addition of a seed.

dunites from chromite deposits of the Monchegorsk
region, and other products of this kind can serve as
raw materials. Although vermiculite tailings are char-
acterized by lower content of magnesium oxide, they
contain minerals including other nutritious substances:
calcium and phosphorus in apatite, potassium in hy-
drophlogopite, and manganese in olivine and vermic-
ulite, which can also be converted into assimilable
form. At the same time, the dressing tailings are rather
cheap and readily accessible.

In acid treatment of olivine, nutritious substances
contained in it are converted into a form assimilable
by plants [4]. However, the technique proposed in [4]
has two important disadvantages; olivine processing
takes a long time (72 h) and the product obtained is
characterized by a stable acid reaction. Formation of
a silica gel poses considerable difficulties, since, in
producing a magnesium fertilizer, silica passes into
the final product because of the impossibility of filtra-
tion. At the same time, there is no way of neutralizing
acid salts and acid residues formed in olivine pro-
cessing, since magnesium hydrosilicates are formed
in the neutral or alkaline medium in the presence of
silicic acid.

To manufacture a neutral meliorant, it is necessary
to optimize the olivine processing so as to enable
separation of silica and to prevent reverse reactions in
neutralization of acid salts and acid residues.

EXPERIMENTAL

In studying the reaction of olivine with H2SO4,
dressing tailings of vermiculite ores were used. In
view of the fact that fine fractions of this product
contained a large amount of sungulite, and coarse

fractions contained pieces of dike rocks, which are
poor in magnesium minerals, the vermiculite tailings
were subjected to preliminary sizing. The +0.125�
3.0-mm fraction was used in the experiments.

Mineral composition of the raw material (%): oliv-
ine 45.3, vermiculite 12.65, apatite 10.04, magnetite
8.66, diopside 21.17, and sungulite 0.8.

Chemical composition of the raw material (wt %):
MgO 25.0, K2O 0.12, CaO 14.0, Na2O 0.26, Al2O3
0.92, FeO 4.25, Fe2O3 5.81, H2O 1.12, SiO2 33.46,
and P2O5 4.46.

A 15-g portion of the material was poured over
with 50 ml of a 40% H2SO4 solution. The temperature
was varied between 20 and 80�C, and the processing
time, between 3 h and 3 days.

After the experiment was complete, the solid res-
idue was washed with distilled water and dried. A
white powder containing new formations was sepa-
rated from the product obtained. Then the granulo-
metric composition of the residue was studied and
residual contents of the starting minerals�olivine,
pyroxenes, vermiculite, and apatite, were determined
mineralogically. A finely dispersed product was ad-
ditionally subjected to X-ray diffraction analysis on
a DRON-2 diffractometer (CuK

�

radiation), and also
studied on a FLOUSORB II 2300 laboratory elec-
tronic device for measuring the specific surface area
and porosity and on a Hitachi scanning electron
microscope.

The washing solutions were analyzed chemically
for the content of calcium, magnesium, and iron ions.

The degree of olivine processing, measured in
the course of time at different temperatures, is shown
in Fig. 1. At room temperature, the process is slow,
and, therefore, the subsequent experiments were done
at 40, 60, and 80�C. On raising the temperature,
the olivine conversion is much accelerated: at 80�C
olivine is virtually entirely (80%) processed in 6 h.

Equation (1) describes the reaction of olivine with
acid

Mg2SiO4 + 4H+ + (n � 2)H2O = 2Mg2+ + SiO2 � nH2O. (1)

The study performed demonstrated that, together
with acid processing of olivine, formation of mag-
nesium hydrosilicates with serpentine-like structure
is observed:

6Mg2+ + 4SiO2 � nH2O = Mg6(OH)8[Si4O10]

(2)+ 4(n � 1)H2O.
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In this case, a considerable amount of magnesium
ions recovered into solution are bound. Raising the
temperature promotes the olivine processing, but,
even to a greater extent, accelerates the formation of
hydrosilicates. As a result, the recovery of magnesium
ions into solution decreases. It seems reasonable that,
for reverse reactions to occur, the solution pH should
be made higher. Therefore, it is impossible to obtain
a neutral meliorant directly by acid processing of
olivine. Presumably, a technology for obtaining such
a product must include several stages, with neutraliza-
tion only carried out after separating the active silica.

It is known that the longest characteristic time in
silica coagulation is the induction period of nucleation
of primary colloid particles, which then combine into
coarse aggregate. Silica coagulation is much ac-
celerated in the presence of specially introduced
particles of amorphous SiO2, acting as nuclei [5]. To
prevent formation of magnesium hydrosilicates and to
accelerate silica coagulation, a seed, having the form
of amorphous SiO2 obtained from nepheline, vermic-
ulite, or sungulite, was introduced into the reaction
vessel together with raw materials and acid. The ex-
periments were done with vigorous stirring. The solu-
tions were filtered in hot state to prevent MgSO4 crys-
tallization. After an experiment was complete, the
solid residue was washed with hot distilled water
(70�C).

The experiments demonstrated that addition of
amorphous SiO2 as a seed makes it possible to obtain
coagulated silica and well filterable solutions, to pre-
vent a reverse reaction of binding of magnesium ions
from solution, and to decrease the H2SO4 concentra-
tion to 25%, with total recovery of magnesium ions
into solution ensured.

Figure 2 shows kinetic curves describing the com-
pleteness of recovery of magnesium ions in relation to
the amount of seed. With the amount of a seed ad-
ditive prepared from nepheline increasing to 15% rel-
ative to the amount of the starting material, the re-
covery of magnesium ions reaches 100%. A sungulite
seed is less effective, with the recovery equal to only
76%. It is not improbable that the closeness of the
inherited structure of the seed to magnesium hydro-
silicates gives no way of ruling out the reverse reac-
tions. However, a vermiculite-based seed is nearly as
effective as that based on nepheline. With increasing
amount of the seed added (Fig. 3), the humidity of
the final product decreases.

Electron-microscopic studies demonstrated that
newly formed silica has a lamellar structure (Fig. 4),
whereas amorphous SiO2 obtained by sulfuric acid

Fig. 2. Amount of recovered MgO vs. amount of SiO2
seed introduced. Seed: (1) nepheline, (2) vermiculite, and
(3) sungulite; the same for Fig. 3.

Fig. 3. Sample humidity H vs. amount of SiO2 seed in-
troduced.

Fig. 4. Electron micrograph of a finely dispersed sample
obtained with addition of a vermiculite seed.

treatment of nepheline [5] is represented by densely
packed rounded particles.

CONCLUSIONS

(1) Complete processing of olivine and vermiculite
contained in vermiculite tailings takes 6 h in 25%
sulfuric acid at 80�C.
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(2) Addition of amorphous SiO2 as a seed pre-
cludes the reverse reaction of magnesium ion binding
from solution and ensures complete leaching-out of
magnesium.

(3) The optimal amount of the silica seed in terms
of dry substance is 15 wt % relative to the amount of
the starting raw material.

(4) Separation of a silica precipitate from the mag-
nesium-containing solution enables manufacture of
a neutral meliorant by a known method.
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Abstract�An experimental study of the equilibrium between the bottom phase (sulfide melt or copper) and
slag in neutral and oxidizing atmospheres yielded dependences of the content of dissolved copper, nickel,
and cobalt in the slag on that of sulfur in the sulfide melt and also the dependence of the content of dissolved
copper and nickel on that of nickel in the metallic melt. The distribution coefficients of the metals between
copper and slag were determined and compared with the results of other investigations.

Nickel-containing copper concentrate obtained by
flotation of the converter matte (composition, wt %:
Cu 67�70, Ni 2�5, Fe 2�5, Co 0.1�0.3, S 20�21) is
processed in various ways [1�7].

The distribution of the metal between a target prod-
uct (sulfide melt or metallic melt based on copper)
and the slag is one of the most important character-
istics of any smelting technology. Commonly, this fac-
tor is evaluated by the metal distribution coefficient
LM defined as the ratio of metal weight fractions in
the sulfide (metallic), X[M], and slag phases, X(M):

LM = X[M]/X(M).
1 (1)

It is a common practice to subdivide copper-based
metallic melts, depending on their copper and sulfur
content, into blister copper containing 0.5�1 wt % Ni
and 0.03�0.05 wt % S and �sulfurous� copper contain-
ing 5�6 wt % Ni and 1.5�2.0 wt % S.

The wide variety of technologies used in smelting
of the copper concentrate assumes significant dif-
ferences in the LM values. The reason is that the com-
positions of the sulfide (metallic) melts and slag are
different, as also are the compositions of the gas phase
over the melt, which is characterized by partial oxy-
gen pressure PO2

.

The available published data obtained in studying
the distribution of nickel and copper in processing of
����������
1 A reverse ratio between the metal weight fractions can also

be found in the literature. In the present study, the LM values
are represented as the x[M]/x(M) ratio.

the copper concentrate produced by flotation of the
converter matte are considered in this study.

Yazawa [8, 9] studied the distribution of metals be-
tween a sulfur-free copper-based metallic melt and the
slag under partial oxygen pressure of 10�11

�10�8 atm
in the gas phase at a temperature of 1200�C. The equi-
librium between iron-silicate slag saturated with sili-
con dioxide, on the one hand, and copper, on the other,
in the temperature range 1217�1307�C at partial oxy-
gen pressure varied from 10�11 to 10�7 atm was stud-
ied in [10]. The solubility of copper in the iron-sil-
icate slag saturated with silicon dioxide was deter-
mined in [11] under the conditions of equilibrium
with a liquid Cu�Au melt at PO2

= 10�10
�10�7 atm

and 1250�1350�C. The coefficients of copper, nickel,
and iron distribution at 1500�C between the liquid
Cu�Ni�Fe alloy and the slag (which is a mixture of
FeOx�SiO2�CaO oxides saturated with MgO) were cal-
culated from the activity coefficients of the alloy com-
ponents at partial pressures of oxygen in the range
10�10

�10�6 atm [12]. These activity coefficients were
determined by the quasi-equilibrium gas-flow method
using Knudsen’s double mass-spectrometric cell. In
[13], the results obtained in an experimental study of
the distribution of metals in equilibrium in the systems
constituted by (i) sulfurous copper, sulfide melt, and
slag and (ii) blister copper and slag in an atmosphere
of argon and in an oxidizing atmosphere with PO2

=
1.6 �10�5

�2.9 � 10�5 atm at 1300�C were considered.
Abramov et al. [14] studied the influence exerted by
the content of silicon dioxide in a slag at PO2

= 1.4 �

10�5 atm and 1300�C on the distribution of metals in
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Table 1. Comparison of the distribution coefficients of copper LCu and nickel LNi according to published data
������������������������������������������������������������������������������������

LCu � LNi � PO2
, atm � T, K � Reference

������������������������������������������������������������������������������������
300�55 � 600�25 � 10�11

�10�8 � 1473 � [9]
325�25 � � � 10�11

�10�7 � 1490�1580 � [10]
110�21 � � � 10�10

�10�7 � 1523�1623 � [11]
160�23 � 200�8.3 � 10�10

�10�6 � 1773 � [12]
� � 24�6.5 � 2.9 � 10�5

�1.6 � 10�5 � 1573 �
[13]

� � 27�30 � Ar � 1573 �
20�12 � 5.9�2.1 � 1.4 � 10�5 � 1573 � [14]

11.1�5.9 � 2.3�0.9 � 6.1 � 10�5
�2.1 � 10�4 � 1553 � [15]

������������������������������������������������������������������������������������

Table 2. Composition of starting materials
������������������������������������������������������������������������������������

Material
� Content, wt % �

Material
� Content, wt %

	����������������������������
 	��������������������������
� Cu � Ni � Fe � Co � S � � Cu � Ni � Fe � Co � S

������������������������������������������������������������������������������������
Copper sulfide � 75.3 � 4.1 � 0.8 � 0.08 � 16.9 � Blister copper � 97.8 � 0.48 � 0.2 � 0.08 � �

Copper concentrate� 67.0 � 4.0 � 4.4 � 0.21 � 21.6 � Sulfurous copper � 92.2 � 5.8 � 0.1 � 0.02 � 1.9
������������������������������������������������������������������������������������

the equilibrium system constituted by sulfurous cop-
per, sulfide melt, and slag. The dependence of the dis-
tribution coefficients on the SO2 concentration in
the gas phase (PO2

= 6.1 � 10�5
�2.1 � 10�4 atm) at

1280�C was studied under equilibrium conditions in
the system formed by sulfurous copper, sulfide melt,
and slag [15]. The distribution coefficients found in
these studies are listed in Table 1.

Analysis of the data obtained indicates that the
majority of the investigations [8�13, 15] are con-
cerned with the effect of PO2

on the solubility of cop-
per in slag.

The copper content in slag grows (LCu value de-
creases) with increasing PO2

. The effect of slag com-
position on the distribution of nonferrous metals has
been studied to a lesser extent [13�15]. The least stud-
ied is the influence exerted by the activities of com-
ponents in a copper-rich melt (sulfide melt, sulfurous
copper, or blister copper) on the distribution of copper
and impurities concomitant in cooper�nickel produc-
tion (nickel, cobalt, and iron). The only study [11]
was concerned with the influence of the activity of
copper on its distribution between metallic melt and
slag. It was found that copper solubility in the slag
linearly grows with its increasing activity in the Cu�
Au melt, with this dependence becoming more pro-
nounced with increasing partial pressure of oxygen.

It follows from Table 1 that the most topical issue
to be studied is the effect of the composition of sul-
fide and metallic melts on the distribution of copper
and metal impurities between the smelting products.

Such a study would cover all versions of technologies
for processing of the nickel-containing copper flota-
tion concentrate, from smelting to give copper sul-
fide to that producing blister copper.

Three sets of experiments were performed in this
study. The first of these was concerned with the effect
of the sulfide melt composition on the distribution of
metals between products of smelting in an argon at-
mosphere. The second and the third sets were devoted
to the effect of copper composition (sulfurous and
blister copper, respectively) in an oxidizing atmo-
sphere. In the first and second sets, a neutral at-
mosphere was created using high-purity argon which
contained (wt %): O2 0.0002, N2 0.001, H2 0.0002,
CH4 0.0001, and CO2 0.00002. The partial pressure of
oxygen in this gas mixture was 4 �10�8 atm at 1300�C.

In the first set of experiments, a synthetic iron-sil-
icate slag (7 g) containing 20�23 wt % SiO2 and cop-
per (45 g) with varied sulfur content (17�22 wt %)
were used. Mattes of varied composition were ob-
tained by taking an industrial sulfide melt from a re-
verberatory furnace and the starting concentrate in
various proportions.

In the second and third set of experiments, a syn-
thetic iron-silicate slag (7 and 20 g, respectively) con-
taining 22�30% SiO2 was mixed with copper (45 g in
the second set and 20 g in the third) containing var-
ious amounts of nickel and sulfur. Copper of varied
composition was obtained by taking sulfurous and
blister copper in various proportions. The composition
of the starting materials is listed in Table 2.
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A weighed sample of a stock consisting of slag and
a sulfide component (or metal) in an alundum crucible
was placed in a high-temperature furnace with LaCrO3
heater. The stock was heated to 1300�C with an inert
gas flowing over its surface. To attain the equilibrium
faster, the melt was agitated by bubbling of argon2

(PO2
= 4 � 10�8 atm) in the first and second sets,

and with a SO2�CO2 gas mixture3 (PO2
= 6 �10�5 atm)

in the third, for 20 min and allowed to stay for the
same time. In the first and second sets, the melt was
cooled after settling in the reactor to 700�C in an at-
mosphere of argon and then in air. In the third set,
a slag sample was taken after settling of the melt,
and the melt remaining in the crucible was gradually
cooled within the furnace to 1000�C under a flow of
the working gas mixture and then in air.

The sulfide component and copper formed in smelt-
ings were subjected to chemical analysis.

The content of metals in the slag was determined
by scanning electron microscopy (SEM) and X-ray
fluorescence microanalysis (XFMA). In the authors’
opinion, it is this approach that makes it possible to
obtain reliable data on the concentrations of metals
dissolved in the slag. As is known [16], slag also in-
cludes mechanical aggregates (beads of the sulfide or
metallic phase), which strongly distort the equilibrium
distribution pattern obtained, e.g., by chemical anal-
ysis.

The experimental data on the equilibria between
sulfide melts and slag are given in Fig. 1.

Figure 1 shows that the content of Cu, Ni, and Co
is virtually independent of the sulfur content in a sul-
fide melt within the range of compositions under
study and the observed scatter of data has random
nature and is determined by the experimental error.

The coefficients of metal distribution between the
sulfide melt and slag are listed in Table 3. They are
also virtually independent of the composition of
the sulfide melt. Together with the data obtained in
the present study, Table 3 also lists the results of
[14, 15].

The difference in the distribution coefficients of
copper, found in this study and in [14, 15], is at-
����������
2 The necessity for using argon in the first set of experiments

was due to the fact that it is impossible to obtain a sulfide
melt with varied sulfur content in an oxidizing atmosphere
with rather high PO2

.
3 The composition of the oxidizing gas mixture was chosen in

accordance with the composition of the gas phase formed in
smelting of the copper concentrate to obtain blister copper.

Fig. 1. Metal content cM in the slag vs. sulfur content in
the sulfide melt. M: (1) Cu, (2) Ni, (3) Co.

Fig. 2. Dependence of the content of (a) nickel and (b) cop-
per in the slag on nickel activity aNi in copper in the equi-
librium system copper�slag in (1) neutral and (2) oxidizing
atmosphere. (1) Ar, (2) SO2.

tributable not only to a difference in partial oxygen
pressures, but also to the fact that, in the former case,
copper dissolved in the slag was determined by the
XFMA method, and in [14, 15], chemical methods
taking into account not only dissolved copper, but
also mechanical losses were used. The distribution
coefficients of nickel obtained in the present study are
also higher than those reported in [14, 15], which
is due to higher nickel content in the sulfide melt.
The distribution coefficients of iron and cobalt are in
good agreement with the data of [15].

The results obtained in studying of the copper�slag
system in an argon atmosphere are presented in
Figs. 2a and 2b, curves 1. The activities of nickel in
copper containing up to 1.2 wt % nickel and about
3 wt % oxygen were taken from [17], where activities
of copper and nickel in melts saturated with oxygen
were determined. The activities of nickel at its content
in copper higher than 1.2 wt % were taken from [18],
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Table 3. Coefficients of metal distribution, LM (M: Cu, Ni, Fe, Co), between sulfide melt and slag
������������������������������������������������������������������������������������

Content, wt % � � � � � �
����������������������
 � � � � �� PO2

, atm � LCu � LNi � LFe � LCo � Reference
Ni � Cu � S � � � � � �

������������������������������������������������������������������������������������
1.0�1.3 � 79�81 � 14.4�19.0 � 1.4 � 10�5 � 11.4 � 1.0 � 0.03�0.07 � � � [14]
0.3�1.1 � 72�79 � 16.0�19.2 � 6.1 � 10�5

�2.1 � 10�4 � 7.1�5.3 � 0.9�0.2 � 0.01�0.02 � 0.07�0.05 � [15]
3�5 � 61�78 � 17.4�20.5 � 4 � 10�8 � 75�104 � 2�3 � 0.04�0.15 � 0.04�0.25 �Present study

������������������������������������������������������������������������������������

Table 4. Coefficients of copper, LCu , and nickel, LNi , distribution between copper and slag at varied nickel content
in the bottom phase in neutral and oxidizing atmospheres
������������������������������������������������������������������������������������

Neutral atmosphere � Oxidizing atmosphere � Neutral atmosphere � Oxidizing atmosphere
������������������������������������������������������������������������������������
cNi, wt % � LCu � LNi � cNi , wt % � LCu � LNi � cNi, wt % � LCu � LNi � cNi , wt % � LCu � LNi
������������������������������������������������������������������������������������

0.6 � 584 � 1.35 � 0.22 � 9.98 � 1.10 � 4.4 � 267 � 6.34 � 1.15 � 11.77 � 0.95
1.3 � 391 � 2.57 � 0.68 � 13.92 � 1.36 � 6.4 � 302 �12.54 � 1.41 � 11.68 � 2.01
2.4 � 311 � 3.31 � 1.05 � 13.23 � 1.75 � � � � � �

������������������������������������������������������������������������������������

where oxygen-free copper�nickel melts were studied,
since in this case, the concentration of sulfur in
copper grows, and even its minor content results in
a dramatic decrease in the concentration of oxygen in
copper, which, therefore, can be neglected.

It is seen from the data obtained that the copper
content in slag remains almost unchanged (cCu =
0.2�0.3 wt %) with the nickel activity varying within
a rather narrow interval. The content of nickel in
the slag also remains virtually unchanged (cNi =
0.5�0.7 wt %) when its activity in copper is varied.

The coefficients of copper and nickel distribution
in the copper�slag system in an argon atmosphere
(PO2

= 4 � 10�8 atm) are listed in Table 4. The varia-
tion of the nickel distribution coefficients is com-
pletely dependent on the variation of the nickel con-
tent. It is well seen that the copper distribution coef-
ficient is only slightly affected by the variation of
the bottom phase composition.

The results obtained in studying the copper and
nickel distribution between copper and slag in an ox-
idizing atmosphere are shown in Figs. 2a and 2b, cur-
ves 2, and in Table 4. It is seen from Fig. 2 that
the content of nickel in the slag markedly grows with
its increasing activity in the metallic melt. The copper
content in the slag decreases rather sharply even upon
a minor increase in the nickel activity in an alloy.

The data obtained are in good agreement with the
data of [11], which show that the copper solubility

in a slag grows with increasing partial pressure of
oxygen (distribution coefficients decrease). However,
the content of copper in the slag is almost independent
of the copper activity in the alloy at high copper con-
tent (95�100 wt %) and low partial pressures of
oxygen.

As seen from Table 4, the distribution coefficient
of copper decreases substantially on passing from
argon to an oxidizing atmosphere, which is due to
the increasing content of dissolved copper in the slag.
Raising the partial pressure of oxygen has virtually no
effect on the nickel distribution coefficient, which lies
in the range 1�2 in both cases at nickel content in
copper of up to 1.5%. However, a certain tendency
toward an increase in the content of nickel dissolved
in the slag is observed in the oxidizing atmosphere
(Fig. 2a).

Now, it is appropriate to compare the coefficients
of copper and nickel distribution between copper and
slag, obtained in this study, with the results of other
studies, listed in Table 1.

The distribution coefficients of copper in an argon
atmosphere are in good agreement with the coeffi-
cients obtained at low partial pressures of oxygen
(10�11 atm) [9, 10]. The distribution coefficients of
nickel in an argon atmosphere are much lower than
the values obtained in [13] for compositions of copper
and slag close to those in the present study. The dif-
ference in LNi is mainly related to the higher nickel
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Fig. 3. Distribution coefficients of (a) nickel, LNi , and (b) copper, LCu , vs. [Ni]Cu in copper in the equilibrium system
copper�slag according to different references. (1) [14], (2) [15], (3) present study. Experimental conditions: PO2

(atm),
cSiO2

(wt %): (1) 1.4 � 10�5, 13.4�29.2; (2) 6.1 � 10�5
�2.05 � 10�4, 16�23; (3) 6 � 10�5, 25�30.

content in the slag in the present study. A similar
pattern is observed when the LNi values obtained here
are compared with the data of [13] for an oxidizing
atmosphere. The copper distribution coefficients in the
oxidizing atmosphere with PO2

= 6 �10�5 atm (present
study) are in good agreement with the data of [14, 15]
obtained at close PO2

values. For convenience of com-
parison, these data are presented graphically in Figs. 3a
and 3b. In the authors’ opinion, the distribution co-
efficients of copper are somewhat underestimated in
[14, 15], since the content of copper in the slag was
determined by chemical methods.

CONCLUSIONS

(1) The solubility of copper, nickel, and cobalt in
a slag in an argon atmosphere is independent of the
content of sulfur in a sulfide melt (17�21 wt %), be-
ing, on the average, 0.7�1.0 wt % Cu, 1.3�1.7 wt %
Ni, and 0.5�0.7 wt % Co.

(2) The content of dissolved copper and nickel in
an argon atmosphere is also independent of the com-
position of the metallic bottom phase, being, on the
average, 0.2�0.3 wt % Cu and 0.5�0.7 wt % Ni, at
nickel activity aNi 0.027�0.211.

(3) The solubility of copper and nickel in the slag
in an oxidizing atmosphere increases from 7 to
10 wt % for Cu and from 0.2 to 1.2 wt % for Ni with
increasing activity of nickel in the bottom phase
(aNi 0.006�0.036).
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Abstract�Specific features of the distribution of rare elements and radionuclides in processing of the bad-
deleyite concentrate by various methods to obtain pure zirconium compounds and in its chemical purification
were studied. The products in which they are concentrated can be regarded as concentrates of niobium(V),
tantalum(V), scandium(III), and radionuclides.

The main Russia’s source of zirconium is the bad-
deleyite concentrate (BC) manufactured by Kovdor-
skii GOK Joint-Stock Company. The commercial BC,
containing no less than 97.5�98.5% ZrO2 + HfO2,
is commonly used without chemical processing in
manufacture of refractory materials, ceramics, and
abrasives. Zirconium dioxide in BC is twice as ex-
pensive as that in zircon. Therefore, use of BC for
production of zirconium compounds is inexpedient.
However, account should be taken of the fact that
the Kovdor BC contains, in addition to hafnium,
which is present in zirconium minerals and is of lim-
ited use, also the deficient niobium, tantalum, and
scandium. According to chemical and X-ray fluores-
cence analyses, commercial BC contains (wt %):
Nb2O5 0.6�0.8, Ta2O5 0.18�0.23, and Sc2O3 0.045�
0.055. The total cost of these components at world
prices is close to the cost of BC, and the ratio of their
costs is 1 : 4 : 6. Consequently, if the problem of re-
covery of accessory rare elements in chemical pro-
cessing is solved, BC may become quite competitive
with zircon as regards the manufacture of various zir-
conium-containing chemical products. In addition,
the high content of ZrO2 in BC (low content of im-
purities) leads to lower reagent expenditure and sim-
pler technology of its processing, compared with that
for zircon, which may also improve the economical
attractiveness of BC as raw material for manufacture
of zirconium compounds.

In studying the methods for BC processing [1�6],
the behavior of compounds of niobium, tantalum, and

scandium (further, rare elements) and radioactive el-
ements has not been analyzed. Incomplete data on
their distribution in chemical processing of BC were
reported in [7].

Approximately 80% of niobium(V) and tantalum(V)
is present in the commercial concentrate in the form
of isomorphic impurities, and 20%, as constituents
of accessory minerals�uranopyrochlore, pyrochlore,
zirkelite, etc. Radioactive elements are represented
by uranium and thorium (specific activity of up to
70 kBq kg�1). The radionuclides are mainly associ-
ated with the minerals mentioned above. In minor
amounts, they are present as isomorphic impurity.
Scandium(III) is virtually completely present in bad-
deleyite as an isomorphic impurity.

Various methods for BC decomposition are known:
(1) high-temperature sintering with compounds of al-
kali and alkaline-earth metals [1�3], (2) sulfuric acid
processing [1, 4], (3) sintering with ammonium sul-
fate [1, 5], (4) decomposition with the use of fluori-
nating reagents [1, 6], and (5) chlorination [1].

The present study is concerned with the behavior
of rare and radioactive elements in chemical purifica-
tion of BC by the method described in [8], and also
in production of pure zirconium compounds with
methods 1�3 used to process BC.

EXPERIMENTAL

BC conforming to the requirements of TU (Tech-
nical Specifications) 48-0572-17-252�91 and 1762-
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Table 1. Distribution of rare and radioactive elements impurities in sulfuric acid purification of BC
������������������������������������������������������������������������������������

�
Yield,

� Content, wt % � Specific
� ��������������������������������������������������Product � � � activity A,
� % � Sc � Nb2O5 � Ta2O5 � U � Th � kBq kg�1

������������������������������������������������������������������������������������
BC: � � � � � � �

initial � 100 � 0.03�0.038 � 0.6�0.8 � 0.2�0.23 � 0.02�0.05 � 0.01�0.015 � 80�130
purified � 98�99 � 0.03�0.038 � 0.5�0.65 � 0.18�0.2 � 0.011�0.02 � 0.003�0.007 � 17�25
purified, � 97�98 � 0.03�0.038 � 0.5�0.65 � 0.18�0.2 � 0.08�0.015� 0.002�0.005 � 15.8
�0.044-mm fraction� � � � � � �

Hydrate cake � 1�2 � 0.003�0.006 � 4�8 � 1.5�3.0 � 0.5�1.5 � 0.15�0.3 � 1000�3000
������������������������������������������������������������������������������������

003-00186759�2000 was commonly used in the study.
Occasionally, the content of impurities, especially
those radioactive, in the BC was higher.

Rare and impurity elements in precipitates were
analyzed by X-ray fluorescence and spectral methods,
and those in solutions, by chemical-analytical and
atomic-adsorption techniques. The specific radioactiv-
ity of 232Th and 226Ra and the content of U and Th
were determined by radiometry and gamma-spectrom-
etry on certified instruments.

In chemical purification of BC with hydrochloric
[1] or sulfuric [7, 8] acid, the content of main com-
ponents can be brought to 99�99.5 wt %; however,
hydrochloric acid does not react with accessory min-
erals containing radionuclides, niobium(V), and tan-
talum(V). Under the optimal conditions, sulfuric acid
decomposes these minerals, but virtually does not
react with baddeleyite. The most complete purifica-
tion achieved in sulfuric acid processing is that to
remove compounds of phosphorus, calcium, magne-
sium, iron, and radioactive impurities. Silicon pres-
ent in the form of olivine and some other silicates is
separated in the course of purification, but silicon
contained in zircon, pyroxenes, and garnets is not
removed from BC. In the course of purification, rare
and radioactive elements are converted, together with
most of other impurities removed from the concen-
trate, into an insoluble form, specifically hydrate cake.
Table 1 lists the distribution of admixtures of rare
and radioactive elements in sulfuric acid purification
of BC.

Rare elements isomorphically incorporated in the
ZrO2 lattice remain in the purified product. This is
confirmed by the fact that their concentration in the
product purified remains the same upon additional
grinding of the initial BC. Although the concentra-
tions of tantalum, niobium, and uranium compounds
in the hydrate cake are rather high, their recovery
from this product is hardly justified economically

because of the relatively low amount of rare elements
finding their way into this product (recovery into
the cake less than 0.5% for Sc, 17�18% for Nb2O5,
and 12�15% for Ta2O5). However, deep processing
of the hydrate cake may be advisable for ecological
reasons.

In BC processing by sintering, the concentrate
was ground and simultaneously mixed with CaO and
CaCl3 at mass ratio of 1 : 0.55 : 0.12. The stock was
sintered at 1150�C for 4 h. The degree of BC decom-
position in sintering was 80�85%. The cake was
decomposed with hydrochloric or nitric acid. In cake
dissolution, most of impurities passed into solution
simultaneously with zirconium(IV), with the insoluble
residue enriched with niobium(V) and tantalum(V)
and depleted of radionuclides.

The niobium(V) to tantalum(V) ratio varied from
3.4 for BC to 2.5 in the insoluble residue and 5.9�6.2
in solutions. The recovery of zirconium(V) into solu-
tion in decomposition of the cake with nitric acid
was somewhat lower than that in the case of hydro-
chloric acid and occurred at higher acidity. The en-
richment of the insoluble residue with niobium(V)
and, to a greater extent, tantalum(V) occurred as
a result of hydrolysis. Chloride solutions were puri-
fied by crystallization of zirconium(IV) oxochloride,
and nitric acid solutions, by extraction.

Recrystallization of zirconium(IV) oxochloride is
a standard procedure for obtaining pure zirconium(IV)
compounds [9, 10]. After dissolution and separation
of the insoluble residue, the solution was evaporated
and the resulting precipitate of zirconium(IV) oxo-
chloride was repulped in 20% hydrochloric acid at
s : l ratio of 1 : 4.5. The amount of acid necessary
for repulpation corresponded to its expenditure for
cake decomposition. After three counterflow wash-
ings-repulpations with one intermediate dissolution
of the oxochloride under heating, ZrO2 obtained from
the oxochloride by calcination was close to special-
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Table 2. Content of rare and radioactive elements in products obtained in hydrochloric acid decomposition of cake
������������������������������������������������������������������������������������

� Mass, � Content wt % � Specific
� ���������������������������������������������Product � � � activity A,
� g � Sc � Nb2O5 � Ta2O5 � U � Th � kBq kg�1

������������������������������������������������������������������������������������
Initial BC � 100 � 0.036 � 0.68 � 0.2 � 0.025 � 0.019 � 52
Insoluble residue � 17.5 � 0.036 � 0.72 � 0.29�0.33 � 0.005 � 0.008 � 11.9
ZrOCl2 residue after two � 250 � N.f.* � N.f. � N.f. � < 1 � 10�4 � < 4 � 10�4 � <0.34
repulpations � � � � � � �
ZrO2 from ZrOCl2 obtained � 73.5 � N.f. � N.f. � N.f. � < 1 � 10�4 � < 2 � 10�4 � <0.25
after three repulpations � � � � � � �
Precipitate separated from � 7.2 � 0.36 � 7.6 � 1.3 � 0.27 � 0.23 � 700
mother liquor with � � � � � � �
NH3 �H2O solution � � � � � � �
������������������������������������������������������������������������������������
* Not found; the same for Table 4.

Table 3. Distribution coefficients of components in extraction of zirconium(IV) from solution formed upon BC
decomposition
������������������������������������������������������������������������������������
Acidity of equi-� Distribution coefficient

������������������������������������������������������������������������librium aqueous�
phase, M � Zr � Hf � Sc � Nb � Ni � Ca � Fe � Si � U + Th

������������������������������������������������������������������������������������
2 � 0.36 � 0.02 � 0.06 � 0.2 � 0.5 � 0.05 � 0.01 � 1.7 � 3.6
4 � 0.82 � 0.05 � 0.29 � 0.12 � 0.1 � 0.04 � 0.02 � 0.5 � 6.9
6 � 3.1 � 0.26 � 0.19 � 0.05 � 0.06 � 0.02 � 0.01 � 0.2 � 17
6* � 3.2 � 0.22 � 0.19 � 0.06 � 0.08 � 0.04 � 0.03 � 0.2 � 16
2** � 0.12 � 0.06 � 0.04 � N.f. � 0.06 � 0.04 � 0.03 � 1.3 � 42

������������������������������������������������������������������������������������
* Including 2 N HCl.

** In reextraction.

purity 9-2 brand (TU 6-09-4709�79), with calcium
compounds removed to residual level of 0.01 wt %.
Average composition of the mother liquor obtained af-
ter precipitation of zirconium(IV) oxochloride (g l�1):
ZrO2 + HfO2 4�7, CaO 150�170, Fe2O3 8�13,
Sc 0.13�0.16, Nb2O5 1.8�2.4, Ta2O5 0.28�0.35,
U 0.1�0.13, Th 0.07�0.09; A = 1.25�1.5 kBq kg�1.
The yield of the mother liquor was 100 ml per 100 g
of cake. After its neutralization with an NH3 �H2O
solution, a precipitate was isolated into which the rare
and radioactive elements contained in the mother li-
quor passed.

The content of rare impurities and radionuclides
in the products obtained is given in Table 2.

Judging from the composition of the precipitate,
the main part of scandium(III), niobium(V) and radio-
nuclides (Sc 72, Nb 80.5, U 77.8, and Th 87.2% rel-
ative to their respective amounts in BC) and nearly
half of Th(V) find their way into it.

The extraction technique for processing of nitric
acid solutions of zirconium(IV) is, as a rule, analyzed

for the case of hafnium(V) isolation [9�11]. The ex-
traction process was studied in order to obtain pure
compounds of zirconium(IV). The nitric acid solution
contained 103.1 g l�1 ZrO2 at acidity of 7.4 M HNO3.
Zirconium(IV) was extracted with solution of 80%
tributyl phosphate (TBP) in dodecane. The experi-
mentally found distribution coefficients of the com-
ponents are listed in Table 3.

The distribution coefficients of the impurities de-
creased with increasing acidity because of their salt-
ing-out by the better extractable zirconium(IV). Intro-
duction of hydrochloric acid raised somewhat the sep-
aration coefficient of zirconium(IV) and hafnium(IV),
but favored passing of admixtures of iron- and calci-
um-containing compounds into the organic phase. On
the whole, the distribution data are close to the known
values [12] and indicate that purification is possible.
Radioactive elements can be isolated in the reextrac-
tion stage. Difficulties may be only encountered when
dealing with compounds of silicon.

The extraction was carried out on a cascade com-
prising 40 stages of the mixer�settler type, with stage
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volume of 450 ml (see scheme). In accordance with
the values of the separation coefficients, 3 to 4 stages
are necessary for purification; however, it has been
found previously in a similar system [12, 13] that 12
stages are insufficient for obtaining pure zirconium(IV)
at phase ratio org : aq = 2.5 : 1 in the washing stage
because of the gradual accumulation of admixtures
of silicon and titanium compounds, mainly as gels
in the organic phase.

Scheme of extraction purification of zirconium.

To separate radionuclides, the organic phase ob-
tained after reextraction was periodically removed
from the process and treated with a Na2CO3 solu-
tion or a fluorine-containing reagent. It was found
that there exist unextractable forms of zirconium(IV),
bound to silicon and calcium. The precipitate isolated
from the fluoride or carbonate reextract contained
(wt %): ZrO2 20�50; CaO 5�20; SiO2 3�20; Al2O3
1�5; Nb2O5, Fe2O3, and TiO2 <0.01 each.

Zirconium(IV) was isolated from the reextract
in the form of basic sulfate or oxalate. In the con-
tent of controllable impurities, ZrO2 obtained by
calcination of oxalate was also close to special-pu-
rity 9-2 brand (TU 6-09-4709�79) and contained no
(<0.01 wt %) hafnium. The activity of samples was
0.9�1.4 kBq kg�1, including (2�4) � 10�4 wt % U and
(0.5�2) � 10�3 wt % TH. The content of radionuclides
was lowered to 0.4�0.6 kBq kg�1 by single prelimi-
nary extraction with 10% TBP from the initial solu-
tion and from the reextract.

The operation of the extracting apparatus was com-
plicated by the formation and motion along the cas-
cade of interphase gel-like precipitates, which had
to be removed periodically. Their composition ap-
proximately corresponded to that of the precipitate
formed in the carbonate reextract and differed only
in lower activity and presence of admixtures of tita-
nium, niobium, and tantalum compounds. The pre-
cipitate formed in the raffinate with an NH3 �H2O
solution contained (wt %): Sc 0.2�0.4, Nb2O5 7�9,
and Ta2O5 1.1�1.3. This indicated that the impurities

nearly completely passed into this product, with the
exception of the amount lost with interphase precip-
itates. The content of hafnium(IV) in the sum of zir-
conium(IV) and hafnium(IV) was 45�65%.

The distribution of less-common and radioactive el-
ements in BC processing by sintering with (NH4)2SO4
was evaluated [3]. Sintering of BC with (NH4)2SO4
at 500�C and a 10-fold excess of the decomposing
agent yields 99% decomposition [1]. Zirconium is
present in the cake as ammonium sulfate-zirconate
(ASZ).

The baddeleyite concentrate was decomposed in
a 6-fold excess of (NH4)2SO4 at 400�450�C, the cake
was dissolved in water, and the insoluble residue
was filtered off. The degree of decomposition was
95�96.5%. Niobium(V) and tantalum(V) were distri-
buted approximately evenly between the solution and
insoluble residue because of their poor solubility in
sulfuric acid solutions, whereas scandium, uranium,
and thorium mainly passed into solution in amount
proportional to the degree of BC decomposition. ASZ
with NH4 : Zr : SO4 ratio of 1 : 1 : (1.3�1.75), to which
the formula (NH4)4[Zr4O2(OH)4(HSO4)2(SO4)5 �8H2O
has been ascribed [14], was isolated from the result-
ing supersaturated solution after keeping for 8�24 h
with periodic agitation. The isolation process was
accelerated upon introduction of an ASZ seed. The
yield of zirconium(IV) into the precipitate was 68�
72%, rare elements could be concentrated in the
mother liquor after its evaporation and recrystalliza-
tion, or by using the mother liquor to dissolve the
cake.

The slow crystallization favored a high degree of
purification to remove virtually any of the impurities.
Washing of ASZ with a saturated (NH4)2SO4 solu-
tion and calcination gave ZrO2 containing admixtures
of Sc, Mg, Ca, Fe, Al, Ti, Nb, Ta, and Cr in amount
of less than 0.01 wt % each. The highest degree of
purification, compared with other techniques, was
achieved in removing silicon: its content decreased
from 0.69 wt % in the concentrate to 0.001 wt % in
ZrO2. Sufficiently successful was purification to re-
move uranium, to 2.0 � 10�3 wt %, but the whole
amount of thorium remained in ASZ and could not
be removed by recrystallization. To achieve deeper
purification, ASZ was converted into a hydroxide,
the hydroxide was dissolved in hydrochloric acid and
basic zirconium sulfate (BZS) was precipitated. Af-
ter calcination of ASZ, ZrO2 contained (wt %): Mg,
Ca, Sc < 0.01; Fe, Al, Mn, Si, and Cr < 0.001;
Cu < 0.0001; Ti < 0.005; U < 0.002; Th < 0.003;
Nb2O5 < 0.005; Ta2O5 < 0.005.
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Table 4. Impurity content of zirconium sulfates
������������������������������������������������������������������������������������

Extraction
�

Yield,
� Content, wt % relative to ZrO2 � Specific

� �������������������������������������������������� � � activity A,
technique � % � Sc � Nb � Fe � Si � Ca � Ti � kBq kg�1

������������������������������������������������������������������������������������
Evaporation � 50 � 0.069 � N.f. � 0.03 � 0.02 � 0.1 � 0.01 � 3.9

� 80 � 0.042 � 0.01 � 0.03 � 0.02 � 0.1 � 0.01 � 3.9
� 70 � 0.09 � N.f. � 0.01 � 0.003 � 0.03 � 0.01 � 3.1

Salting-out � 50 � 0.09 � N.f. � <0.01 � 0.003 � 0.1 � 0.01 � 2.8
� 80 � 0.046 � N.f. � <0.01 � 0.003 � 0.1 � <0.01 � 2.6

Recrystallization � 70 � 0.11 � N.f. � <0.01 � 0.001 � 0.03 � <0.01 � 2.2
������������������������������������������������������������������������������������

Thus, niobium(V) and tantalum(V) are approxi-
mately evenly distributed among the insoluble residue
and the mother liquor formed upon ASZ precipitation,
and major amount of scandium(III) is accumulated in
the mother liquor. An acceptable level of separation
of radionuclides can only be achieved by multistage
processing.

The baddeleyite concentrate is decomposed by sul-
furic acid at 300�C in the course of 4�5 h [1, 4]. Be-
cause of the high rate of H2SO4 evaporation, the pro-
cess is carried out either in a large excess of the acid,
or with the use of an autoclave or reflux condenser.
At H2SO4 expenditure of 150% with respect to the
stoichiometry (2.5 kg of H2SO4 �H2O per 1 kg of
BC), the degree of decomposition was 86�91% for
the �0.074-mm fraction. The decomposition became
somewhat more pronounced in a 3�5-fold excess of
the acid (not used in the experiments). Presumably,
the decomposition was not complete because of the
blocking of baddeleyite particles by a precipitate of
the forming zirconium sulfate. According to the re-
sults of X-ray phase analysis, zirconium(IV) was pres-
ent in the reaction mass as Zr(SO4)2 �4H2O; in thermal
treatment of the sulfate mass, Zr(SO4)2 �H2O and
Zr(SO4)2 were formed successively.

Zirconium sulfate readily dissolved to a concentra-
tion of 120�170 g l�1, depending on the concentration
of sulfuric acid in solution. Although the undecom-
posed residue (0.12�0.15 kg per 1 kg of BC) is en-
riched with niobium(V) and tantalum(V) (1.5�2.0
and 0.8�0.9 wt %, respectively) because of their hy-
drolysis, a major part of niobium (�65%) and tanta-
lum (�40�45%) passes into solution. The specific
activity of the residue increases by 15�20% because
of the precipitation of radium sulfate. Scandium and
other impurities pass into solution in proportion to
the degree of BC decomposition. The solution ob-
tained was used to recover various zirconium(IV)
compounds.

Since the undecomposed residue is recycled into
the sulfatization process, the extent to which niobi-
um(V) and tantalum(V) pass into solution increases
significantly.

Crystallization of Zr(SO4)2 has been used to ob-
tain pure zirconium dioxide [9]. Zirconium sulfate
crystallized when the acidity increased to 6�8 M,
which was effected by introduction of H2SO4 or by
evaporation. Table 4 lists data on the composition of
Zr(SO4)2 obtained by various techniques (the content
of impurities is given in terms of ZrO2). The content
of tantalum(V) was not determined, but it may be as-
sumed that its behavior in sufficiently concentrated
sulfuric acid solutions is similar to that of niobium.

As follows from Table 4, extraction and recrystal-
lization of Zr(SO4)2 leads to its purification to re-
move all impurities except scandium(III), which is
concentrated in the first fractions of the precipitates
formed. Presumably, the bridging bonds of zirconi-
um sulfate can accommodate anionic complexes of
scandium, which are predominant in the sulfuric acid
medium [15]. The insufficient degree of purification
to remove radioactive impurities is presumably due
to coprecipitation of radium sulfate. The content of
niobium(V) and tantalum(V) in the precipitate formed
in the mother liquor with ammonium was 3.5�7.5
and 0.65�1.3 wt %, respectively.

Ammonium sulfate-zirconate was isolated from so-
lutions formed in sulfuric acid decomposition of BC
by neutralization with NH3 �H2O to an NH3 : Zr mo-
lar ratio of no less than 2 and acidity of 0.75�1.0 M.
The amount of precipitated zirconium(IV) was 85�
90%. Judging from the relative concentrations of the
components, the composition corresponded to the
(NH4)2SO4 �ZrOSO4 salt. The content of controllable
impurities in ASZ approximately corresponded to that
in zirconium sulfate, but the whole amount of scan-
dium remained in solution, and niobium(V) and tan-
talum(V) were distributed among the solution and
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precipitate, depending on the precipitation conditions.
Purification to remove radioactive impurities pro-
ceeded to a fuller extent, to 1.4 kBq kg�1, with ura-
nium removed better than thorium.

Potassium fluorozirconate was extracted from the
sulfuric acid solution upon introduction KF and NH4F
into a hot solution in amount of 110% with respect to
the stoichiometry. A single phase, K2ZrF6, was re-
vealed by X-ray phase analysis in the precipitate
formed upon cooling. Niobium(V) and tantalum(V)
remained in solution, although formation of potassium
fluorometallates is also characteristic of these metals.
Scandium(III) partly precipitated in the form of scan-
dium trifluoride or potassium fluoroscandate with
distribution coefficient of 0.3, and remained in the
concentrate of hafnium(IV) upon recrystallization of
the preciopitate. The precipitate formed in the mother
liquor with NH3 �H2O contained (wt %): Nb2O5 3.7,
Ta2O5 0.49, and Sc 0.19. Niobium(V) and tantalum(V)
can be selectively recovered from fluorine-containing
sulfate solutions by extraction.

Thus, in various methods for BC processing by
decomposition with H2SO4, niobium(V) and tan-
talum(V) are distributed among the insoluble residue
and the mother liquor, and the major part of scandi-
um(III) is accumulated in the mother liquor. Nonra-
dioactive zirconium(IV) compounds can be obtained
in all variants; however, techniques for final concen-
tration of radionuclides require further development.

CONCLUSIONS

(1) A study of specific features of the distribution
of rare elements and radionuclides in various meth-
ods for processing of the baddeleyite concentrate to
obtain pure zirconium compounds and in its chemi-
cal purification revealed the products and wastes in
which the rare and radioactive elements are concen-
trated.

(2) Comparison of the behavior of rare elements
and radionuclides in chemical purification of the bad-
deleyite concentrate with that in processing of the
concentrate to obtain zirconium compounds confirms
that uranium and thorium are mainly contained in
accessory minerals, whereas scandium(III) and major
part of niobium(V) and tantalum(V) crystallize iso-
morphically to baddeleyite.

(3) The possibility of concentrating radionuclides
and part of niobium(V) and tantalum(V) in sulfuric
acid purification of the baddeleyite concentrate was
demonstrated.

(4) Simultaneous production of pure zirconium
compounds and recovery of rare and radioactive ele-
ments into separate concentrates is achieved the most
effectively by processing the baddeleyite concentrate
by the sintering method, with the formation and sub-
sequent recrystallization of zirconium oxychloride or
extraction processing of nitric acid solutions.
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Abstract�The influence exerted by sulfur contained in petroleum coke on sulfidization of acid-soluble
barium compounds formed in reductive calcination of recycled barium sulfate in sodium sulfide production
was studied.

A low-waste technique for manufacture of sodium
sulfide [1�3] is based on the interaction of barium
sulfide with sodium sulfate by the reaction

BaS + Na2SO4 = BaSO4 + Na2S. (1)

Barium sulfide is regenerated by reductive calcina-
tion of the forming barium sulfate

BaSO4 + 2C = BaS + 2CO2, (2)

and, consequently, the barium raw material is not
spent, and only its replenishment is necessary. How-
ever, in reduction of BaSO4 with carbon, the main
reaction (2) is accompanied by side reactions [4] as-
sociated with loss of sulfur and formation of acid-
soluble (as) barium compounds:

BaS + CO2 + 1.5O2 = BaCO3 + SO2, (3)

BaS + 4CO2 = BaCO3 + SO2 + 3CO, (4)

BaS + H2O + CO2 = BaCO3 + H2S, (5)

2BaSO4 + C = 2BaSO3 + CO2, (6)

BaSO4 + CO = BaSO3 + CO2. (7)

Admixtures of a barite concentrate, added to com-
pensate for the loss of barium, also form silicates,
ferrites, and other acid-soluble barium compounds.

The industrial BaS melt contains 65�75% water-
soluble (ws) barium compounds in terms of BaSws
and 15�20% acid-soluble barium compounds in terms
of BaSas. In manufacture of BaCl2 by the hydrogen
chloride technique [4], acid-soluble barium salts react
with HCl to give the target product. In the technique
for Na2S production in aqueous leaching of the melt,
acid-soluble barium compounds are not involved in
the formation of the target product and, being ac-
cumulated in BaSO4 being recycled, affect adversely
the technical and economic characteristics of the pro-
cess.

The aim of this study was to minimize the yield of
acid-soluble barium compounds in reductive calcina-
tion of the stock by converting them into BaS, e.g.,
by the reaction

2BaCO3 + 2S + C = 2BaS + 3CO2, (8)

with the use of sulfurous petroleum coke as sulfidiz-
ing agent.

Petroleum coke manufactured from domestic oils
with 1�2% sulfur content contains sulfur in the form
of cyclic structures possessing high thermal stability.
The extent of desulfurization of sulfurous petroleum
cokes at 900�1000�C does not exceed 10�17% [5, 6],
which points to the possibility of using the sulfur con-
tained in petroleum coke in reduction-sulfidization
processes. Sulfur-containing components of volatiles
can also be used as active sulfidizing agents.
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Table 1. Chemical composition of stock components
������������������������������������������������������������������������������������

�
Barite

�
Recycled

� � Petroleum coke
� � � ������������������������Parameter � � � WIR* �
�

concentrate
�

barium sulfate
� � no. 1 � no. 2 � no. 3

������������������������������������������������������������������������������������
Content, wt %: � � � � � �

BaSO4 � 91.51 � 99.53 � 37.83 � � �
BaSws � 0.11 � � 3.00 � � �
BaSas � 3.10 � 0.41 � 49.04 � � �
H2O � 0.63 � 0.08 � 0.17 � 0.36 � 0.50 � 0.58

Acid-insoluble impurities, without BaSO4 � 4.25 � � 5.52 � � �
C � � � 0.58 � 91.95 � 89.90 � 92.53
S � � � � 2.45 � 1.78 � 0.68
Yield of volatiles � � � � 7.52 � 9.93 � 6.79
Ash content � � � � 0.53 � 0.17 � 0.68
������������������������������������������������������������������������������������
* Water-insoluble residue upon leaching of BaS melt.

EXPERIMENTAL

To carry out the study, samples of a water-insol-
uble residue containing a complex of acid-soluble
barium compounds, together with BaSO4 being re-
cycled, were prepared. The samples were obtained by
leaching in water a BaS melt from Soda Joint-Stock
Company, Sterlitamak, separating the water-insol-
uble residue, reacting a BaS solution with powdered
Na2SO4 of pure grade [GOST (State Standard) 4166�
76], and filtering the suspension to obtain recyclable
BaSO4. The resulting substances were thoroughly
washed with hot water to remove S2� ions (with the
process monitored with indicator paper impregnated
with lead acetate) and dried.

The chemical composition of the samples obtained
and of those used to study the barite concentrate and
petroleum coke is listed in Table 1. The grain size of
all the stock components is 0.25 mm.

The study was carried out as follows. The stock was
prepared, with the petroleum coke taken in amount
(in terms of 100% C) of 125% with respect to the
stoichiometry of reaction (2); reductive calcination of
the stock was done in static mode in a muffle furnace
at 1000�C for 15 and 30 min in alundum crucibles
with caps; then the resulting BaS melt was subjected
to chemical analysis. The melt was analyzed, after
being cooled in desiccator, for BaSI2

and BaS2O3 by
iodometry, for BaSws and BaSas by complexonometry,
and for water-insoluble residue and carbon by gra-
vimetry.

The results of chemical analysis were used to cal-
culate the degree of BaSO4 reduction (�1), and de-
grees of BaSO4 conversion into BaSI2

(�2), BaSws

(�3), and BaSas (�4) and of BaSas conversion into
BaSws (�5) and BaSI2

(�6) by the formulas

�1 = ����������������������� ,
mstBaSO4st

�
(mstBaSO4st � mmBaSO4m) � 100

�1 = ����������������������� ,
mstBaSO4st

�
(mstBaSO4st � mmBaSO4m) � 100

�2, �3, �4 = ��������������� ,
mstBaSO4st

1.3778mstBaSm � 100
�2, �3, �4 = ��������������� ,

mstBaSO4st

1.3778mstBaSm � 100

�5, �6 = ���������� ,
mstBaSO4as.st

mmBaSm � 100
�5, �6 = ���������� ,

mstBaSO4as.st

mmBaSm � 100

where m is the stock mass (g); mm, the melt mass (g);
BaSO4st, BaSO4m, and BaSm, the contents of BaSO4
in, respectively, the stock and the melt and the content
of water- or acid-soluble barium compounds in terms
of BaS in the melt (wt %); BaSas.st, the content of
acid-soluble barium compounds in terms of BaS in
the stock (wt %); 1.3778, the coefficient of BaS re-
calculation to BaSO4.

The results obtained in the experiment are listed in
Table 2. In the first stage of the study, experiments on
calcination of reactive BaCO3 of pure grade (GOST
4158�80) (run nos. 1�6) and WIR (run nos. 7�12),
in a mixture with petroleum coke, were conducted.

In the second stage (run nos. 13�27), petroleum
coke was used to reduce mixtures of reactive BaSO4
of pure grade (GOST 3158�75) with BaCO3 (run
nos. 13�18), of recycled BaSO4 with WIR (run nos.
25�27), and of the barite concentrate of class A, KB-2
brand (GOST 4682�84) (run nos. 19�24).

The effect of sulfur contained in petroleum coke on
the sulfidization of acid-soluble barium compounds
was assessed in run nos. (1�12) on the basis of �5 and
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Table 2. Results obtained in a study of the influence exerted by sulfur contained in petroleum coke on the sulfidization
of acid-soluble barium compounds (reduction temperature 1000�C, amount of petroleum coke in terms of 100% C 125%)
������������������������������������������������������������������������������������

Run
� �

�,
� Melt composition, wt % �

BaSas ,* wt %
� �1 � �2 � �3 � �4 � �5 � �6

� � �������������������������������� ������������������������������
no.

� �
min

� BaSI2
� BaSws � BaSas �BaSO4 + ash � � %

������������������������������������������������������������������������������������
1 � 1 � 15 � 1.59 � 5.31 � 4.29 � 4.93 � �/65.6 � � � � � 42.5 � 12.7
2 � 2 � 15 � 2.01 � 4.66 � 4.05 � 4.76 � �/67.5 � � � � � 37.4 � 16.1
3 � 3 � 15 � 0.03 � 4.45 � 5.66 � 4.30 � �/54.7 � � � � � 35.6 � 0.2
4 � 1 � 30 � 0.99 � 3.35 � 3.64 � 9.04 � �/71.3 � � � � � 26.4 � 7.8
5 � 2 � 30 � 1.86 � 3.29 � 5.29 � 5.41 � �/58.5 � � � � � 25.8 � 14.6
6 � 3 � 30 � 0.01 � 2.77 � 5.91 � 6.29 � �/53.6 � � � � � 21.8 � 0.1
7 � 1 � 15 � 4.22 � 8.35** � 9.73 � 2.62 � �/25.7 � � � � � 67.8 � 34.3
8 � 2 � 15 � 4.56 � 7.64** � 10.00 � 2.63 � �/17.4 � � � � � 63.1 � 37.7
9 � 3 � 15 � 4.12 � 7.77** � 10.34 � 2.90 � �/15.4 � � � � � 62.8 � 33.7

10 � 1 � 30 � 4.31 � 7.31** � 11.29 � 2.45 � �/8.8 � � � � � 59.1 � 34.8
11 � 2 � 30 � 4.29 � 6.90** � 11.18 � 3.03 � �/8.5 � � � � � 56.5 � 35.1
12 � 3 � 30 � 4.29 � 6.96** � 11.48 � 3.21 � �/7.1 � � � � � 56.3 � 34.7
13 � 1 � 15 � 62.29 � 63.02 � 3.44 � 26.47 � 1.38/� � 77.6 � 72.9 � 73.7 � 1.6 � �
14 � 2 � 15 � 70.67 � 71.38 � 4.75 � 20.68 � 2.54/� � 83.7 � 77.1 � 77.9 � 2.8 � �
15 � 3 � 15 � 61.24 � 62.18 � 5.06 � 27.93 � 2.98/� � 76.6 � 71.0 � 72.0 � 3.5 � �
16 � 1 � 30 � 80.45 � 82.32 � 4.06 � 13.03 � 1.74/� � 90.2 � 83.7 � 85.6 � 1.8 � �
17 � 2 � 30 � 80.70 � 87.74 � 5.21 � 6.11 � 2.90/� � 95.4 � 84.4 � 91.8 � 3.0 � �
18 � 3 � 30 � 74.99 � 79.13 � 8.89 � 8.58 � 6.66/� � 93.4 � 81.0 � 85.4 � 7.2 � �
19 � 1 � 15 � 43.02 � 45.35 � 6.46** � 39.43 � 2.94/� � 66.9 � 56.9 � 60.0 � 3.9 � �
20 � 2 � 15 � 50.78 � 52.56 � 7.64** � 33.14 � 3.98/� � 74.0 � 64.8 � 67.1 � 5.1 � �
21 � 3 � 15 � 33.15 � 37.37 � 7.96** � 45.31 � 4.55/� � 59.7 � 45.4 � 51.2 � 6.2 � �
22 � 1 � 30 � 76.90 � 80.94 � 6.62** � 8.43 � 2.52/� � 97.8 � 87.5 � 92.1 � 2.9 � �
23 � 2 � 30 � 79.53 � 83.17 � 7.17** � 6.01 � 3.03/� � 99.8 � 89.6 � 93.7 � 3.4 � �
24 � 3 � 30 � 79.13 � 81.14 � 8.88** � 6.55 � 4.75/� � 99.4 � 89.4 � 91.7 � 5.4 � �
25 � 1 � 30 � 90.08 � 93.70** � 4.01 � 2.02 � �/12.79 � 98.9 � 95.5 � 99.3 � 0.00 � �
26 � 2 � 30 � 87.59 � 91.39** � 4.65 � 2.54 � 0.05/� � 98.4 � 92.8 � 96.8 � 0.05 � �
27 � 3 � 30 � 81.98 � 86.24** � 4.78 � 8.28 � 0.17/� � 94.1 � 87.3 � 91.9 � 0.18 � �
������������������������������������������������������������������������������������

* Numerator, formed; denominator, spent.
** Less the content of BaS in the raw material.

�6 values and the amount of spent BaSas, related to
that introduced into the stock in the form of BaCO3
and WIR; in run nos. 13�27, this was done on the
basis of the �4 value. In addition, the completeness of
the process was assessed on the basis of �1��3.

As seen from Table 2, run nos. 1�6, in which
BaCO3 was calcined, clearly reveal an increase in
the conversion of BaSas into BaSwr (�5) in relation
to the sulfur content of the petroleum coke. However,
the degree of BaSas conversion into BaSI2

(�6) shows
another behavior: it reaches a higher value with petro-
leum coke no. 2 as reducing agent. This coke is char-
acterized by higher content of volatiles containing
methane, hydrogen and organosulfur compounds,
which intensify the reduction process [5]. The low

content of sulfur in petroleum coke no. 3 accounts for
the virtually zero extent of sulfidization of acid-solu-
ble barium compounds in run nos. 3 and 6 (�6 of 0.2
and 0.1%, respectively), although �5 has rather high
values. Apparently, in these runs, as also in some
others (run nos. 1, 2, 4, and 5), BaCO3 is reduced in
the presence of carbon [14] in accordance with the
equation

(9)BaCO3 + C = BaO + 2CO

with the subsequent conversion of BaO into Ba(OH)2
upon melt dissolution, with the latter barium com-
pound determined as BaSws.

Raising the time of stock reduction to 30 min leads
to oxidation of the BaS formed to BaS2O3 and BaSO4,
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with the corresponding decrease in �5 and �6. The
same behavior is observed in experiment nos. 7�12,
devoted to WIR calcination. In this case, too, keeping
the melt in the reaction zone for 30 min resulted in
a decrease in �5, with a dramatic fall of the amount of
spent BaSas relative to that introduced into the stock:
from 25.7 to 8.8% (petroleum coke no. 1), from 17.4
to 8.5% (petroleum coke no. 2), and from 15.4 to
7.1% (petroleum coke no. 3). The apparent increase
in the �5 and �6 values in these runs, compared with
the results obtained in run nos. 1�6, occurred because
of the reduction of BaSO4 contained in WIR.

In the following set of experiments (run nos. 13�
27), the same tendency toward a decrease in the de-
gree of BaSO4 conversion into BaSas (�4) with in-
creasing content of sulfur in a petroleum coke was
revealed, and higher degree of BaSO4 reduction (�1)
was obtained in run nos. 14 and 17 with petroleum
coke no. 2 containing the largest amount of volatiles.
In this case, raising the duration of calcination from
15 to 30 min exerts positive influence on the process
characteristics, and, therefore, reduction of a mix-
ture of BaSO4 being recycled and WIR was done at
a single experiment duration of 30 min.

Noteworthy is the fact that the reduction in a mix-
ture with WIR of the barite concentrate and BaSO4
being recycled occurs to a fuller extent (�1 of 99.8
and 98.4%, respectively), compared with the case of
a mixture of reactive reagents BaSO4 and BaCO3
(�1 = 95.4%). Apparently, in the first case, the high
intensity of the process is achieved because of the
presence of catalyzing components (Fe2O3 etc.) in
the stock [5, 7], with additional increase in the case
of BaSO4 being recycled resulting from the more de-
veloped phase boundary in the freshly precipitated
product.

However, of practical interest for the method of
Na2S production is the degree of BaSO4 conversion
into BaSI2

(�2), since it is BaS that is the supplier
of S2� ions to the finished product, Na2S. The reduc-
tion of a mixture of BaSO4 being recycled and WIR
with a petroleum coke containing 2.45% sulfur yielded
a �5 value of 95.5%. In this case, the loss of acid-sol-
uble barium compounds, caused by their sulfidiza-
tion, was 12.79% relative to their content in the initial
stock (�4 = 0).

Calculations performed on the basis of the exper-
imental data obtained demonstrated that, in processing
the barite concentrate of the KB-2 brand, the content
of sulfur in the petroleum coke should not exceed

3.0%, since an excess of sulfur complicates neutraliza-
tion of furnace gases. The requirements to the content
of sulfur in a petroleum coke should be determined in
relation to the amount of SiO2, Fe2O3, and Al2O3
impurities in the barite concentrate and that of acid-
soluble barium compounds in BaSO4 being recycled.

CONCLUSIONS

(1) The sulfidizing action of sulfurous petroleum
coke on the reductive calcination of barite raw ma-
terials is established. This favors minimization of
the yield of acid-soluble barium compounds, which
is important for the technology of sodium sulfide
manufacture.

(2) It is shown that, with a petroleum coke contain-
ing 2.45% sulfur used, a 95.5% conversion of BaSO4
into BaSI2

is achieved in reduction of BaSO4 being
recycled, and the conversion of BaSO4 to BaSas is
zero, compared with 87.3 and 0.18%, respectively, for
the petroleum coke containing only 0.68% of sulfur.

(3) Noteworthy is the positive influence exerted by
catalyzing components of the stock, e.g., Fe2O3, and
by developed phase boundary in freshly precipitated
BaSO4 on the process of reduction with sulfurous
petroleum coke of the barite concentrate and BaSO4
being recycled, with 98.9�99.8% BaSO4 reduction
achieved.
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Abstract�The results obtained in testing an improved technique for reagent refining of crude lead, which
yields bismuth-enriched drosses in the form of a powder, are presented. The advantages of the method put
into industrial practice are described.

The pyrometallurgical method proposed by Kroll
and Betterton [1, 2] is mainly used at lead works to
remove bismuth admixtures from refined crude lead
(lead bullion). This, the most complicated procedure
is carried out after silver removal. It involves dissolu-
tion of blocks of circulating bismuth drosses at 400�C
and subsequent introduction of magnesium and cal-
cium into melted crude lead at 360�370�C. These
metals react with bismuth to form intermetallic com-
pounds: Ca3Bi2, Mg3Bi2, Mg2CaBi2, which are poorly
soluble in lead and are deposited on the bath surface.
They are extracted as the so-called �enriched� bismuth
drosses with bismuth content of 3�5%. Then the bath
is cooled to 340�350�C and �lean� circulating drosses
containing 0.5�2% Bi are extracted. Repeated circu-
lation of drosses can increase the bismuth content up
to 5�11%, to give a lead�bismuth alloy containing
8�15% Bi [1]. The increase in the bismuth content
from 5�11 to 8�15% results from removal of mag-
nesium and calcium from the drosses with molten
NaOH. A 5�6% fraction of Bi passes into the result-
ing alkaline melts.

The existing technology for Pb�Bi alloy production
does not ensure isolation of bismuth-enriched (to more
than 8�15%) products and is characterized by repeat-
ed dross circulation, which leads to loss of the target
metal and involves additional consumption of reagents
(magnesium, calcium, and sodium hydroxide).

Various methods for dross enrichment with bis-
muth have been proposed. For example, centrifugal
refining can enrich drosses to Bi content of 18�21%
at its initial concentration of 5.7% [3]. Air bubbl-
ing through liquid metal (cupellation) at 900�950�C
can raise the bismuth content of a Pb�Bi alloy being
treated from 14 to 40�60%, with simultaneous re-

moval of antimony, tin, arsenic, and tellurium [4].
This method has been implemented in industry.

Of special interest are the publications [5�7] de-
scribing the possibility of using organic compounds
in pyrometallurgical processing of lead�bismuth al-
loys. For example, in purifying bismuth to remove
lead and copper by adding sulfur to a metallic melt,
friable yields can be obtained if carbon or masut is
introduced into the metal being refined [5]. It is re-
commended [6] that coal-tar pitch should be added
to a melt to enrich dross with bismuth, which yields
an alloy containing 40% Bi and 60% Pb. Dry drosses
are obtained by adding sawdust to crude lead (modi-
fied Kroll and Betterton method [6, 7]). However,
the authors of [5, 7] did not consider the mechanism
by which the above-mentioned organic compounds
affect the metallurgical processes under consideration.

EXPERIMENTAL

Our experiments and pilot tests made it possible to
develop and put into industrial practice an improved
method for lead refining, which provides lead alloys
with high bismuth content. The technological process
consists in the following. First, magnesium and cal-
cium are introduced into crude lead at 375�400�C
(rather than the commonly used circulating dross),
and then the temperature of the refining bath is raised
to 475�490�C and circulating drosses are loaded.
After settling for 25�35 min, dead oil (0.13�0.18 kg
per 1 ton of lead to be refined) is introduced in por-
tions with continuos agitation at 400�470�C. After
liquation, solid powdered drosses (30�40% Bi, 50�
60 Pb, 5�10 Zn, 0.015�0.02 Ag) are extracted, cooled
to room temperature, and classified by sieving with
0.10�0.15 mm mesh. Drosses remaining on the sieve
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are loaded in the lead bath for recirculation, whereas
sifted drosses (�0.10�0.15-mm class) are remelted to
obtain a lead�bismuth alloy. After the removal of dry
drosses, the temperature is lowered to 330�C, and cir-
culating bismuth drosses are taken off. The refining
process is finished according to the standard scheme.

Powder drosses of the +0.10�0.15-mm class, con-
taining (%) 12�17 Bi, 50�55 Pb, 25�40 Zn, and
0.06�0.07 Ag, are purified to remove silver, which
diminishes the expenditure of metallic zinc by ap-
proximately 50%, and loss of silver and bismuth, by
approximately 30%. Thus, in contrast to the common
technologies, this method does not involve a labor-
consuming procedure of lead bullion purification to
remove zinc introduced into lead to recover silver.

Powder drosses of the �0.10�0.15-mm class are
remelted under a layer of slam (spent PbCl2�ZnCl2�
KCl�NaCl electrolyte used at the plant in electro-
chemical reactors for separating lead�bismuth alloys
in ionic melts [8]). In this case, the following reac-
tions occur

Mg3Bi2 + 3PbCl2 = 3MgCl2 + 3Pb + 2Bi,

Ca3Bi2 + 3PbCl2 = 3CaCl2 + 3Pb + 2Bi.

Such a procedure is expedient because lead, which
was previously dumped as a salt in a chloride mixture,
is returned into the production cycle. The resulting
lead�bismuth alloy contains 55�65% Bi and the bal-
ance lead.

In pilot tests, we used dead oils of BN-IV and
BN-V brands, which have softening points of 70
and 90�C, respectively. Special bitumens of A and
G brands, and also pitches and other products of
straight-run masut distillation, can be used for this
purpose.

The tests have shown that the initial introduction
of calcium and magnesium into crude lead at 375�
400�C and subsequent addition of circulating drosses
at higher temperature (475�490�C) diminish the loss
of active metals (magnesium and calcium) and thus
make lower the process costs. According to this tech-
nique, the purification to remove bismuth is carried
out at bath saturation with bismuth higher than 2%.
The introduction of calcium and magnesium at 375�
400�C ensures high dissolution rate at minimum loss
of the active metals, which can be oxidized by at-
mospheric oxygen or moisture. At 475�490�C the
dissolution of circulating drosses proceeds faster,
the solubility of all the components added is higher

at elevated temperature, and, simultaneously, lead is
deoxidated and cooled. Thus, complete use of the re-
agents is achieved, and drosses very rich in bismuth
are obtained in small amounts. This is also important
for the subsequent introduction of a solid product of
heavy oil residuals, e.g., dead oil, to be carried out
successfully. Under these conditions, fine particles of
bismuth intermetallics do not aggregate, which makes
it possible to obtain bismuth-rich drosses.

In carrying out this operation, dry powder drosses
with high bismuth content (33�37%) are formed as
a phase on the lead surface. The results of X-ray dif-
fraction, mass-spectrometric, microscopic, and chem-
ical analyses suggest that the forming particles of
intermetallic compounds, and especially bismuth in-
termetallide Mg3Bi2, are wetted with bituminous hy-
drocarbons (asphaltenes etc.). This phenomenon elim-
inates wetting of intermetallic particles by liquid lead,
because the adsorption energy of hydrocarbons on
the surface of solid intermetallic particles is higher
than the energy of lead adsorption. Consequently,
bismuth drosses are formed as powders containing
no coarse conglomerates with adsorbed or adhering
lead. This results in that the bismuth drosses are
obtained in powdered (dry) form and contain much
lesser amounts of lead and greater amounts of bis-
muth. According to a mass-spectrometric analysis of
the gas content of samples, the fine powder contains
2.5 and 3 times greater amount of, respectively, hy-
drogen and carbon dioxide than the coarse fraction
does. This may indicate that bitumen is mostly ad-
sorbed on fine-fraction particles of bismuth drosses.

Our physicochemical study has shown that powder
drosses with particle size less than 0.10�0.15 mm are
largely composed of bismuth intermetallides (mainly
Mg3Bi2 in amount of 30�35%, according to X-ray
analysis). Drosses with particles larger than 0.10�
0.15 mm additionally contain intermetallic compounds
of zinc and lead. It was established that the fine frac-
tion of dry powder drosses with particle size less than
0.15 mm contains (%) 43�50 Bi, 35�45 Pb, 0.1�0.5
Zn, 0.002�0.003 Ag, and Ca and Mg the rest. Drosses
of the +0.10�0.15-mm class are complex intermetal-
lic compounds of zinc, bismuth, lead, silver, calcium,
and magnesium.

The expenditure for production of bismuth from
an alloy containing 55�65% Bi is considerably less
than that for production of the same amount of Bi
from an alloy with bismuth content of 15% (this is the
maximum Bi content ensured by the currently existing
procedures). In this case, the expenditure of electric
power and electrolyte, number of electrolyzers, floor
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area, and maintenance staff are diminished. This is
confirmed by the following simple calculation of, e.g.,
the electric power expenditure.

Let us assume that a plant accomplishes electro-
chemical separation of a lead�bismuth alloy contain-
ing, on average, 12% Bi and 88% Pb by the formerly
used technology, i.e., it is necessary to transfer elec-
trochemically 88 tons of Pb from anode to cathode in
order to produce 12 tons of Bi. If, however, a lead�
bismuth alloy enriched with bismuth to 60% by the
new technology is subjected to electrolysis, it is nec-
essary to dissolve at the anode and precipitate at the
cathode only 8 tons of Pb in order to obtain the same
amount of Bi (12 tons). Consequently, the amount
of lead to be electrolyzed in the second variant is 11
times less than that in the case of the standard tech-
nology. The expenditure of electric power, number of
electrolyzers, etc. will be equally diminished.

The results obtained in industrial tests of the lead
refining technique under consideration, which yields
a bismuth-enriched Pb�Bi alloy, are presented below.

The experiments were carried out in cauldrons
with capacity of 125�130 tons of crude lead (lead
bullion). The sequence of operations was described
above. The size classification of powder drosses
yielded 5.3�6.0 tons of a fine fraction containing
43.7�50.6% Bi and 2.8�3.8 tons of grit with Bi con-
tent of 12.6�17.2%. After remelting of the fine frac-
tion under a fluxing agent (PbCl2�ZnCl2�KCl�NaCl),
4.2�4.5 tons of alloy with Bi content of 55.1�59.9%
were obtained. The process was implemented indus-
trially and ensured a significant technological and
economic effect. The environmental safety was im-
proved, because we used a lesser number of electro-
chemical reactors producing lead by high-temperature
electrolysis of a lead chloride melt.

A somewhat different technique for lead�bismuth
alloy enrichment was also developed and applied in in-
dustry. At one of lead-manufacturing plants, a Bi�Pb
alloy is separated by electrolysis in hexafluorosili-
con electrolyte, following the Betts procedure [1, 9].
A semi-finished product with Bi content of 8�15%
is used as the starting alloy. It is desirable to raise
the content of this metal, but to no more than 30%. If
the bismuth content in Pb�Bi anode plates is greater,
the anodic process is significantly complicated. As
lead is dissolved, the solid alloy lattice is disrupted
and narrow channels are formed, in which lead hexa-
fluorosilicate is crystallized. At the same time, a large
amount of bismuth is dissolved and deposited at the
cathode. Small pieces of the anode are crumbled and

entrained by slam. The surface layer of the pieces
consists of virtually pure bismuth, and the inner layer,
of electrochemically unreacted lead. Industrial tests
have shown that the Betts method for processing of
Pb�Bi alloys containing more than 30% Bi is inex-
pedient.

Taking into account the aforesaid, we proposed,
developed, and implemented industrially a somewhat
different method for enrichment of bismuth drosses.
The method, which is simpler and less expensive,
consists in the following. To refine lead containing
0.5 � 0.1% Bi, a mixture of bitumen (45�75 wt %)
and sawdust (25�55 wt %) is added, and the process
is performed at lower temperature (370�390�C). As
a result, powder drosses containing 23�27% Bi are
obtained and delivered to hydroelectrolytic processing
by the Betts method. This procedure involves separa-
tion of drosses and thus eliminates the additional stage
of bath heating to a temperature of 400�470�C, at
which drosses are separated in the method described
above. The addition of sawdust (which is less expen-
sive than bitumen) prevents the possible inflamma-
tion of bitumen particles floating-up to the surface
of a lead bath. Sawdust contains moisture, which
evaporates to cool the upper layers of molten lead. It
should be noted that sawdust is introduced into the
liquid metal being refined not simultaneously with
dead oil, but later, when obtaining �dry� powder
drosses. In addition, sawdust plays the same part in
the separation of intermetallic compounds of bismuth
as dead oil.

This method makes lower the cost of bismuth re-
moval from lead because of the use, in addition to
bitumen, of such a less expensive material as sawdust.
Labor conditions are improved owing to the elimina-
tion of the possibility of bitumen inflammation. The
energy expenditure, labor intensity, and reagent con-
sumption are much lowered owing to a significant
decrease in the amount of lead�bismuth alloy to be
processed by an electrolyzer in a hexafluorosilicon
acid solution.

CONCLUSIONS

(1) A modified Kroll and Betterton method for
lead purification to remove bismuth has been pro-
posed and subjected to pilot tests. The improvement
consists in that dead oil or its mixture with sawdust
is introduced into metal melt in a certain stage of re-
fining to yield rich bismuth drosses in the form of
a powder. The separation of the product is also a spe-
cific feature of the process.
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(2) The method for lead and bismuth separation,
which was developed and implemented industrially,
makes it possible to produce a bismuth�lead alloy
containing up to 55�65% Bi.
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Abstract�Distillation processes and the liquid�vapor phase equilibrium in the systems phenol�water�hy-
droxyacetone and phenol�water��-methylstyrene at atmospheric pressure were studied. The direction of
the distillation lines was established and the possibility of preparing pure phenol and concentrating other
components, i.e., impurities, in various regions of distillation of the systems was determined.

Owing to the increasing stringency of requirements
to the quality of phenol used for production of various
polymers, including those exhibiting heat resistance,
it is necessary to study in more detail processes of
distillation of a mixture of phenol with concomitant
impurities in the stage of phenol isolation as a com-
mercial product. Among the main impurities deter-
mining the quality of commercial phenol are water,
�-methylstyrene, and 2-methylbenzofuran, with the
last compound being a product of reaction between
hydroxyacetone and phenol in the final stages of
phenol isolation.

Data on liquid�vapor phase equilibrium in mixtures
of phenol with water, �-methylstyrene, and hydroxy-
acetone form a physicochemical basis for determining
the optimal conditions of phenol rectification to re-
move concomitants. Published data are only available
for the system phenol�water��-methylstyrene at
66.65 hPa [1]. At the same time, commercial phenol
is commonly isolated from aqueous solutions under
nearly atmospheric conditions.

Experiments on determining the liquid�vapor equi-
libria were performed on a Bushmakin device mod-
ified by Smirnova and Morachevskii in order to study
stratification liquids [2]. The presence of an azeotrope
in the hydroxyacetone�water system was judged from
data of gas-liquid chromatography (Hewlett�Packard
5890 chromatograph). The mixtures were distilled on
a film rectification column with efficiency of 25
theoretical plates. Prior to all experiments, nonvolatile

antioxidants were added to the solutions to prevent
oxidation of the active components of the mixtures
studied. The rectification of aqueous hydroxyacetone
mixtures did not reveal presence of an azeotrope with
the lowest boiling point, since the hydroxyacetone
concentration in the first fractions (Tb =100.0�C, P =
1013 hPa) was less than 0.01 wt %.

Data on the liquid�vapor equilibrium are listed in
Table 1 for the binary system water�hydroxyacetone

Table 1. Data on liquid (X )�vapor (Y ) equilibrium in
the system hydroxyacetone (1)�water (2)
����������������������������������������

P, hPa
�

T, �C
� X1 � Y1

� ��������������������
� � mol %

����������������������������������������
433 � 104.0 � 69.13 � 55.18
433 � 80.5 � 9.67 � 4.87
433 � 77.8 � 4.49 � 2.18
433 � 77.6 � 1.91 � 1.08
433 � 77.5 � 0.68 � 0.31
433 � 77.5 � 0.43 � 0.20
993 � 129.4 � 48.54 � 39.79

1000 � 106.8 � 26.90 � 9.60
981 � 101.0 � 9.67 � 5.13
997 � 100.1 � 3.93 � 2.04
993 � 99.5 � 1.91 � 1.21
978 � 99.5 � 0.85 � 0.45
992 � 99.5 � 0.44 � 0.17

����������������������������������������
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Table 2. Data on liquid (Xi )�vapor (Yi ) equilibrium in the system phenol (1)�water (2)�hydroxyacetone (3)
������������������������������������������������������������������������������������

P, hPa
�

T, �C
� X1 � X3 � Y1 � Y3 � Y3 X1

� Y3� ������������������������������������������� �� � � � = ���� � K = ��
� � mol % � X3 Y1 � X3

������������������������������������������������������������������������������������
987 � 130.4 � 81.53 � 5.96 � 28.62 � 2.52 � 1.20 � 0.42
987 � 140.2 � 84.55 � 4.21 � 35.48 � 1.94 � 1.10 � 0.46
985 � 147.4 � 89.03 � 3.19 � 39.51 � 1.44 � 1.02 � 0.45
988 � 153.2 � 91.55 � 2.05 � 47.69 � 1.12 � 1.05 � 0.55

1002 � 160.1 � 92.65 � 1.21 � 55.31 � 0.87 � 1.20 � 0.72
1006 � 165.6 � 93.48 � 0.80 � 63.63 � 0.64 � 1.18 � 0.80
1005 � 168.9 � 95.14 � 0.48 � 68.81 � 0.41 � 1.18 � 0.85
1002 � 174.7 � 97.05 � 0.14 � 77.5 � 0.15 � 1.34 � 1.07

986 � 179.7 � 99.06 � 0.063 � 96.91 � 0.079 � 1.28 � 1.25
988 � 114.9 � 69.15 � 0.043 � 22.55 � 0.004 � 0.29 � 0.09
982 � 117.6 � 68.37 � 0.88 � 21.87 � 0.17 � 0.60 � 0.19

1000 � 135.5 � 57.12 � 29.11 � 9.45 � 17.12 � 3.55 � 0.59
988 � 147.8 � 78.94 � 14.22 � 25.41 � 10.07 � 2.20 � 0.71
990 � 161.2 � 89.02 � 5.84 � 50.40 � 5.57 � 1.68 � 0.95
982 � 169.8 � 94.40 � 2.61 � 69.13 � 2.67 � 1.40 � 1.02
973 � 177.0 � 96.84 � 0.35 � 92.27 � 0.37 � 1.11 � 1.06
974 � 178.6 � 98.98 � 0.09 � 94.48 � 0.12 � 1.40 � 1.33
986 � 124.6 � 77.9 � 0.051 � 14.96 � 0.018 � 1.84 � 0.35

������������������������������������������������������������������������������������

and in Table 2 for the ternary phenol�water�hydroxy-
acetone system.

The experiments performed made it possible to
construct diagrams of distillation lines and regions
(Fig. 1a). The family of the distillation lines is divided
into two distillation regions 1 and 2. The strong de-
pendence of the concentrations and the relative vola-
tility of hydroxyacetone on the phenol : water ratio is

characteristic of the distillation lines in region 1 ad-
jacent to phenol and occupying the major part of the
concentration triangle. In some cases, the relative
volatility is lower than unity.

Analysis of the curve of the extremal concentra-
tions of hydroxyacetone (Fig. 1a, dashed line) shows
that, at a given hydroxyacetone concentration in the
initial mixture, pure commercial phenol can be isolated

Fig. 1. Diagram of distillation regions and lines in the systems (a) phenol�water�hydroxyacetone and (b) phenol�water�
�-methylstyrene at atmospheric pressure.
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Table 3. Data on liquid (Xi )�vapor (Yi ) equilibrium in the system phenol (1)�water (2)��-methystyrene (3)
�����������������������������������������	������������������������������������������

�
P,

� � X1 � X3 � Y1 � Y3 
 �
P,

� � X1 � X3 � Y1 � Y3
� � ������������������������� � � ������������������������
�

hPa
�

T, �C
� mol % 
 �

hPa
�

T, �C
� mol %

������������������������������������������������������������������������������������
1 � 1015 � 118.13 � 64.00 � 20.72 � 3.07 � 7.47 
 6 � 1008 � 133.16 � 33.05 � 59.32 � 5.18 � 22.83
2 � 1012 � 142.38 � 79.59 � 12.89 � 4.85 � 2.91 
 7 � 1009 � 155.74 � 67.37 � 29.56 � 31.03 � 33.51
3 � 1012 � 160.45 � 88.82 � 5.75 � 43.00 � 7.33 
 8 � 1013 � 167.80 � 86.29 � 12.80 � 54.20 � 21.16
4 � 1013 � 168.94 � 95.87 � 2.37 � 67.45 � 6.40 
 9 � 1016 � 174.52 � 94.34 � 5.08 � 70.98 � 11.96
5 � 1014 � 175.64 � 98.35 � 0.92 � 81.83 � 2.58 
 10 � 1014 � 177.90 � 97.56 � 2.12 � 87.02 � 6.16

�����������������������������������������
������������������������������������������

Table 4. Data on liquid (Xi� )�liquid (Xi�� ) equilibrium in the system phenol (1)�water (2)��-methystyrene (3) at 20�C
�����������������������������������������	������������������������������������������

Run no.; � X1� � X3� � X1�� � X3�� 
 Run no.; � X1� � X3� � X1�� � X3��

����������������������������� �����������������������������the same � 
 the same �
as in Table 3 � mol % 
 as in Table 3 � mol %

������������������������������������������������������������������������������������
1 � 0.68 � 0.01 � 22.92 � 69.39 
 6 � 0.52 � 0.00 � 13.95 � 66.18
2 � 1.21 � 0.01 � 40.12 � 30.93 
 7 � 1.27 � 0.02 � 35.17 � 38.14

�����������������������������������������
������������������������������������������

in region 1 only up to a certain phenol/water ratio.
The most complete concentrating of hydroxyacetone
is possible in region 2, which is adjacent to water.
The distillation line separating regions 1 and 2 is
shown in Fig. 1a by dashed line.

Table 3 lists data on the liquid�vapor equilibrium
in the phenol�water��-methystyrene system at atmo-
spheric pressure. In run nos. 1, 2, 6, and 7, the con-
densate of sampled vapor stratified. The composi-
tions of its lower and upper layers are given in Ta-
ble 4. The diagram of the distillation lines and regions
for the system is shown in Fig. 1b. There exist three
distillation regions. Pure phenol can be isolated in
region 1, which is adjacent to phenol. Isolation of
pure �-methystyrene is possible in region 3, which is
adjacent to water.

CONCLUSIONS

(1) The experimentally obtained data on the liquid�
vapor equilibrium in the systems water�hydroxy-
acetone and in the ternary system phenol�water�hy-

droxyacetone made it possible to assess conditions of
phenol rectification in its mixtures with water and
hydroxyacetone.

(2) The experimental data on the liquid�vapor equi-
librium in the phenol�water�hydroxyacetone ternary
system at atmospheric pressure were used to deter-
mine the conditions of phenol rectification in mixtures
with water and �-methylstyrene.
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Abstract�The method of sorption of tetrachloromethane vapor at the solid/gas interface was applied to
study the sorption and structural properties of a mesoporous aluminum oxide material obtained by deposi-
tion of amorphous hydrated silicon(IV) oxide onto �-aluminum oxide particles submerged in decationized
silica sol.

Varieties of colloid silica, from silicic acids to sols,
are commonly deposited on surfaces in order to di-
minish or raise their adhesion to other substances.
The resulting thin SiO2 films enable modification
of the surface properties of the substrate and expand
the application fields of its valuable volume proper-
ties. For example, a dense coating on a titanium oxide
pigment can protect it from photocatalytic degrada-
tion [1], and a porous coating deposited on a selective
catalyst and exhibiting a sieving effect precludes un-
desirable side reactions in the catalytic process [2].
However, despite the interest in properties and de-
position of various silica coatings [1�5], there are
virtually no published data on how the sorption char-
acteristics of substances change upon SiO2 deposition.
In contrast to the structure of the conventional bulk
silica gel, whose formation is much contributed by
stages of gel formation, syneresis, and drying [6],
the structure of thin SiO2 films is the most sensitive
to the last stage, which is more important than the
others, and the time of structure formation is much
shorter than that in xerogel SiO2 [5].

The aim of the present study was to apply the
method of sorption of tetrachloromethane vapor at
the gas/solid interface to analysis of the structural
properties of aluminum oxide materials obtained by
deposition of amorphous hydrated SiO2 onto �-Al2O3
particles submerged in decationized silica sol. Upon
drying, such substances, which are densified when
necessary to a desirable extent, are potential sensors,
membranes, or catalysts, and mixtures of a colloid
silica with highly dispersed Al2O3 may serve as thin-
layer coatings in cellular supports with developed
surface [7].

As substrate for a silica coating was used �-Al2O3
with specific surface area Ssp = 27 � 103 m2 kg�1 and
density of 3700 kg m�3. A decationized silica sol with
pH 3.5 and SiO2 content of 2.0 wt % was obtained by
passing diluted aqueous solution of Na2SiO3 through
a column packed with KU-2 sulfo cation-exchange
resin in hydrogen form [8]. Then, a certain amount of
silica sol, corresponding to Si : Al molar ratios of
0.1 : 0.9, 0.3 : 0.7, 0.5 : 0.5, 0.6 : 0.4, and 0.7 : 0.3
was delivered by a dosing pump to a vessel with
aqueous suspension of aluminum oxide powder, which
contained 2.5 � 10�3 kg �-Al2O3 per 1 kg of H2O.
Simultaneously, NH3 �H2O was added to pH 7.5, and
then hydrochloric acid to pH 5.6. After keeping
the gel in liquid state for 0.5 h the solid phase was
separated by decantation, washed with distilled water
to complete absence of a reaction for Cl� ions in
washing water, and dried in air, first at room temper-
ature and then at 393 K for 4 h. The corresponding
bulk silica gel was prepared from acidic decationized
silica sol in the absence of �-Al2O3.

Adsorption�desorption isotherms of CCl4 vapor
were measured gravimetrically at 293 K after prelim-
inary vacuum treatment of samples at 413 K for 16 h.
The specific surface area was calculated from the
monolayer capacity by the BET equation in linear
form at relative pressures p/p0 = 0.05�0.25 with sur-
face area occupied by a CCl4 molecule taken to be
0.322 nm2. The amount of adsorbed vapor was ex-
pressed in volumes V of the liquid adsorbate per 1 kg
of adsorbent. The limiting sorption volume of pores,
Vp, was found by the Gurvich method [9] from the
amount of vapor sorbed at saturation. The shape of
mesopores was assessed in accordance with IUPAC
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recommendations from the shape of the adsorption�
desorption hysteresis loop [10]. The average pore
radius rp was found using the relation

rp = 2Vp /Ssp , (1)

and the radius of globules of aluminum oxide mate-
rials, r, by the formula

r = 3/�Ssp , (2)

where � is the density of the solid.

To analyze the isotherms of adsorption of CCl4
vapor, comparison curves were also plotted, in which
the adsorption on a sample under study (ordinate) was
represented as a dependence on the adsorption on a
standard sample at the same relative vapor pressure
(abscissa). The latter adsorption was expressed as
reduced adsorption V/V0.4, where V0.4 is the amount
of vapor adsorbed at p/p0 = 0.4. As standard served
Fransil EL nonporous SiO2 with hydroxylated sur-
face [11].

The thickness of the SiO2 monolayer was calcu-
lated on the assumption that silicon dioxide tetra-
hedra form a densely packed hexagonal structure.
With this kind of packing, the SiO2 mass per 1 m2

of the aluminum oxide surface m = 103.75 � 10�6 kg,
in accordance with the expression

m = ���
Mu
a , (3)

where M is the relative molecular weight of SiO2;
u, the atomic mass unit equal to 1.66 � 10�27 kg;
a, the area occupied by a silicon dioxide tetrahedron,
equal to 0.096 � 10�18 m2.

Then the SiO2 volume per 1 m2 V = 0.47 � 10�9 m3

in accordance with the expression

V = ���
Mu
a ��

1
�

, (4)

where � is the silica density, equal to 2200 kg m�3.

Since the calculation was done for 1 m2 of the alu-
minum oxide surface, the SiO2 monolayer thickness
was taken to be 0.47 nm.

IR spectra of samples compacted in pellets with
KBr were measured on MIDEC M 2000 IR Fourier
spectrometer (USA) in the spectral range 4000�
400 cm�1 at resolution of 4 cm�1 and number of scans
equal to 4. The spectra obtained were processed using
Galactic GRAMS/32 software (USA).

The data presented in Fig. 1 show that sample
nos. 1 and 8, i.e., �-Al2O3 and SiO2 obtained

Fig. 1. Isotherms of adsorption�desorption of CCl4 vapor
on �-Al2O3 samples (1) without treatment with decat-
ionized silica gel and (2�7) after such treatment and
(8) silica gel obtained from acidic decationized silica sol.
(V ) Amount of CCl4 vapor adsorbed in volume of liquid
adsorbate per 1 kg of adsorbent, ( p/p0) relative vapor
pressure of the adsorbate, and ( p0) saturated vapor pressure
of the adsorbate. Digits at curves correspond to sample
numbers in the table.

from decationized sol at pH 5.6, have mesoporous
and microporous structure and are described, accord-
ing to the IUPAC classification [10], by isotherms
of, respectively, type IV and I. The shape and re-
versibility of isotherm 8 (SiO2) indicate that the cal-
culated specific surface area and average sizes of
pores and globules are effective, apparent, and the ef-
fective pore radius of the sample is less than 1 nm
[10]. To summarize, to dense �-Al2O3 globules
(r = 30 nm) corresponds a specific surface area of
27 � 103 m2 kg�1, and to SiO2 (r � 1 nm), an ap-
parent specific surface area of 1120 � 103 m2 kg�1 (see
table).

The starting decationized SiO2 sol is composed of
minute globules (r � 1.5�2.0 nm), which corresponds,
at SiO2 density of 2200 kg m�3, to a mass of a sepa-
rate particle of about (3.9�9.2) � 10�24 kg, or, if it
were a separate molecule, to relative molecular mass
of 2300�5500 [8]. The increase in capillary contrac-
tion forces in the course of dehydration of the silica
gel obtained leads to an isotherm of type I, character-
istic of microporous gels (Fig. 1).

The isotherms of CCl4 vapor sorption by sample
nos. 2�7 obtained at various Si : Al ratios are revers-
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Sorption and structural parameters of samples obtained
������������������������������������������������������������������������������������

Sample � Si : Al, � Type of � Ssp � 10�3, � Vp � 103, � rp , �
�, � r � t*

� � � � � � ������������������
no. � mol : mol � isotherm � m2 kg�1

� m3 kg�1
� nm � kg m�3

� nm
������������������������������������������������������������������������������������

1 � 0 : 1.0 � IV � 27 � 0.11 � 8.1 � 3700 � 30.0 � �

2 � 0.1 : 0.9 � IV � 25 � 0.13 � 10.4 � 3609 � 30.8 � 0.8
3 � 0.3 : 0.7 � IV � 24 � 0.16 � 13.3 � 3398 � 32.7 � 2.7
4 � 0.5 : 0.5 � IV � 24 � 0.18 � 15.0 � 3145 � 35.3 � 5.3
5 � 0.7 : 0.3 � IV � 27 � 0.24 � 17.7 � 2832 � 42.4 � 12.4
6 � 0.8 : 0.2 � IV � 27 � 0.25 � 18.5 � 2647 � 45.3 � 15.3
7 � 0.9 : 0.1 � IV � 42 � 0.30 � 14.3 � 2439 � 29.3 � �

8 � 1.0 : 0 � I � 1120** � 0.28 � 0.5** � 2200 � 1.2** � �

������������������������������������������������������������������������������������
* t is the thickness of the silica coating.

** Apparent values.

ible at low relative vapor pressures, and show hys-
teresis loops at higher p/p0, which corresponds to
type IV of isotherms of physical sorption [10]. The
shape of the irreversible part of isotherms in Fig. 1
varies between the samples, which points to the pres-
ence of mesopores with different shapes and sizes,
formed by various ensembles of particles. The hyster-
esis loop in isotherms 2�7 narrows and shifts some-
what to the right with increasing isotherm number.
The very narrow hysteresis loops of isotherms 2�7 are
a combination of hysteresis H1 at the beginning of
the loop and H3 at its end at high p/p0. The first kind
of hysteresis is characteristic of open cylindrical pores
formed by agglomerates of contacting globules and
connected with neighboring pores by several throats,
and the second kind is tipical of particle aggregates
with other types of packing.

The initial portions of comparison curves 2�6
for samples obtained at Si : Al molar ratios in the

Fig. 2. Comparison curves for the samples obtained.
(V ) Volume of CCl4 vapor adsorbed on a sample under
study, (V/V0.4) reduced adsorption of CCl4 vapor on a stan-
dard Fransil EL sample at the same p/p0 values as those
for the sample under study, and (V0.4) amount of CCl4
vapor adsorbed at equilibrium p/p0 equal to 0.4.

range from 0.1 : 0.9 to 0.8 : 0.2 are, in contrast to iso-
therm 7, straight lines passing through the origin of
the coordinates, which points to the absence of micro-
pores (Fig. 2). The rise observed in curves 5�7 begins
at V/V0.4 values corresponding to p/p0 of 0.59, 0.52,
and 0.40 and precedes the beginning of hysteresis
loops in the isotherms shown in Fig. 1 (p/p0 � 0.70).
Such upward deviations of the comparison curves of
the samples in the region preceding the beginning of
the hysteresis loop point to the occurrence of capillary
condensation not accompanied by hysteresis [12]. For
sample nos. 2�4, the points of rise in adsorption in
the comparison curves coincide with the onset of
hysteresis in the sorption isotherms.

It can be seen from the table that, with the Si : Al
molar ratio changing from 0.1 : 0.9 to 0.8 : 0.2,
the average particle radius in sample nos. 2�6 in-
creases from 30.8 to 45.3 nm, the thickness of the
silica coating, from 0.8 to 15.3 nm, and the number
of silica layers on the surface at monolayer thick-
ness of 0.47 nm, from 1.7 to 32.6. The limiting sorp-
tion volumes of pores in sample nos. 1�8 increase
from 0.11 � 10�3 m3 kg�1 for the starting �-Al2O3
to 0.30 � 10�3 m3 kg�1 for a sample obtained at Si : Al
molar ratio of 0.9 : 0.1. The steep rise in the thickness
of the silica coating occurs at Si : Al molar ratios ex-
ceeding 0.5 : 0.5. The adsorption of a CCl4 mono-
layer is virtually the same for all porous sample
nos. 1�6 (Fig. 1), and, consequently, the set of meso-
pores formed as a result of SiO2 deposition on the
surface of aluminum oxide at Si : Al molar ratios in
the range from 0.1 : 0.9 to 0.8 : 0.2 affects the ad-
sorption in the monolayer region only slightly. The
average pore radius increases from 8.1 nm in sample
no. 1 to 18.5 nm in sample no. 6 and 14.3 nm in
sample no. 7.
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Figure 3 shows an IR spectrum of �-Al2O3 treated
with decationized silica sol at a ratio of 0.5 : 0.5.
The sample is characterized by a narrow band of
stretching vibrations (SiO) at 1093 cm�1 and retains
most of its hydroxy groups. The configuration of the
formula unit of silica in modified �-Al2O3 is not
distorted. Presumably, deposition of hydrated SiO2 on
the aluminum oxide surface, which acts in acid medi-
um as anion adsorbent, begins with the interaction of
SiOH groups with surface AlOH groups and continues
as growth of silica layers. It is difficult to determine
what polymeric variety of SiO2: discrete particles of
silica sol, particles formed directly on the surface of
�-Al2O3, or silica gel floccules, are responsible for
this growth.

As a rule, narrowing of the hysteresis loops and
their rightwards shift are observed with increasing
size of contacting globules and decreasing coordina-
tion number of their packing [13]. In the presence
of firmly bound agglomerates of aluminum oxide
globules, the former assumes filling of contacts with
SiO2 being deposited, with loss of a part of the sur-
face area, and the latter is meaningless. The loop
width also decreases when the capillary condensation
with hysteresis is overlapped by a condensation not
accompanied by hysteresis, as in the case of cylin-
drical mesopores closed at one end [12]. Such a cap-
illary condensation without hysteresis is revealed by
comparison curves of sample nos. 5�7 (Fig. 2). To
summarize, cylindrical mesopores constituted by
spaces between �-Al2O3 globules, in which noticeable
capillary condensation may occur, change their shape
upon treatment with decationized silica sol, with one
of their ends closing.

The formation of a silica coating, which is very
fast process, strongly differs from gelation, aging,
and drying the corresponding SiO2 bulk gel, which
leads to fundamental difference between their physical
properties [5]. Even at high SiO2 content in sample
no. 7, its porous structure strongly differs from that
of sample no. 8: volume filling of pores is replaced
by polymolecular filling, and the isotherm changes
from type I to type IV. The comparison curve for this
sample in Fig. 2 makes an intercept on the ordinate
axis and has steeper slope than the curves for other
samples, which points to an increase in the surface
area, accompanied by a decrease in the average pore
radius in the sample from 18.5 to 14.3 nm. This cir-
cumstance and the fact that CCl4 vapor adsorption
on sample no. 7 occurs as adsorption on a mesoporous
material whose globule radius of 29.3 nm is close to
a similar value for �-Al2O3, but the limiting sorp-
tion volume exceeds nearly 2.7-fold the same param-

Fig. 3. IR spectra of �-Al2O3 samples (1) without treat-
ment with decationized silica sol and (2) after such treat-
ment. (T) Transmission, and (�) wave number. Si : Al mo-
lar ratio: (1) 0 : 1 and (2) 0.5 : 0.5.

eter for �-Al2O3, are both due to the appearance of
a phase of aggregated SiO2 particles, which introduces
a certain volume of shallow mesopores into the struc-
ture.

CONCLUSIONS

(1) Deposition of amorphous hydrated SiO2 on
�-Al2O3 particles submerged in decationized silica
sol allows control over the size and shape of pores
in the aluminum oxide and their limiting sorption
volume. Raising the Si : Al molar ratio leads to an in-
crease in the limiting sorption volume and average
radii of pores and �-Al2O3 globules. The type IV of
the isotherm of adsorption�desorption of tetrachloro-
methane vapor, the shape of the hysteresis loop, and
the occurrence of adsorption in the monolayer region,
which are all characteristic of �-Al2O3, do not change
significantly.

(2) The hysteresis loop in the isotherm becomes
narrower and is shifted to higher p/p0 values.
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Abstract�The chemical interaction between dimethylchlorosilane and silica of varied degree of hydroxyla-
tion was subjected to a systematic study. The optimal conditions for complete substitution of isolated silanol
groups with dimethyl hydride silyl groups were found. It is suggested that the reaction of dimethylchloro-
silane with the surface of silicon dioxide can be used to determine the concentration of free silanol groups
in the surface layer of silica.

It is known that main active centers on the surface
of silica are isolated �Si�OH groups [1, 2]. Most of
chemical reactions occurring on the silica surface
involve the silanol groups of silicon dioxide [3�5].
The silanol groups on the silica surface play an im-
portant part in adsorption and ion exchange [1, 2, 5].
Residual silanol groups on the surface of chemically
modified silicas strongly affect the adsorption, chro-
matographic, and catalytic properties of silica-contain-
ing materials.

There exist various methods for determining the
concentration of silanol groups on the silica surface
[4]. These methods are mostly based on a chemical
reaction between the silanol groups and an appropriate
reagent, with subsequent quantitative analysis of
the reaction products formed.

In this study, it is suggested that the concentration
of isolated silanol groups on the silica surface should
be determined by means of chemical reaction between
dispersed silicon dioxide and dimethylchlorosilane
(DMCS).

Silica was studied in the form of aerosil subjected
to vacuum treatment at 200, 400, or 600�C. These pre-
treatment temperatures are frequently used in studying
the adsorption and chemisorption properties of silicon
dioxide [3].

As established previously [6], the chemical reaction
of silica with DMCS proceeds quantitatively with
only free silanol groups involved:

�Si�OH + (CH3)2Si(Cl)H � �Si�O�Si(CH3)2H + HCl�.
(1)

To determine the optimal conditions for complete
substitution of isolated silanol groups with dimethyl
hydride silyl groups, the interaction between DMCS
vapor and surface of silica vacuum-treated at 200,
400, or 600�C was studied in relation to temperature
(Fig. 1) and time (Fig. 2) of reaction. The conditions

Fig. 1. Degree of substitution of free OH groups, �, vs.
temperature T of reaction between DMCS and surface of
aerosil vacuum-treated for 2 h. Reaction duration 1 h. Vac-
uum-treatment temperature (�C): (1) 200, (2) 400, and
(3) 600.

Fig. 2. Degree of substitution of free OH groups, �, vs.
duration � of reaction between DMCS and surface of aero-
sil. Vacuum pretreatment of silica for 2 h at (1) 600,
(2) 400, and (3) 200�C. Reaction temperature (�C): (1) 400,
(2) 350, and (3) 200.
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Conditions for quantitative substitution of free OH groups
on the aerosil surface as a result of DMCS chemisorption
and concentration c of these groups in the surface layer of
silica with varied degree of hydroxylation
����������������������������������������

Temperature, �C � � c,* mmol g�1

��������������� ��������������������
of vacuum� of reac- � �

I
�

II
treatment� tion � � �
����������������������������������������

200 � 200 � 90 �1.11 � 0.05**�1.12 � 0.05**

400 � 350 � 60 �1.08 � 0.05 �0.98 � 0.05
600 � 400 � 30 �0.74 � 0.04 �0.72 � 0.04

����������������������������������������
* I, by alkaline hydrolysis of dimethyl hydride silyl groups;

II, by grafting of trimethyl silyl groups (for the conditions
of quantitative substitution of free OH groups with trimethyl
silyl groups in chemisorption of hexamethyldisilazane, see
text.).

** The absolute error was found using Student’s method [7].
The calculation was done at confidence probability of 0.95
and number of degrees of freedom equal to 10 in determining
the amount of OH groups with DMCS and 5 when hexa-
methyldisilazane was used.

for complete substitution of isolated silanol groups
with dimethyl hydride silyl groups are summarized in
the table. As seen from the data presented (see table
and Figs. 1 and 2), in the case of silica vacuum-pre-
treated at 200�C, complete substitution of silanol
groups with dimethyl hydride silyl groups occurs at
200�C already in 1.5 h. In the case of silica vacuum-
treated at 400�C, the reaction of electrophilic sub-
stitution of the proton from the silanol group occurs

Fig. 3. IR spectra of aerosil modified with DMCS. Vac-
uum-pretreatment of silica for 2 h at (1) 200, (2) 400,
and (3) 600�C. ( T ) Transmission and (�) wave number.
Reaction temperature (�C): (1) 200, (2) 350, and (3) 400�C.
Reaction duration (h): (1) 1.5, (2) 1.0, and (3) 0.5.

at 350�C in 1 h; the optimal reaction temperature
and duration for silica vacuum-treated at 600�C are
400�C and 0.5 h. IR spectra of silicas (Fig. 3) mod-
ified with DMCS under the conditions of complete
substitution of silanol groups contain no absorption
band at 3750 cm�1, which is associated with stretch-
ing vibrations of the O�H bonds in free OH groups,
whereas the absorption bands associated with asym-
metric (2970 cm�1) and symmetric (2910 cm�1) stretch-
ing and deformation (1420 cm�1) vibrations of the
C�H bond, and also the absorption band (2160 cm�1)
of stretching vibrations of Si�H bonds in grafted di-
methyl hydride silyl groups [8] are present.

It should be noted that the efficiency of DMCS
chemisorption on the silica surface depends not only
on the temperature and duration of a chemical reac-
tion, but also on the temperature of preliminary vac-
uum treatment of SiO2: the higher the temperature of
vacuum treatment of silica, the lower the degree of
substitution of isolated silanol groups with dimethyl
hydride silyl groups at the same reaction temperature
(Fig. 1). This is due, as established previously [6, 9],
to a decrease in the electron density on oxygen atoms
of the silanol groups attacked in the course of dehy-
droxylation of the silica surface.

Thus, the investigation of the chemical interaction
of dispersed silicas with various degrees of surface
hydroxylation with DMCS makes it possible to select
the optimal conditions for quantitative occurrence of
this chemical reaction for any particular case. As
follows from scheme (1), in the case of a quantitative
course of the reaction, the concentration of dimethyl
hydride silyl groups formed on silica surface is equal
to that of isolated silanol groups and can be found
from the volume of hydrogen evolved in alkaline hy-
drolysis of dimethyl hydride silanol groups [10]:

�Si�O�Si(CH3)2H + H2O � �Si�O�Si(CH3)2OH + H2�.
(2)

This method for determining the concentration of
free OH groups on the surface of silicon dioxide does
not require any sophisticated equipment or expensive
reagents. The table lists the data obtained in determin-
ing the concentration of isolated silanol groups by
means of alkaline hydrolysis of dimethyl hydride silyl
groups (from the volume of hydrogen evolved). Also
presented are data obtained gravimetrically (in quan-
titative chemisorption of hexamethyl disilazane on sil-
ica) in a vacuum setup with quartz spring balance [3].
Both the techniques yield virtually the same results.

It should be noted that the indubitable advantage
of the method for determining the content of isolated
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silanol groups by means of alkaline hydrolysis of pre-
liminarily chemisorbed dimethyl hydride silyl groups
consists in that adsorbed water does not hinder de-
termination of the concentration of silanol groups in
silica: tetramethyldisiloxane H(CH3)2Si�O�Si(CH3)2H,
which is formed when DMCS is brought in contact
with water, is a volatile compound and is easily re-
moved from the silica surface in vacuum-treatment of
products formed in electrophilic substitution of the
proton in silanol groups and an excess amount of
DMCS [11].

Thus, the method proposed can be used to deter-
mine the concentration of isolated silanol groups on
the surface of silicas hydroxylated to varied extent and
to find the content of residual (or secondary) silanol
groups in chemically modified silicas.

EXPERIMENTAL

The concentration of free silanol groups was de-
termined for highly dispersed amorphous silica, A-300
aerosil with specific surface area of 300 m2 g�1, pre-
treated in a vacuum at 200, 400, and 600�C.

The modification of silicon dioxide with DMCS
was performed as follows. Silica was placed in a
quartz reactor, the reactor was evacuated, and silica
was kept, first, in a vacuum at 200�C for 2 h and then
in saturated DMCS vapor at 200�C for 1.5 h. The ex-
cess amount of the reagent and the hydrogen chloride
evolved were pumped out of the reactor at 200�C for
1 h. In the case of a pretreatment of silica at 400 and
600�C, the reaction with DMCS was carried out at
350�C for 1 h and at 400�C for 0.5 h, respectively,
with subsequent vacuum treatment at the reaction
temperature for 1 h.

The extent of the reaction between the silanol
groups of the silica surface and DMCS was monitored
by IR spectroscopy on an IKS-29 spectrophotom-
eter (LOMO, Russia) in the frequency range 4200�
1200 cm�1.

To determine the concentration of isolated OH
groups on the silica surface (from DMCS chemisorp-
tion), a 0.2�0.4-g portion of silica quantitatively mod-
ified with dimethyl hydride silyl groups was taken.
The volume of hydrogen evolved in the course of al-
kaline hydrolysis of chemically attached dimethyl hy-
dride silyl groups was measured on a setup similar to
the Tserevitinov device [10]. As locking fluid served
water saturated with hydrogen. For this purpose,
gaseous hydrogen was passed through water under vig-
orous stirring for several minutes.

The amount of free OH groups on the silica surface,
cOH (mmol g�1), was calculated using the formula

cOH = ������ ,
m � 22.4

V0cOH = ������ ,
m � 22.4

V0

where m is the weighed portion of silica (g), and
V0 is the volume of evolved hydrogen, recalculated to
the standard conditions (ml).

The hydrogen volume was reduced to the standard
conditions by the equation

V0 = ������������ ,
VT � 273.2(B _ p)

760(273.2 + T )
V0 = ������������ ,

VT � 273.2(B _ p)

760(273.2 + T )

where VT is the hydrogen volume (ml) measured at
temperature T and barometric pressure B; B, the ba-
rometric pressure (mm Hg); p, the water vapor pres-
sure (mm Hg) at temperature T; T, the temperature at
which the gas volume is measured (�C) [12].

The amount of isolated OH groups on the silica sur-
face was determined gravimetrically (on the basis of
hexamethyldisilazane chemisorption) in an evacuated
installation with McBain�Bakr quartz spring balance
[13]. The spring extension (sensitivity 0.53 mm mg�1)
was measured with a V-630 cathetometer. The chem-
ical reaction of hexamethyldisilazane with the surface
of silicon dioxide was carried out at 200�C in the
course of 1 h, with subsequent vacuum-treatment of
the excess amount of the reagent and the reaction
products at 200�C for 1 h [3].

The content of grafted trimethyl silyl groups, cTMS
(mmol g�1), which is equal to the initial amount of
free OH groups, cOH, on the silica surface, was cal-
culated by the formula

cTMS = ��� ,
	l

mM

cTMS = ��� ,
	l

mM

where �l is the difference between the cathetometer
readings before and after chemisorption of hexamethyl
disilazane (mm); �, the calibration coefficient of
the spring (mg mm�1); M, the molar mass of the
grafted fragment (g); m, the true mass of silica (g).

The true mass of silicon dioxide (mass after dehy-
droxylation) was found using the formula

m = m0
_ ��� ,
	l

1000

m = m0
_ ��� ,
	l

1000

where m0 is a weighed portion of air-dried silica (g)
and �l is the difference between the cathetometer read-
ings (mm) before and after vacuum treatment of silica
at 200, 400, or 600�C.

CONCLUSIONS

(1) The optimal conditions for complete substitu-
tion of free silanol groups with dimethyl hydride silyl
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groups were established on the basis of a study of the
interaction between dimethylchlorosilane vapor and
the surface of silica vacuum-treated at 200, 400, or
600�C in relation to reaction temperature and duration.

(2) A method was suggested for determining the
concentration of isolated silanol groups on the surface
of silica with varied degree of hydroxylation by means
of alkaline hydrolysis of grafted dimethyl hydride silyl
groups.
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Abstract�Polarography and potentiometry was applied to study the influence exerted by the degree of cross-
linking of an ion-exchange resin based on allyl bromide, diglycidil ether of resorcinol, and polyethylene-
polyamine on its complexing ability. The shift of the potential of half-wave of reduction of the complex ion
and data of potentiometric titration with and without complexing metal were used to calculate the coordina-
tion numbers and stability constants of complexes with cations of various metals.

A study of specific features of the complexation
between ion-exchange resins and metals and deter-
mination of the stability constants and composition
of complex compounds are of theoretical and practical
interest. The complexing ability of polymers is widely
used in hydrometallurgy for recovery and concentra-
tion of ions of transition, rare, and noble metals [1].

Complex compounds are commonly studied by
spectrophotometry, polarography, high-frequency ti-
tration, and potentiometry. However, polarographic
studies of complex compounds are scarce [2�4].

The aim of the present study was to analyze the
influence exerted by the structure of an ion-exchange
resin based on allyl bromide (AB), diglycidil ether
of resorcinol (DGER), and polyethylenepolyamine
(PEPA) on its complexing ability, by polarography in
the stage of prepolymerization and by potentiometry
after additional curing.

EXPERIMENTAL

The ion-exchange resin under study was synthe-
sized by a procedure described in [5]. Part of the po-
lymer was precipitated in diethyl ether and dried, and
solutions of various concentrations were prepared. The
rest of the reaction mass was subjected to additional
curing at 80�C.

Polarograms of reduction of metal cations in their
complexes with the polymer were measured with solu-
tion 0.01 N H2SO4 in 25% dimethylformamide (DMF)
as supporting electrolyte. The choice of 0.01 N H2SO4

and DMF as supporting electrolyte for polarography is
due to the fact that it is in this medium that complex
compounds of an anion-exchange resin based on AB,
DGER, and PEPA with transition metals, including
Cu2+, possess sufficient solubility in the necessary
range of anion-exchange resin concentrations. In po-
larographic measurements, the content of the ion-
exchange resin was varied from 0.1 to 20 g l�1.
The concentration of metal salts, CoSO4, NiSO4, and
CuSO4, was 2 �10�3 M. As reference served saturated
calomel electrode. Characteristic of the mercury drop
electrode: m2/3t1/6 = 4.28 mg2/3 s�1/2. The electrolytic
cell was thermostated at 25 � 0.1�C. Oxygen was re-
moved from the solutions by bubbling argon through
them for 10 min.

The apparent dissociation constant pK
�
, the Bjer-

rum complex-formation function n, and the stability
constant log Kn were calculated from the data of [1].

The main factor governing the formation of co-
ordination compounds is that metal ions tend to com-
pensate for the electron deficiency at the expense of
the electron pairs of the donor contained in the func-
tional groups of the polymer.

Anion-exchange resins absorb metal cations from
solutions of their salts by the scheme

nR3N�HOH + M2+
� [(R3N)nM]2+ + nH2O.

The sorption equilibrium is affected by the follow-
ing factors: nature of the anion-exchange resin and
complexing metal, and also the state of the metal in
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Table 1. Potentials of half-wave of reduction of complexes
formed by ion-exchange resin based on AB, DGER, and
PEPA with various metals (concentration of ion-exchange
resin 1 g l�1, that of a salt 2 � 10�3 M)
����������������������������������������

Cation
� E1/2 � �E1/2 �

pH value��������������������
� V �

����������������������������������������
Co2+ � �0.11 � 0.05 � 3.0�6.5
Ni2+ � �0.12 � 0.09 � 3.0
Cu2+ � �0.15 � 0.13 � 3.0
Cu2+* � �0.20 � 0.18 � 5.0

����������������������������������������
* Concentration of ion-exchange resin 10 g l�1.

solution; concentration of coordination-active amino
groups and the complexing metal; solution composi-
tion (pH value, ionic strength of the solution).

It is known [6] that reduction of a complex ion on
a mercury drop electrode occurs at rather strong elec-
trode polarization, and complexation is associated
with a shift of the potential of half-wave of reduction
to more negative values. The E1/2 potential of the com-
plex must be more negative than the half-wave po-
tential of the free ion, since the cation must become
free of ligands in the course of reduction, and this in-
volves energy expenditure. With a knowledge of how
E1/2 depends on the concentration of the complexing
agent (and this dependence is, as a rule, linear), one
can calculate the equilibrium stability constant of the
complex, log K, and its composition, The higher the
log K value, the stronger the complex and the more
negative the half-wave potential of its discharge in
solution.

It was established in studying the complexing
ability of the ion-exchange resin based on AB, DGER,
and PEPA in solution in the presence of various metal

Fig. 1. Potential of half-wave of reduction E1/2 of complex
ions with various metals on the concentration c of the ion-
exchange resin. (1) Cu2+, (2) Ni2+, and (3) Co2+.

ions that the potential of half-wave of reduction of the
forming complex and its shift �E1/2 relative to E1/2 of
reduction of a free metal cation depend on the nature
of the metal (Table 1).

Analysis of the data in Table 1 shows that the an-
ion-exchange resin forms the strongest complex with
copper cations, since the maximum shift �E1/2 is ob-
served in this case.

To obtain quantitative characteristics of the com-
position and stability of complex compounds formed
by various metal ions with the ion-exchange resin
based on AB, DGER, and PEPA, the change in E1/2
of reduction of the complexes on raising the content
of the ion-exchange resin was studied in the range
0.1�20 g l�1.

It can be seen from Fig. 1 that the dependence of
E1/2 on the logarithm of the polymer concentration
is linear for the Co2+ and Ni2+ cations, which points
to the existence of a single strong complex in solution
[6]. If the stability constants of successive complexes
differ strongly, this dependence has the form of a
number of linear portions with sharp bends, with
the number of the portions corresponding to the num-
ber of complexes present in solution. It is the de-
pendence of this kind that is observed for the Cu2+

cation. It follows from this dependence that the ion-
exchange resin mentioned above gives with copper
ions two complexes with different strengths, one of
which, as also complexes with Co2+ and Ni2+, is
formed at pH 3.0 and the other exists in the pH range
5.0�5.5.

The slope tan � of the dependence of E1/2 on the
logarithm of the sorbent concentration was used to de-
termine the coordination number p by the equation [7]

p = ���� tan �,
0.059

n
p = ���� tan �,

0.059
n

where n is the number of electrons involved in the
reaction, i.e., the valence of the metal cation.

The slope can be calculated from two E1/2 values
and the corresponding logarithms of the concentration
of the ion-exchange resin:

tan � = ������������.
(E1/2)2

_ (E1/2)1

log c2
_ log c1

tan � = ������������.
(E1/2)2

_ (E1/2)1

log c2
_ log c1

The coordination numbers calculated for complexes
of the ion-exchange resin with various metal cations
are listed in Table 2. It can be seen that Co3+, Ni2+,
and Cu2+ coordinate, respectively, one, two, and three
or four (depending on the sorbent concentration) amino
groups of the anion-exchange resin.
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The stability constants of the complexes formed by
the ion-exchange resin based on AB, DGER, and
PEPA with various metal ions (Table 2) were cal-
culated by the equation [7]:

log K = ������������������.
n(�E1/2 + p ���� log c)n

0.059

0.059
log K = ������������������.

n(�E1/2 + p ���� log c)n
0.059

0.059

The highest log K value (Table 2) and the max-
imum shift �E1/2 (Table 1) are observed for com-
plexes of the ion-exchange resin with copper. Metal
cations can be arranged in order of decreasing com-
plexing ability as follows: Cu2+ > Ni2+ > Co2+.

The different strengths of the complexes formed by
the sorbent with the given cations result in their dif-
ferent sorption capacities for metal ions (Table 2),
which decrease in the same order as the strength of
the respective complexes.

The composition and strength of the complexes
formed with the insoluble sorbent after additional
curing of the prepolymer were determined by po-
tentiometric titration of the anion-exchange resins,
with ions of the complexing metal absent or present
and the pH value and concentration of uncomplexed
metal ions monitored simultaneously.

The functional groups of the ion-exchange resins
were neutralized to a greater extent using sodium ni-
trate, which is indifferent toward these groups, creates
the ionic strength of a solution, and forms no com-
plexes with anion exchange resins. With increasing
ionic strength of a solution, the electron-donor prop-
erties of the ionogenic groups of the anion exchange
resin become more pronounced, and the density of
hydration sheaths of unprotonated amino groups de-
creases, which favors the higher complexing ability
of the anion exchange resin. That is why the sorption
properties of ion-exchange resins were studied at an
ionic strength of the contacting solution equal to
unity.

In potentiometric titration of polyfunctional poly-
electrolytes in the presence of transition metal ions,
the run of the curves changes because of the complexa-
tion (Fig. 2). It can be seen from the dependences ob-
tained that protonation of a part of amino groups or
their complexation with metal makes pH lower in all
cases, with this decrease the stronger, the greater
the amount of metal ions sorbed by the polymer.

The coordination properties of the ion-exchange
resin were studied at metal ion concentration of

Table 2. Coordination numbers and stability constants
of complexes formed by ion-exchange resin based on
AB, DGER, and PEPA with ions of various metals, found
by polarography (concentration of the ion-exchange resin
1 g l�1, that of a salt 2 � 10�3 M)
����������������������������������������

Salt � p � log K �Sorption capacity, mg g�1

����������������������������������������
CoSO4 � 1 � 1.7 � 114.7
NiSO4 � 2 � 3.0 � 133.4
CuSO4 � 3 � 4.4 � 314.2
CuSO4* � 4 � 10.1 � �

����������������������������������������
* Concentration of ion-exchange resin 10 g l�1.

0.025 M, since at ion concentrations lower than
0.05 M the Bjerrum complex-formation function and
the coordinated number of ligand groups have closer
values [8].

For a cellular ion-exchange resin with less rigid 3D
lattice, polarography gives the coordination numbers
of 3 and 4 for copper ions, 2 for nickel ions, and 1
for cobalt ions; in the case of a densely cross-linked
ion-exchange resin n = 1 for all the above ions, which
points to the formation of a complex of 1 : 1 com-
position. The stability constants of the complexes,
calculated from potentiometric titration data, are as
follows: 6.2 for complexes with copper ions, 5.5 for
nickel, and 5.3 for cobalt.

These data demonstrate the advantage of cellular
sorbents with higher degree of cross-linking over
soluble sorbents. This can be presumably accounted
for by the following: in the former case, each amino
group bounds one ion, and in the latter, 0.25�0.30
metal ions [9].

Fig. 2. Potentiometric titration curves for anion-exchange
resin (1) without metal ions and in the presence of
(2) Cu2+, (3) Ni2+, and (4) Co2+. HCl concentration 0.1 M.
(VHCl) Volume of acid.
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Table 3. Comparative characteristics of the complexing ability of various PEPA-based ion-exchange resins with respect
to cobalt, nickel, and copper ions (concentration of ion-exchange resin 1 g l�1, that of a salt 2 � 10�3 M)
������������������������������������������������������������������������������������

Salt
� log K
����������������������������������������������������������������������������
� AB�DGER � DGER � PECH � ECH�styrene � ECH�styrene*

������������������������������������������������������������������������������������
CoSO4 � 1.7/5.3** � 3.20 � 3.62 � 4.78 � 3.15
NiSO4 � 3.0/5.5 � 3.90 � 4.70 � 4.52 � 2.82
CuSO4 � 4.4/6.2 � 4.10 � 4.53 � 4.46 � 2.97
CuSO4*** � 10/10 � � � � � � � �

������������������������������������������������������������������������������������
* Chloromethylated copolymer.

** Polarographic/potentiometric determination method.
*** Concentration of ion-exchange resin 10 g l�1.

Comparison of the stability constants obtained
(Table 3) with characteristics of the complexing
ability of polyelectrolytes based on PEPA and various
copolymers of epichlorohydrin (ECH), polyepichlo-
rohydrin (PECH), and DGER [1] suggests that the
strongest complex with copper ions is formed by
the polymer based on AB, DGER, and PEPA (poly-
mer concentration in solution 10 g l�1). Practical use
of the given ion-exchange resin will allow selective
recovery of copper ions.

CONCLUSION

It is demonstrated that the structure of the anion
exchange resin strongly affects the complexing ability
of ion-exchange resins synthesized from allyl bromide,
diglycidil ether of resorcinol, and polyethylenepoly-
amine. The most stable are complexes with copper
ions.
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Abstract�Extraction of nitrates of lanthanides(III) [La(III)�Lu(III) and also yttrium(III)] from their
aqueous multicomponent systems with a toluene solution of trialkylbenzylammonium naphthenate was
studied at 298 K and pH 3. Physicochemical and mathematical models describing the distribution and
mutual influence of lanthanides(III) [Ln(III)] in their joint extraction from multicomponent aqueous solu-
tions as influenced by the total Ln(III) concentration in the aqueous phase and composition of their mixture
was developed.

Organic binary solutions of salt of quaternary am-
monium bases (QAB) with organic anions are widely
used for extractive recovery and separation of non-
ferrous and platinum metals [1]. We found no pub-
lished information on extraction of lanthanides(III)
[Ln(III)] with binary trialkylbenzylammonium naph-
thenate (TABANP) solutions in organic diluents.

In this study, we developed physicochemical and
mathematical models describing the distribution and
mutual influence of lanthanides(III) in their joint
extraction from multicomponent solutions as a func-
tion of the total concentration and composition of
Ln(III) mixture in the aqueous phase, taking into ac-
count that extractable complexes (R4N)2[Ln(NO3)3A2]
(A, naphthenate anions) are formed in the organic
phase.

The extraction of lanthanide(III) nitrates from
aqueous solution with TABANP organic solution is
described by the following equations:

2R4NA(o) + Ln(a)
3+ + 3NO�

3 (a)
�� (R4N)2[Ln(NO3)3A2](o).

(1)

The extraction systems under consideration contain
N kinds of Ln(III) metals. The main parameters char-
acterizing the composition of these systems are as
follows: cLn (a) is the total (analytical) concentra-
tion of the sum of Ln(III) in the aqueous phase; cLn (o),
the total (analytical) concentration of the sum of

Ln(III) in the organic phase; cs, the total (analytical)
extractant concentration in the organic phase;
{R4NA}(o), the equilibrium concentration of free
TABANP in the organic phase; � k

(a), the fraction of
kth Ln(III) in the aqueous phase; � k

(o), the fraction
of kth Ln(III) in the organic phase

� k
(a) = c k

Ln (a) /cLn (a) , (2)

� k
(o) = c k

Ln (o) /cLn (o) . (3)

Here ck
(a) and ck

(o) are the total (analytical) con-
centrations of kth Ln(III) in the aqueous and organic
phases, respectively.

For the organic phase, the following material
balance equation is valid:

cs = {R4NA}(o) + 2� (R4N)2[Lnk(NO3)3A2](o).
k = 1

N

cs = {R4NA}(o) + 2� (R4N)2[Lnk(NO3)3A2](o).
k = 1

N

(4)

A correlation between the equilibrium concentra-
tions of the reacting species in both aqueous and
organic phases and the concentration constant of the
heterogeneous reaction of extraction of Ln(III) with
TABANP is described by the equation

Kex, k = ���������������������� ,2

{R4NA}(o){NO3}(a){Ln3 + (k)}(a)

{(R4N)2[Lnk(NO3)3A2]}(o)

2 � 3Kex, k = ���������������������� ,2

{R4NA}(o){NO3}(a){Ln3 + (k)}(a)

{(R4N)2[Lnk(NO3)3A2]}(o)

2 � 3
(5)

{NO3}(a) = 3� {Ln3 + (k)}(a) = 3cLn (a).
�where

N

k = 1
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The main parameters characterizing the extraction
systems under consideration and the correlation be-
tween them can be determined from the following ex-
pressions.

Concentration of kth Ln(III) in the organic phase

c k
Ln (o) = 27�

�cLn (a)�
	4�Ln (a) K 2

ex, k {R4NA}2
(o). (6)

Total Ln(III) concentration in the organic phase

cLn (o) = 27 � cLn (a)
4
� �(a) Kex, k {R4NA}(o).�� k = 1

N

	�
k 2 2

cLn (o) = 27 � cLn (a)
4
� �(a) Kex, k {R4NA}(o).�� k = 1

N

	�
k 2 2

(7)

Fraction of kth Ln(III) in the organic phase

�(o) = ��������� .
� �(a) Kex, k

N

k = 1

k

�(a) Kex, k
k

k

2

2

�(o) = ��������� .
� �(a) Kex, k

N

k = 1

k

�(a) Kex, k
k

k

2

2

(8)

Overall distribution coefficient of the sum of
Ln(III)

Dex = 27 cLn (a)
3 � �(a) Kex, k {R4NA}(o).

k = 1

N
k� 2 2�� 	�Dex = 27 cLn (a)

3 � �(a) Kex, k {R4NA}(o).
k = 1

N
k� 2 2�� 	� (9)

Distribution coefficient of kth Ln(III)

Dex = 27 cLn (a)
3Kex, k {R4NA}(o).

k �� 	�
2 2Dex = 27 cLn (a)

3Kex, k {R4NA}(o).
k �� 	�

2 2 (10)

Correlation between D�

ex and Dk
ex

Dex = Dex ���������.k

� �(a) Kex, k

N

k = 1

Kex, k

2

2
�

k
Dex = Dex ���������.k

� �(a) Kex, k

N

k = 1

Kex, k

2

2
�

k
(11)

Separation factors of Ln(III) pairs


k/(k + 1) = ������.
Kex, k + 1

2

Kex, k
2


k/(k + 1) = ������.
Kex, k + 1

2

Kex, k
2

(12)

For the organic phase, the material balance equa-
tion can be transformed to the following form:

cs = {R4NA}(o) + 54 cLn (a)
4 � �(a) Kex, k{R4NA}(o).

k = 1

N
2k�� 	�

2cs = {R4NA}(o) + 54 cLn (a)
4 � �(a) Kex, k{R4NA}(o).

k = 1

N
2k�� 	�

2

(13)

The total material balance in the extraction system
containig (1�, k�, N ) Ln(III) in both aqueous and
organic phases can be evaluated by solving the fol-
lowing set of nonlinear equations:

c 0, 1
Ln (a) Va

0 = {Ln3 + (1)}(a)Va

(14)+ Vo 27�
�cLn (a)�

	4�1
(a) K 2

ex, 1 {R4NA}2
(o),

c 0, k
Ln (a) Va

0 = {Ln3 + (k )}(a)Va

+ Vo 27�
�cLn (a)�

	4�k
(a) K 2

ex, k {R4NA}2
(o), (15)

c 0, N
Ln (a) Va

0 = {Ln3 + (N )}(a)Va

+ Vo 27�
�cLn (a)�

	4�N
(a) K 2

ex, N {R4NA}2
(o). (16)

where c0, k
Ln (a) is the concentration of kth Ln(III) in

the initial aqueous solution; Va
0, Va, and Vo are the

volumes of the initial aqueous, equilibrium aqueous,
and equilibrium organic phases, respectively.

The material balance with respect to nitrate anions
is described by the equation

+ Vo81 cLn (a)
4� �(a) Kex, k{R4NA}(o).

2 2
k = 1

N

3� cLn (a) Va = {NO3}(a)Vak = 1

N
0, k 0 �

k�� 	�
+ Vo81 cLn (a)

4� �(a) Kex, k{R4NA}(o).
2 2

k = 1

N

3� cLn (a) Va = {NO3}(a)Vak = 1

N
0, k 0 �

k�� 	� (17)

The system of Eqs. (13)�(17) consists of (N + 2)
nonlinear equations with (N + 2) independent var-
iables. This system of equations can be solved numer-
ically, taking into account the following constraints:

0 < {R4NA}(0) < cs , (18)

0 < {Ln3 + (k )}(a)Va < c0, k
Ln(a)V

0
a . (19)

The system of nonlinear equations (13)�(17) was
solved for (N + 2) unknown quantities [cLn (o),
{R4NA}(o), � k

(a) (k = 1, �, N ) by the Newton�
Raphson method with replacement of the partial de-
rivatives with the corresponding finite differences [2].

The revealed general pattern of the mutual influ-
ence of Ln(III) cations in their joint extraction from
N-component aqueous solution with trialkylbenzyl-
ammonium naphthenate in toluene can be reduced to
the following.

(1) In all the systems, the Ln(III) distribution co-
efficients are functions of the following parameters:
concentration extraction constants K 2

ex, free extractant
concentration in the organic phase {R4NA}(o), frac-
tions of kth Ln(III) in the aqueous phase, and equi-
librium concentration of nitrate anions in the aqueous
phase.

With increasing concentration of nitrate anions
in the aqueous phase, the Ln(III) distribution coef-
ficients grow, and, therefore, the Ln(III) concentra-
tion in the organic phase grows too. As a result,
the concentration of the free extractant {R4NA}(o)
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decreases, which, in turn, makes smaller the distribu-
tion coefficients D�

ex and Dk
ex. Therefore, with in-

creasing Ln(III) nitrate concentration in the aqueous
phase, D�

ex and Dk
ex pass through a maximum whose

position depends on the nature of a particular Ln(III)
and on the extractant concentration.

(2) The fraction of kth Ln(III) in the organic phase
depends on K 2

ex; equilibrium concentration of free ex-
tractant, {R4NA}(o); and fraction of kth Ln(III) in
the aqueous phase, � k

(a). With increasing � k
(a), the � k

(o)
increases too.

(3) If only one extractable species is formed in the
organic phase, the separation factor of the neighboring
lanthanides(III) �k /(k + 1) is determined by the ratio of
the concentration extraction constants of these Ln(III),
being dependent of the free extractant concentration.

For extraction of the individual Ln(III) nitrates,
the dependences of the concentration extraction con-
stants on the ionic strength of the aqueous phase I are
fitted by the empirical equation [3�5]

log Kex = log Kex + a�Z � I + bk I,0, 2 22 3��log Kex = log Kex + a�Z � I + bk I,0, 2 22 3�� (20)

where �a = �0.1942, �Z 2 = �12. is the linear combina-
tion of the charge numbers of the species involved
in the extraction equilibrium, and bk is the empirical
parameter specific for particular Ln(III).

The results reported in [6, 7] show that the extrac-
tion constant of lanthanide(III) nitrate A from binary
mixture of lanthanide(III) nitrates A + B at I = const
(I = IA + IB) and variable A/B ratio linearly varies
with contribution of lanthanide B to the total ionic
strength

log K 2, A
ex (I = IA + IB) = log K 2, A

ex (I = IA) � 
AIB (21)

and similarly for B

log K 2, B
ex (I = IA + IB) = log K 2, B

ex (I = IB) � 
BIA. (22)

In the limiting case


A �� 
B �� 
,

log K 2, A
ex (I = IB) �� log K 2, B

ex (I = IA).

Then


 = [ log K 2, A
ex (I = IB) � log K 2, B

ex (I = IA)]/2I. (23)

Taking into account Eq. (21), Eq. (23) can be trans-
formed to the form


 = �
� log K i, 0, A

ex � log K i, 0, B
ex �

	/2I + (bA � bB)/2. (24)

For solution containing only two different Ln(III)
(I� = IA + IB), Eq. (21) can be transformed to the form

log Kex = log Kex + a�Z � I � + bk I � + 
IB.2, 0, A2, A 2�
��3

log Kex = log Kex + a�Z � I � + bk I � + 
IB.2, 0, A2, A 2�
��3

(25)

This equation can be reformulated for N-component
solution:

log Kex = log Kex + a�Z � I � + bk I � + � 
k, j Ij.
2, 0, k2, k 2�
��3

j = 1

N

log Kex = log Kex + a�Z � I � + bk I � + � 
k, j Ij.
2, 0, k2, k 2�
��3

j = 1

N

(26)

where Ij is the contribution of jth component to the
total ionic strength I�; �k, j are the empirical param-
eters which, to a first approximation, can be evaluated
by the equation


k, j = �
� log K 0, k

ex � log K 0, j
ex �
	 /2I� + (bk � bj )/2. (27)

Taking into account Eq. (27) describing the con-
centration extraction constants as functions of the ionic
strength of the aqueous phase for multicomponent
mixtures, the system of nonlinear equations (13)�(17)
can be transformed to the following

cs = {R4NA}(o) + 54 cLn (a)
4 � �(a) Kex, k F(I ){R4NA}(o),�� 	� k = 1

N
0, 2 2kcs = {R4NA}(o) + 54 cLn (a)

4 � �(a) Kex, k F(I ){R4NA}(o),�� 	� k = 1

N
0, 2 2k

(28)

+ Vo 27 cLn (a)
4�(a) Kex, 1 F(I ){R4NA}(o).

2�� 	�
1 0, 2

cLn (a)Va = {Ln }(a)Va
0, 1 3 + (1)0

+ Vo 27 cLn (a)
4�(a) Kex, 1 F(I ){R4NA}(o).

2�� 	�
1 0, 2

cLn (a)Va = {Ln }(a)Va
0, 1 3 + (1)0

(29)

+ Vo 27 cLn (a)
4�(a) Kex, k F(I ){R4NA}(o),

2�� 	�
k 0, 2

cLn (a)Va = {Ln }(a)Va
0, k 3 + (k)0

+ Vo 27 cLn (a)
4�(a) Kex, k F(I ){R4NA}(o),

2�� 	�
k 0, 2

cLn (a)Va = {Ln }(a)Va
0, k 3 + (k)0

(30)

+ Vo 27 cLn (a)
4�(a) Kex, N F(I ){R4NA}(o),

2�� 	�
N 0, 2

cLn (a)Va = {Ln }(a)Va
0, N 3 + (N)0

+ Vo 27 cLn (a)
4�(a) Kex, N F(I ){R4NA}(o),

2�� 	�
N 0, 2

cLn (a)Va = {Ln }(a)Va
0, N 3 + (N)0

(31)

+ Vo 81 cLn (a)
4 � �(a) Kex, k F(I ){R4NA})(o),�� 	� k = 1

N
0, 2 2k

3 � cLn (a)Va = {NO3}(a)Va
0, k 0 �

k = 1

N

+ Vo 81 cLn (a)
4 � �(a) Kex, k F(I ){R4NA})(o),�� 	� k = 1

N
0, 2 2k

3 � cLn (a)Va = {NO3}(a)Va
0, k 0 �

k = 1

N

(32)

F(I ) = 10 ,
a�Z 2 �I � + bk I � + � �k, j, Ij

3���

j = 1

N

F(I ) = 10 ,
a�Z 2 �I � + bk I � + � �k, j, Ij

3���

j = 1

N

I � = 6 � {Ln3 + (k)}(a) = 6cLn (a) , I j = 6{Ln3 + ( j )}(a) .
N

k = 1
I � = 6 � {Ln3 + (k)}(a) = 6cLn (a) , I j = 6{Ln3 + ( j )}(a) .

N

k = 1
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Logarithms of thermodynamic constants of reaction (1)
and empirical parameters bLn in Eq. (20) for extraction
Ln(III) nitrates with 0.60 M toluene solution of TABANP
at T = 298.15 K
����������������������������������������

Ln(III) � log K 0, 2
ex � bLn

����������������������������������������
La � 2.24 � 0.05 � 0.228 � 0.005
Ce � 2.20 � 0.05 � 0.233 � 0.004
Pr � 1.95 � 0.06 � 0.250 � 0.005
Nd � 1.78 � 0.04 � 0.252 � 0.004
Sm � 1.70 � 0.04 � 0.266 � 0.003
Eu � 1.54 � 0.03 � 0.271 � 0.004
Gd � 1.27 � 0.03 � 0.277 � 0.005
Tb � 1.22 � 0.04 � 0.278 � 0.004
Dy � 1.05 � 0.03 � 0.290 � 0.003
Ho � 0.81 � 0.10 � 0.303 � 0.004
Er � 0.59 � 0.06 � 0.323 � 0.005
Tm � 0.40 � 0.03 � 0.331 � 0.004
Yb � 0.15 � 0.06 � 0.345 � 0.005
Lu � 0.08 � 0.06 � 0.357 � 0.004
Y � �0.13 � 0.05 � 0.375 � 0.004
����������������������������������������
Note. The errors are given as rms deviations �.

The logarithms of the thermodynamic constants of
Ln(III) extraction by reaction (1), log Kex

0, 2, and the
empirical parameters bk are listed in the table.

In our experiments TABANP was taken as 0.6 M
toluene solution. The general formula of TABANP is
C6H5(C7H15�C9H19)3N+A�, where A� is the naph-
thenate anion. We used a mixture of naphthenic acid
isomers recovered from crude oil (natural carboxylic
acids containing carboxy groups bound to five-mem-
bered rings, Mav = 220).

Trialkylbenzylammonum naphthenate was prepared
from trialkylbenzylammonum chloride as follows.
An organic solution of trialkylbenzylammonium chlo-

Fig. 1. Isotherms of joint extraction of Ln(III) nitrates from
aqueous Ln(III) concentrates of varied composition with
0.60 M TABANP in toluene. (cLn (o)) and (cLn (a)) Ln(III)
concentrations in the organic and aqueous phases, respec-
tively. Concentrate: (1) no. 1 and (2) no. 2

ride was converted to the hydroxide by triple contact
with 5�7 M aqueous NaOH. Excess alkali was re-
moved by repeated scrubbing of the organic phase
with distilled water until pH of the wash water de-
creased to 8�9. The resulting solution of trialkylben-
zylammonium hydroxide was mixed with a stoichi-
ometric amount of naphthenic acids and this mixture
was dissolved in toluene (chemically pure grade).
The resulting binary extractant was washed with dis-
tilled water to pH 7.

The concentration of naphthenic acids in the or-
ganic phase was determined by two methods: two-
phase potentiometric titration [8] and titration with
aqueous alkali of the organic phase diluted with ethyl
alcohol, with phenolphthalein as indicator. The amount
of the QAB salt was determined by the method re-
ported in [9].

Solutions of Ln(III) nitrates were prepared by dis-
solving the corresponding Ln(III) oxides in nitric acid
(analytically pure grade). We used two different com-
mercial concentrates containing Ln(III) oxide mixture
of the following compositions (wt % recalculated to
oxide): (concentrate no. 1) La 8.8, Ce 17.5, Pr 12.5,
Nd 6.0, Sm 5.5, Eu 7.3, Gd 9.3, Tb 16.8, Dy 10.6,
and Ho 5.7; (concentrate no. 2) La 6.6, Ce 8.2, Pr 7.9,
Nd 6.4, Sm 5.2, Eu 1.8, Gd 7.3, Tb 1.2, Dy 6.3,
Ho 1.3, Er 3.1, Tm 0.5, Yb 2.1, Lu 0.6, and Y 41.5.
Extraction was carried out in graduated tubes at
a 1 : 1 ratio of the organic and aqueous phases.
Changes in the volumes of the organic and aqueous
phases did not exceed 2 rel.%. The 	Ln(III) concen-
tration in both the initial and equilibrium aqueous
phases was determined by titration with a standard
aqueous solution of disodium ethylenediaminetetra-
acetate in the presence of xylenol orange as indicator
[10]. The 	Ln(III) concentration in the organic phase
was determined as the difference between the 	Ln(III)
contents in the initial and equilibrium aqueous phases.
To determine the concentrations of particular Ln(III)
in their mixture, lanthanides were precipitated as
oxalates, calcined to oxides, and then subjected to
atomic emission analysis on a Labtest device (USA)
with ionization in inductively coupled argon plasma
[10].

The relative errors were within 
0.5%, in preparing
solutions; 
(0.5�2)%, in determining Ln(III) concen-
tration; and 
(1�3)%, in determining the distribution
coefficients.

The isotherms of joint extraction of lantha-
nide(III) nitrates from their concentrates with 0.60 M
TABANP in toluene (Fig. 1) show saturation with
respect to Ln(III) at cS : cLn (o) � 2 : 1.
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The logarithms of the distribution coefficients of
particular La(III)�Ln(III) and Y(III) are plotted against
the total equilibrium concentration of Ln(III) in the
aqueous concentrate (M) in Fig. 2. In these plots, the
solid lines represent the results of our model calcula-
tions performed using parameters listed in the table,
and the points are our experimental results. Figures 2a
and 2b show that the calculated distribution coef-
ficients agree with the experimental values to within
3�5 rel.%. Thus, our model describes adequately the
extraction of lanthanides(III) from their multicom-
ponent mixtures with the use of TABANP in toluene.

Figures 2a and 2b show that, with the Ln(III) con-
centration in the aqueous phase increasing above
250 g/l, the distribution coefficients of particular
Ln(III) and the difference between the distribution co-
efficients of the neighboring elements decrease. The
best extraction separation of Ln(III) concentrates into
groups and into individual elements using TABANP
as extractant was achieved at an equilibrium 	 Ln(III)
concentration of 120�200 g/l. Under these condi-
tions, the distribution coefficients and the difference
between the distribution coefficients of neighbor-
ing Ln(III) are maximal. The difference between
the distribution coefficient is the largest for the pairs
Ce(III)/Pr(III), Pr(III)/Nd(III), and Eu(III)/Gd(III)
for concentrate no. 1, and for pairs Ce(III)/Pr(III),
Pr(III)/Nd(III), Eu(III)/Gd(III), Dy(III)/Ho(III), and
Er(III)/Tm(III) for concentrate no. 2. It should be not-
ed that Y(III) is the least extractable with TABANP,
compared with La(III)�Lu(III).

CONCLUSIONS

(1) The physicochemical and mathematical models
of extraction of La(III)�Lu(III) and Y(III) nitrates
from their multicomponent aqueous solutions with the
use of trialkylbenzylammonium naphthenate in tolu-
ene was developed taking into account the mutual
influence of lanthanides at different concentrations
and compositions of Ln(III) mixtures.

(2) Extraction of particular Ln(III) nitrates from
their multicomponent aqueous solutions with trialkyl-
benzylammonium naphthenate in toluene was studied
within a wide range of Ln(III) nitrate concentrations
in the aqueous phase at 298.15 K. The extraction iso-
therms were obtained. The extraction isotherms show
saturation with respect to Ln(III) at cS : cLn (o) � 2 : 1.

(3) Extraction of lanthanide(III) nitrates with tri-
alkylbenzylammonium naphthenates in toluene de-
creases in going from lanthanum(III) to lutetium(III).
The extractability of yttrium(III) is considerably lower

Fig. 2. Logarithm of distribution coefficients of partic-
ular Ln(III), log D k

ex, between 0.6 M TABANP in toluene
and aqueous concentrate containing sum of Ln(III) as in-
fluenced by the total concentration of lanthanides(III) mix-
ture in the aqueous concentrate, � Ln2O3 (a). Concentrate:
(a) no. 1 and (b) no. 2. Ln(III): (a) (1) La, (2) Ce, (3) Pr,
(4) Nd, (5) Sm , (6) Eu , (7) Gd , (8) Tb, (9) Dy, and
(10) Ho ; (b) (1) La, (2) Ce, (3) Pr, (4) Nd, (5) Sm, (6) Eu,
(7) Gd , (8) Tb, (9) Dy, (10) Ho, (11) Er, (12) Tm, (13) Yb,
(14) Lu, and (15) Y .

than that of La(III)�Lu(III). Trialkylbenzylammonium
naphthenates can be used for separating cerium-group
lanthanides(III) from other lanthanides(III) and yttri-
um(III) from lanthanides(III). The best separation of
the sum of lanthanides(III) into groups and individual
metals by extraction with TABANP is attained at
the equilibrium 	Ln(III) concentration in the aqueous
phase 120�200 g/l.
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Abstract�A new electrically conducting photosensitive polymer was prepared by electrochemical poly-
merization of [CuSalbn-1,4]. Poly-[CuSalbn-1,4] was studied by X-ray photoelectron spectroscopy, voltam-
metry, and the photoelectrochemical methods.

Previously [1], we have prepared and isolated crys-
talline platinum, palladium, nickel, and copper com-
plexes with tridentate bis(salicylidene)-1,4-butylenedi-
amine ligand (Salbn-1,42�). These complexes contain
four methylene groups in the aliphatic diamine moiety,
unlike complexes with Salen and Salpn-1,3 [2�6] li-
gands containing two and three methylene groups,
respectively.

Electrochemical synthesis of electrically conducting
photosensitive poly-[PdSalbn-1,4] and parameters of
reversible electro- and photoredox processes occurring
in the bulk of the polymer were reported in our previous
paper [1]. In this study, we prepared poly-[CuSalbn-
1,4] by an electrochemical procedure and studied its
physicochmeical and electrochemical properties.

Copper(II) bis(salicylidene)-1,4-butylenediamine
complex [CuSalbn-1,4] was prepared by the modi-
fied procedure from [7]. To a methanolic solution
of Cu(CH3COO)2 � H2O (2.2 mM, 30 ml CH3OH)
was added a methanolic solution of [Salbn-1,4]2� in
5 wt % excess. To prevent hydrolysis of copper(II)
acetate, the solution was acidified with acetic acid.
The resulting dark green solution was heated at 100�C,
evaporated by half, cooled, and kept at 0�C for 12 h.
Dark green crystals were filtered off, washed with
CH3OH and C2H5O, and dried in air. Yield 60�65%.

Found (%): C 60.34, H 5.25, N 7.83.

CuC18H18N2O2.

Calculated (%): C 60.47, H 5.07, N 7.84.

Gruber et al. [8] studied the paramagnetic proper-
ties of [CuSalbn-1,4] and determined its magnetic
moments at room temperature.

The C1s, O1s, N1s, and Cu2p binding energies
and the atomic concentrations of the elements in dif-
ferent chemical states in the initial ligand H2Salbn-1,4
and complex [CuSalbn-1,4] are listed in Table 1.

The electronic absorption spectra of H2Salbn-1,4
in acetonitrile and [CuSalbn-1,4] in various solvents
are shown in Fig. 1. The spectrum of the free ligand
contains strong ���* intraligand charge-transfer band
at �max = 315 nm (� = 8400 l mol�1 cm�1). In the spec-
trum of [CuSalbn-1,4], a shoulder with �max = 300 nm
(� = 7500 l mol�1 cm�1 is observed in the range of
absorption of the uncoordinated ligand. The spectrum
of an acetonitrile solution of the complex contains an
additional band with �max = 375 nm and high molar
extinction coefficient of 9000 l mol�1 cm�1. The shape
of this band is similar to that of allowed ���* elec-
electronic transitions. The peak position of this band

Table 1. C1s, O1s, N1s, and Cu2p binding energies and
atomic concentrations of C, O, N, and Cu in [H2Salbn-1,4]
and [CuSalbn-1,4] (XPS data)
����������������������������������������

Band
� H2Salbn-1,4 � CuSalbn-1,4
����������������������������������
� BE, eV � c, % � BE, eV � c, %

����������������������������������������
C1s � 285.0 � 57.74 � 285.0 � 55.70

� 286.3 � 26.41 � 286.4 � 24.71
N1s � 398.9 � 5.64 � 399.4 � 6.33

� 399.7 � 1.58 � �
� � � 401.7 � 0.50
� 402.9 � 0.68 � 403.5 � 0.87

O1s � � � 531.4 � 6.90
� 532.9 � 7.93 � 532.4 � 0.53

Cu2p3/2� � � 934.7 � 4.45
����������������������������������������
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Fig. 1. Electronic absorption spectra of (1) H2Salbn-1,4 in
acetonitrile and of [CuSalbn-1,4] in (2) CH3CN, (3) CH2Cl2,
(4) C2H5OH, and (5) CHCl3. (�) Extinction and (�) wave-
length.

Fig. 2. Quantity of electricity Q vs. the potential sweep-
ing rate vs in 1 � 10�3 M solution of [CuSalbn-1,4] in
(1) CH3CN and (2) CH2Cl2.

depends on the solvent polarity, i.e., the solvatochromic
effect is observed. When the solvent polarity increases
[z (kcal mol�1) 63.2 (CHCl3), 64.2 (CH2Cl2), 71.3
(CH3CN), 79.6 (C2H5OH)], a hypsochromic shift of
the band is observed [�max (nm) 383 (CHCl3), 380
(CH2Cl2), 375 (CH3CN), and 370 (C2H5OH)], which
is typical of charge-transfer transitions [9].

Polymeric [CuSalbn-1,4] was prepared by the elec-
trochemical procedure previously used to synthesize
poly-[PdSalbn-1,4] [1]. Electropolymerization of
[CuSalbn-1,4] was performed in CH3CN and CH2Cl2
under potentiostatic and potentiodynamic conditions of
accumulation of the electroactive substance on the elec-
trode positively polarized from 0.0 to +1.3 V. The con-
centration of the complex ranged from 0.5 to 3.0 mM.

(a) Electrochemical polymerization under poten-
tiodynamic conditions was performed in a 1 � 10�3 M
solution of [CuSalbn-1,4] in CH3CN or CH2Cl2,
containing 0.1 M tetrabutylammonium perchlorate
(TBAP) as the supporting electrolyte.

We have recorded the cyclovoltammograms at dif-
ferent potential sweeping rates v to find an optimum

Fig. 3. Cyclovoltammograms of 1 � 10�3 M solution of
[CuSalbn-1,4] in (a) CH3CN and (b) CH2Cl2. vs = 0.5 V s�1;
the same for Figs. 7 and 8. (I ) Current and (E ) potential;
the same for Fig. 4. (b) Scale of I axis is doubled. Cycle:
(1) first, (2) fifth, and (3) twenty-fifth.

(Fig. 2) The fact that the current peak is directly pro-
portional to the sweeping rate at vs < 0.05 V s�1 in-
dicates that the electroreduction is controlled by ad-
sorption [10]. At vs < 0.05 V s�1, the complex is com-
pletely reduced during the first cycle. Thus, the thick-
ness of a polymeric film h can be calculated by the
procedure described in [11] from the quantity of elec-
tricity determined from the chronovolatmograms. At
potential sweeping rates higher than 0.05 V s�1, the
polymeric complex is incompletely reduced and ox-
idized during a single cycle. In this case, the redox
processes occur under conditions of semi-infinite dif-
fusion of the electroactive compound toward the elec-
trode surface. Probably, the rate-determining step of
the reduction and oxidation of the polymeric complex
is electron transfer across the polymeric film. By anal-
ogy with liquid-phase processes, the rate of electron
transfer can be characterized by the diffusion coef-
ficient Dct . At these potential sweeping rates, the
charge transfer rate was calculated by the Randles�
Shevchik equation [12].

Cyclovoltammograms of [CuSalbn-1,4] are shown
in Fig. 3. In successive sweeping cycles, the complex
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polymerizes. For comparison, we chose the potentio-
dynamic curves recorded during the first, fifth, and
twenty-fifth cycles. As seen from Fig. 3, the anodic
current peak at E = 1.1 V is shifted to 1.0 V after con-
tinuous potential sweeping in an acetonitrile solution
for 23 min (25 cycles). A broad peak at 0.85 V is
present in the cathodic region of the voltammogram
recorded at the reverse sweeping. The cyclovoltammo-
grams of [CuSalbn-1,4], recorded in CH2Cl2, contains
an anodic peak at 1.1 V and a cathodic peak at 0.85 V.
Poly-[CuSalbn-1,4] films with the maximal thickness
(0.06 �m) were grown in a CH3CN solution in the
course of 23�25 min with electrochemical polariza-
tion under potentiodynamic conditions. In CH2Cl2,
0.04-�m films were prepared in 17�20 min. The film
thickness does not change on longer sweeping. The
maximal peak current of anodic oxidation in CH3CN
and CH2Cl2 is 71 and 50 mA, respectively.

The electrode coated with poly-[CuSalbn-1,4] was
placed in a solution of a pure supporting electrolyte.
Cyclovoltammograms of poly-[CuSalbn-1,4] were re-
corded with potential sweeping from 0.0 to +1.3 V
(Fig. 4). As seen from Fig. 4, the charge transfer in
the polymer is reversible, i.e., the redox transforma-
tions of the polymer on the electrode surface are also
reversible.

The stability of poly-[CuSalbn-1,4] depends on
the solvent in which it has been prepared. The poly-
mer prepared in CH3CN is less stable on storage in
a pure supporting electrolyte exposed to open air than
the polymer prepared in CH2Cl2. The polymer syn-
thesized in CH2Cl2 degrades irreversibly in the course
of prolonged potential sweeping.

To obtain thicker polymeric films, we studied
the dependence of the thickness of the film grown
for 	acc = 500 s on the [CuSalbn-1,4] concentration
(Fig. 5). As seen from Fig. 5, the thickness of the
poly-[CuSalbn-1,4] film increases with the complex
concentration increasing up to 2 � 10�3 M. At higher
concentrations, the film thickness decreases owing
to partial degradation of the polymer. In CH2Cl2, the
thickness of the polymeric films linearly increases
with the complex concentration. The maximal thick-
ness of the poly-[CuSalbn-1,4] film grown in CH3CN
(0.08 �m) is reached within 500 s at complex con-
centration of 2.0 � 10�3 M. In CH2Cl2, films with
the maximal thickness (0.067 �m) were grown by
potential sweeping for 1500 s at complex concentra-
tion of (2.5�3.0) � 10�3 M.

(b) Complex [CuSalbn-1,4] was electrochemically
polymerized on a platinum electrode under the po-
tentiostat conditions in CH3CN and CH2Cl2 solutions

Fig. 4. Cyclovoltammograms of poly-[CuSalbn-1,4] in
0.1 M TBAP solution in (1) CH3CN and (2) CH2Cl2.
vs = 0.5 V s�1; the same for Fig. 5

Fig. 5. Thickness h of poly-[CuSalbn-1,4] film prepared
under potentiodynamic conditions in (1) CH3CN and
(2) CH2Cl2 vs. the [CuSalbn-1,4] concentration ccom.

Fig. 6. Thickness h of poly-[CuSalbn-1,4] film prepared in
(1) CH3CN and (2) CH2Cl2 vs. the accumulation poten-
tial Eacc. ccom = 10�3 M, �acc = 10 min, vs = 0.5 V s�1.

at the optimal potentials. The potentiostatic curves
were recorded in solutions of pure supporting elec-
trolyte.

For example, the accumulation potential in CH3CN
and CH2Cl2 is 1.1 and 1.25 V, respectively (Fig. 6).
The accumulation time is 10 min. It should be noted
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Table 2. Electron binding energies and atomic concen-
trations of elements in the reduced and oxidized forms
of poly-[CuSalbn-1,4] (XPS data)
����������������������������������������

� Forms of poly-[CuSalbn-1,4]
����������������������������������

Band � oxidized � reduced
����������������������������������
� BE, eV � c, % � BE, eV � c, %

����������������������������������������
C1s � 285.0 � 48.28 � 285.0 � 53.62

� 286.3 � 23.58 � 286.4 � 22.48
� 287.3 � 4.18 � 287.8 � 2.59
� 288.8 � 3.09 � 289.4 � 2.28

N1s � 399.2 � 3.68 � 399.2 � 2.79
� 400.4 � 1.37 � 400.4 � 1.44
� 402.5 � 0.50 � 402.9 � 0.43

O1s � 531.2 � 3.51 � 531.1 � 2.37
� 532.4 � 6.18 � 532.3 � 7.17
� 533.6 � 3.64 � 533.8 � 2.92

Cu2p3/2� 932.6 � 0.09 � 932.8 � 0.26
� 934.5 � 0.38 � 934.5 � 0.53

Cl2p3/2 � 198.2 � 0.16 � 198.5 � 0.17
� 200.6 � 1.34 � 200.7 � 0.52

����������������������������������������

that the color of the polymers prepared in these sol-
vents under the same conditions (complex concentra-
tion 1 � 10�3 M, accumulation time 10 min, optimal
potentials) differs. Poly-[CuSalbn-1,4] prepared in
CH3CN is emerald green, whereas the polymer grown
in CH2Cl2 is red-brown. Probably, the mechanisms of
polymer formation in these solvents differ.

The dependence of the thickness of a poly-
[CuSalbn-1,4] film on the accumulation time, charac-
terizing the kinetics of polymer growth at the optimal
potential, is shown in Fig. 7. The film with the max-
imal thickness (0.074 �m) was grown in the course of
21 min from an acetonitrile solution of [CuSalbn-1,4]

Fig. 7. Thickness h of poly-[CuSalbn-1,4] film vs. the ac-
cumulation time �acc (1) at Eacc = 1.1 V in CH3CN and
(2) Eacc = 1.25 V in CH2Cl2.

(Eacc = 1.1 V). The limiting thickness of the film
prepared in CH2Cl2 solution (Eacc = 1.25 V) in 7 min
is 0.093 �m. The film thickness does not grow with
increasing accumulation time.

The dependence of the charge diffusion coefficient
along the polymeric chain on the thickness of a poly-
[CuSalbn-1,4] film is shown in Fig. 8. The maximal
diffusion coefficient Dct (1.05 � 10�12 cm2 s�1) was
observed in the film grow in CH3CN in the course of
21 min. In CH2Cl2, the maximum (Dct = 0.57 �
10�12 cm2 s�1) is attained at accumulation time of
10 min.

Thus, films of poly-[CuSalbn-1,4] with the maxi-
mum thickness of 0.093 �m can be grown within 7 min
from 1 � 10�3 M solution of the complex in CH2Cl2
under potentiostatic conditions at Eacc = 1.25 V.

Poly-[CuSalbn-1,4] was analyzed by X-ray pho-
toelectron spectroscopy (XPS). The binding energies
and atomic concentrations of the components of XPS
spectra of the oxidized and reduced forms of poly-
[CuSalbn-1,4] are presented in Table 2. The copper
XPS spectrum indicates the presence of Cu(I) (BE =
932.6 eV) and Cu(II) (BE = 934.5 eV) in the polymer.
The Cu(I)/Cu(II) ratio in the oxidized and reduced
forms differs. The Cu(I) content in the reduced form
(33% of the total copper content) is higher than that
in the oxidized form (20%). It should be noted that
the band with BE of about 937.2 eV, which is typi-
cal of Cu(Mesal)2 polymers [13] and is assigned to
Cu(II) atoms forming strong Cu�O�Cu bonds, is ab-
sent in the spectra. Probably, additional methylene
groups of the H2Salbn-1,4 ligand prevent formation
of these dimers.

The electrochemical behavior of poly-[CuSalbn-1,4]
is characterized by an electrochromic effect owing to
the formation of oxidized and reduced forms of the
polymer. The oxidized form was prepared by poly-
merization under potentiostatic conditions in CH3CN

Fig. 8. Charge transfer rate vs. the thickness h of poly-
[CuSalbn-1,4] film grown (1) in CH2Cl2 at Eacc = 1.15 V
and (2) in CH3CN at Eacc = 1.1 V. (Dct) diffusion coefficient.
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and CH2Cl2 at E = 1.1 and 1.25 V, respectively.
The color of the oxidized form of poly-[CuSalbn-1,4]
prepared in CH3CN and CH2Cl2 is emerald green and
red-brown, respectively. The reduced form accumu-
lated at low potential (E = 0.1 V) in 5 min has light
green color, irrespective of the color of the oxidized
form. When the applied voltage is switched off, an
equilibrium potential Eeq = 0.51 and 0.56 V is spon-
taneously attained in several hours in CH3CN and
CH2Cl2, respectively. These potentials determine the
redox state of the polymer.

The electronic absorption spectrum of oxidized
poly-[CuSalbn-1,4] prepared in CH3CN under poten-
tiostatic conditions (Eacc = 1.1 V) is shown in Fig. 9.
To record the electronic spectra, the polymeric film
was supported on a quartz plate coated with platinum
by a vacuum procedure. The spectrum contains two
bands with �max = 395 and 615 nm. We failed to re-
cord the electronic absorption spectrum of the reduced
form.

The dependence of the photopotential of the re-
duced form of the polymer on the exposure time
is shown in Fig. 10. The polymer was prepared in
CH3CN and was reduced to E = 0.1 V (light green
color) in acetonitrile solution of TBAP. The photo-
electric experiment was performed by the procedure
described in our previous paper [2]. As seen from
Fig. 10, reduced poly-[CuSalbn-1,4] (Ered = 0.1 V) is
photooxidized to the stationary state in 40 s. The max-
imum photopotential corresponding to the maximum
accumulation of oxidized fragments of the complex
in the polymer exposed to light is 177 mV. The fact
that the photopotential does not change after repearted
excitation cycles indicates the stability of the poly-
meric films to light. The photopotential of the film,
measured on a cylindrical electrode, is 100 mV.

CONCLUSIONS

(1) Electrochemical synthesis of poly-[CuSalbn-1,4]
was performed for the first time. In spite of the fact
that the methylene chain of the [H2Salbn-1,4] is longer
than that of [H2Salen] and [H2Salpn-1,3], [MSalbn-1,4]
complexes form stable electrically conducting and
photoactive polymers characterized by fast charge
transfer. The thickness of these polymeric films is
typical of compounds of this class.

(2) Poly-[CuSalbn-1,4] with the maximal thick-
ness of 0.24 �m was prepared in CH2Cl2 under poten-
tiostatic conditions at Eacc = 1.2 V for 7 min. The
charge diffusion coefficient in poly-[CuSalbn-1,4] is
Dct = 2.95 � 10�12 cm2 s�1. The maximum photopo-

Fig. 9. Electronic absorption spectrum of oxidied poly-
[CuSalbn-1,4] (Eox = 1.1 V, CH3CN, Bu4NClO4, �acc =
20 min, emerald green polymer). (D) Optical density and
(�) wavelength.

Fig. 10. Photopotential E of poly-[CuSalbn-1,4] in 0.1 M
solution of TBAP in CH3CN vs. the time t of exposure
to polychromatic light. Film thickness h = 0.04 �m,
E = 0.1 V.

tential of poly-[PdSalbn-1,4] and poly-[CuSalbn-1,4]
is 133 and 177 mV, respectively.
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Abstract�A mechanism for enhancing the stability of the passive state of metals in silicate solutions is
described on the basis of a study of the corrosion-electrochemical behavior of the metals in concentrated
alkaline and silicate-alkaline solutions.

Concentrated silicate-alkaline solutions find use
in many branches of industry. These solutions serve
as technological medium in integrated processing of
silicate and aluminosilicate rocks and are used to
manufacture silicon dioxide, detergents, etc.

Corrosion of metals, caused by the media men-
tioned above, is characterized by a number of specific
features [1, 2]. Of interest in this context is a study
of the electrochemical behavior of steel in solutions
of this kind. However, only few investigations have
been carried out in this direction [3].

It is known that metallic construction materials
used in technology are mostly thermodynamically
unstable. They react with the ambient and are fre-
quently passivated through formation on their surface
of insoluble (or difficultly soluble) films of oxide,
hydroxide, or salt nature.

The stability of the passive state of metals depends
on the nature of a protective film and its heterogeneity.
Structural defects in the film are either due to im-
perfection of the surface structure of a metal or arise
in the course of film formation. One of ways to im-
prove the corrosion stability of a metal is to form on
its surface a less defective protective.

EXPERIMENTAL

In the present study, the electrochemical behavior
of 08kp steel in concentrated alkaline (AS) and sili-
cate-alkaline (SAS) solutions was analyzed. Polariza-
tion curves were measured by changing the potential
stepwise, from the range of active dissolution to re-
passivation, at 0.1-V intervals and keeping the steel
at each potential for 15 min. The measurements were

done at elevated temperature in an autoclave whose
design was described in [4].

The solutions employed were fabricated using
sodium hydroxide of analytically pure grade and high-
purity amorphous silicon dioxide with impurity con-
tent of less than 10�3%.

Corrosion cracking was studied under continuous
stretching stress on wire samples passed through a ves-
sel with a solution.

A study of the corrosion-electrochemical behavior
of iron and steel in AS and SAS at 80�C has shown
[5, 6] that, under the given conditions, the metals tend
to undergo passivation. The region of the passive state
is rather wide and lies within �0.8��0.4 V (relative
to silver chloride electrode). The stationary potential
of iron and steel in both the solutions is within the
range �0.3��0.4 V, which points to the possibility
of a spontaneous transition of metals to the passive
state. Therefore, under standard conditions, they spon-
taneously undergo passivation in an alkaline medium
at low temperature and dissolve at a slow rate.

It has been shown [5, 7, 8] that, although the pas-
sivating layer formed on iron in AS has complex com-
position and structure, the passivation of iron is due
to formation of an exceedingly thin surface layer of
iron oxide �-Fe2O3.

The equilibrium potential of the reaction of �-Fe2O3
formation in an AS containing 300 g l�1 NaOH is
�0.896 V at 20�C. If account is taken of a minor
overvoltage, this value is in good agreement with the
experimental passivation potential of iron, equal to
�0.85 V [5].

IR spectral and thermogravimetric studies of prod-
ucts formed in reaction of iron with alkaline solutions
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Fig. 1. Potentiostatic polarization curves for carbon steel
in (a) AS and (b) SAS at different temeratures. (i) Current
density, and (E ) potential. Temperature (�C): (1) 160,
(2) 180, (3) 200, and (4) 230.

have shown that these products are mostly composed
of amorphous hydrated iron oxides, which crystallize
in the course of time [9].

The fact that the dissolution rates at the corrosion
potential for iron in AS and SAS are equal indicates
that the nature of the compound responsible for the
metal passivation is the same. However, the corrosion
rate in the passive state is much lower in SAS, com-
pared with AS, and, in the state of active dissolution
(at potentials more negative than �0.85 V), this dif-
ference is also preserved [6].

The thin passivating film formed on iron in an AS
is not homogeneous in structure and electrochemical
properties. Some of its parts with defective structure,
which show the lowest degree of saturation of free

valences, become active centers of preferable adsorp-
tion of hydroxy ions [10]. Under the conditions of
SAS, there further occurs an adsorption-chemical in-
teraction between iron oxide and silicate ions pos-
sessing electron-donor properties. Monomeric SiO4

4�

ions, which are the most mobile, are adsorbed first.
This is also favored by the fact that distances between
metal ions in iron oxide and oxygen atoms in the
monomeric silicate ion are close (0.27 nm). As a re-
sult, first the structurally imperfect regions of the pas-
sivating film are healed, which leads to higher stab-
ility of the passivated state [6, 11], and then mono-
meric and more complex ions condense on the silicate
compound formed.

The part played by silicate ions in the enhancement
of the passive state consists in the formation of fer-
rosilicates of complex composition [9, 12] on certain,
energetically most favorable parts of the surface film
of the passivated metal. As a result, the passivated
state of the metal in SAS is determined by higher-
quality protective film with smaller number of defects.

The experimental data obtained are in good agree-
ment with the results of a study of the surface of pas-
sivated iron electrode at its interface with an alkaline
medium by impedance measurements. The passivating
film formed in SAS has lower capacitance and some-
what higher resistance than the film formed in AS,
with the above characteristics only slightly dependent
on the ac voltage frequency.

SAS exert similar influence on the corrosion-elec-
trochemical behavior of other metals�chromium, ni-
ckel, and molybdenum, and steels alloyed with these
elements [1, 13].

At 160�230�C (see Fig. 1a) the stationary po-
tentials of steel in an AS containing 300 g l�1 NaOH
are shifted with respect to those at low temperatures
toward negative values and fall within the active dis-
solution range. Their values are very close, and, there-
fore, as a characteristic of the corrosion resistance of
steel at various temperatures may serve anodic current
peaks in the polarization curves (see Fig. 1a), which
are due to the formation of a passivated film. With
increasing temperature, the rate of the anodic process
passes through a maximum, being the highest at 180�C.
These data are in agreement with the results obtained
in studying steel corrosion in an AS (300 g l�1 NaOH)
at various temperatures [14].

The rate of the anodic process in an SAS contain-
ing 300 g l�1 NaOH + 50 g l�1 SiO2 (see Fig. 1b) at
160�C at a potential of the onset of passivation under
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conditions of a stable passive state is lower than that
in AS. At 230�C, silicate ions stimulate dissolution
of steel in the active state. The onset of passivation
is observed at high current densities i. In the given
case, the abovementioned specific feature of the in-
fluence exerted by silicon dioxide is confirmed. This
feature consists in that the inhibiting action would
only be expected in those cases when the surface
layers on the metal possess, to lesser or greater extent,
protective properties [6].

Much later, a similar effect of healing action on
defects in an oxide film was also observed for mo-
lybdate ions in aerated aqueous media [15].

Previously [16], an assumption has been made that
the inhibiting action of minor additions of water-sol-
uble silicates on the steel corrosion in boiler water
is related to formation of solid ferrosilicate films.

As is known, an alkaline medium may cause cor-
rosion cracking of metals. This frequently occurs with
steels in passivated state, whose surface is covered
with a protective film. Under the influence of me-
chanic stresses, the film is weakened in places, and
then the construction steel, which, on the whole, re-
tains high stability against uniform corrosion, is sub-
jected to rather intensive intercrystallite or trans-
crystallite disintegration in separate zones. It can
be readily imagined how dangerous is this for appa-
ratus working under pressure.

A study of the kinetics of corrosion cracking dem-
onstrated that, owing to the higher passivating ca-
pacity of SAS, compared with AS, higher-quality and
stronger protective films are formed on the metal in
SAS. As a result, steel becomes more stable against
corrosion cracking. Also established was the effect of
silicon dioxide in SAS on the duration of tests under
stretching stress until appearance of corrosion cracks
and disintegration of a wire sample. For example, at
a SiO2 concentration of 100 g l�1 in SAS containing
300 g l�1 NaOH at 100�C, a wire sample of steel 10
disintegrates after approximately 3 months of tests,
whereas in AS with the same concentration of NaOH,
disintegration occurs already on the ninth day.

The presence of silicon ions largely eliminates
electrochemically heterogeneous regions on the sur-
face of the oxide film on the metal and prevents lo-
calization of the corrosion process, with, correspond-
ingly, the stability of steels against corrosion crack-
ing enhanced.

CONCLUSIONS

(1) A significant improvement of the corrosion
resistance of metals in concentrated alkaline solutions
in the presence of silicate ions is established.

(2) Silicate ions stimulate the corrosion process
in the region of active dissolution of metals.
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Abstract�The nature of the catalytic activity of defective calcium hydroxyapatites was studied. The activ-
ity of synthesized defective hydroxyapatites in vapor-phase dehydration of trimethylcarbinol, methylphenyl-
carbinol, �-hydroxyisobutyric acid, and in decomposition of 4,4-dimethyl-1,3-dioxane into isoprene was
analyzed.

Calcium phosphates, which have been described as
catalysts and supports for catalysts for hydration and
dehydration, vapor-phase hydrolysis, isomerization,
and alkylation [1, 2], were applied to industrial syn-
thesis of isoprene (in the second stage of decom-
position of 4,4-dimethyl-1,3-dioxane, DMD) [2�4].
We used in this process basic calcium phosphates
whose X-ray pattern is typical of stoichiometric cal-
cium hydroxyapatite Ca10(PO4)6(OH)2 (molar ratio
CaO/P2O5 = 3.34), but differ from it in their composi-
tion: the CaO/P2O5 ratio in these compounds varies
from 2.66 to 3.34. It has been shown in numerous
studies [2�7] that such calcium phosphates belong
to the series of defective calcium hydroxyapatites
(DCHA) with composition Ca10 � xHx(PO4)6(OH)2 � x or
Ca10 � x (HPO4)x (PO4)6 � x (OH)2 � x (where 0 � x � 2).

These compounds, which are derivatives of the
stoichiometric Ca10(PO4)6(OH)2 hydroxyapatite, have
been given their name because of the presence of a
calcium defect (calcium vacancy) in the structure. To
maintain the charge balance, one proton is �incor-
porated� into the lattice instead of each absent calcium
ion and one hydroxyde ion �is removed� [3, 6, 7].

Commercial DCHA-based catalysts developed with
the author’s participation (conventionally designated
as KF-70, KBF, and KBF-76) were successively in-
troduced into industrial practice and have been used
at Russian synthetic-caoutchouc plants in the second
stage of isoprene synthesis from isobutylene and
formaldehyde.

The KF-70, KBF, and KBF-76 catalysts have
aroused considerable interest of researchers. Results
obtained in studying their catalytic activity in dehy-
dration of aliphatic alcohols [8], isoamyl alcohol [9],

2-methyl butanol [10], and esters [11], and in other
thermocatalytic reactions [12] have been published.
Bett et al. [7], having generalized data on the com-
position and catalytic properties of DCHA, concluded
that their acidity and catalytic activity result from
the presence of protons in their structure. Protons in
DCHA are in the form of the hydrophosphate ions,
HPO4

2� [2, 3, 5, 6]. As a proof of the hypothesis, data
on dehydration of butanol-2 in the presence of a num-
ber of DCHA with varied degree of defectiveness
have been reported [10]. According to these data,
the activity of the catalysts grows with decreasing
CaO/P2O5 ratio in a sample, i.e., with increasing
amount of hydrophosphate ions in the structure of
hydroxyapatites [7, 13].

However, it has been shown by means of IR spec-
troscopy [4] that, within the operation temperature
range of DCHA-based catalysts (250�500�C), hydro-
phosphate ions react with one another rather rapidly
(within several hours) to be converted into condensed
phosphate ions PnO3n + 1

�(n + 2), with the catalyst retaining
its initial activity. Consequently, the acidity and cat-
alytic activity of DCHA cannot be directly determined
by the presence of HPO4

2� groups [4].

It seems more correct to suggest that the acidity
and catalytic activity of DCHA are determined by
the presence of a film of phosphoric acid formed on
the catalyst surface in the reaction of condensed phos-
phates with water at elevated temperature. The hy-
drolytic decomposition of condensed phosphates can
be schematically represented by the reaction

(n + 1)PnO3n + 1(solid)
�(n + 2) + H2O(vapor)

� (n + 2)Pn � 1 O3n � 2(solid)
�(n + 1) + 2H3PO4 (vapor).
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It seems that the greater the amount of phosphoric
acid in the film, the greater the amount of acid re-
moved on treating the catalyst with water vapor.

The aim of this study was to reveal the relationship
between the composition of defective calcium hy-
droxyapatites, the amount of phosphoric acid they
evolve, and their catalytic activity in dehydration of
alcohols and acids and in decomposition of DMD.

EXPERIMENTAL

As objects of study served DCHA samples with
varied defectiveness. The physicochemical parameters
of these compounds are listed in Table 1. According
to X-ray diffraction analysis, the samples have phase
composition of hydroxyapatite.

To determine the amount of phosphoric acid re-
leased by a catalyst, we put the samples in a quartz
reactor, which was placed, in turn, in an electric fur-
nace. Distilled water was delivered to the reactor
through an evaporator, using a controlled-volume
pump. The water vapor released from the reactor was
condensed in a condenser. We determined the content
of phosphoric acid in the condensate by the procedure
described in [14]. The method used allows phos-
phorus(V) to be determined only as orthophosphate
ions, and, therefore, to convert condensed phosphates
into orthophosphates, we boiled the samples before
measurements.

We studied the activity of DCHA as catalysts in
dehydration of trimethylcarbinol, methylphenylcar-
binol, and �-hydroxyisobutyric acid and in decom-
position of DMD. We tested the catalysts on the in-
stallation described above. The raw material was de-
livered into the reactor in a mixture with water, the
duration of an experiment was 2 h. The catalyzates
were analyzed by gas-liquid chromatography.

The dependence of the amount of H3PO4 released
by 1 m2 of the DCHA surface on the CaO/P2O5 ratio
is given in the figure. As the CaO/P2O5 ratio de-
creases, i.e., as the content of condensed phosphates
increases, the amount of released phosphoric acid
grows. The greatest amount of H3PO4 was observed
for the sample with the maximum defectiveness (sam-
ple no. 1). Stoichiometric hydroxyapatite (sample
no. 4) hardly releases any phosphoric acid.

Data on the catalytic activity of DCHA samples in
dehydration of trimethylcarbinol, methylphenylcar-
binol, and �-hydroxyisobutyric acid (conversion of
�-hydroxyisobutyric acid into methacrylic acid), and
in decomposition of DMD are listed in Table 2.

Table 1. Physicochemical properties of synthesized DCHA
samples with varied degree of defectiveness
����������������������������������������

Sample � CaO/P2O5, �
Ssp , m2 g�1 � Bulk density,

no. � mol/mol � � g cm�3

����������������������������������������
1 � 2.72 � 86 � 0.62
2 � 3.04 � 85 � 0.64
3 � 3.26 � 71 � 0.68
4 � 3.34 � 79 � 0.69

����������������������������������������

Table 2. Conversion of trimethylcarbinol, methylphenyl-
carbinol, �-hydroxy isobutyric acid, and 4,4-dimethyl-1,3-
dioxane at various CaO/P2O5 ratios in DCHA (weight
ratios: H2O : trimethylcarbinol = 1 : 1, H2O : methylphenyl-
carbinol = 1 : 1, H2O : �-hydroxyisobutyric acid = 4 : 1,
H2O : DMD = 2 : 1)
����������������������������������������

� � Conversion (%) at indicated
�

CaO/P2O5,
� volumetric rate of raw

T, �C �
mol/mol

� material supply, h�1

� �������������������������
� � 1 � 2 � 4 � 6 � 8

����������������������������������������
Trimethylcarbinol

300 � 2.72 � � � 99.7 � 97.0 � 91.2 � 63.0
� 3.04 � � � 93.0 � 74.0 � 68.5 � 44.6
� 3.26 � � � 30.9 � 19.8 � 16.4 � 9.7
� 3.34 � � � 7.6 � 9.8 � 4.4 � 1.1

Methylphenylcarbinol

250 � 2.72 � 99.5 � � � � � � � �

� 3.04 � 60.3 � � � � � � � �

� 3.26 � 21.6 � � � � � � � �

� 3.34 � 6.3 � � � � � � � �

�-Hydroxyisobutyric acid

280 � 2.72 � � � 97.7 � � � � � �

� 3.04 � � � 54.9 � � � � � �

� 3.26 � � � 15.3 � � � � � �

4,4-Dimethyl-1,3-dioxane

320 � 2.72 � 98.1 � 78.9 � 52.2 � � � 32.0
� 3.04 � 53.3 � 32.1 � 15.2 � � � 10.4
� 3.26 � 30.9 � 23.2 � 8.7 � � � 3.9
� 3.34 � 28.3 � 22.5 � 8.5 � � � 3.3

����������������������������������������

It was found that defective calcium hydroxyapatite
with the highest content of condensed phosphates (sam-
ple no. 1) is the most active in the reactions under
study and a sample of stoichiometric calcium hydroxy-
apatite has the lowest activity. Thus, the activity of
DCHA in dehydration of alcohols and acids and in
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Amount of phosphoric acid released by the DCHA surface,
A vs. CaO/P2O5 molar ratio. Temperature 300�C. Water
supply (vol/vol of catalyst per 1 h): (1) 16, (2) 8, (3) 4,
and (4) 2.

decomposition of DMD grows with increasing amount
of released phosphoric acid, which seems to be pres-
ent in the form of a film on the catalyst surface and is
removed when the catalyst is treated with water vapor.

To elucidate the part played by DCHA in the cat-
alytic reactions under study, we carried out exper-
iments on dehydration of trimethylcarbinol and de-
composition of DMD on quartz, to which phosphoric
acid was delivered during the experiment. In this case,
we hardly observed any dehydration of trimethyl-
carbinol or decomposition of DMD. This suggests that
phosphoric acid released by DCHA is present on its
surface as a relatively firmly adhering film, which
determines the catalytic activity of calcium phosphates
belonging to the hydroxyapatite structure.

CONCLUSIONS

(1) A set of calcium phosphate catalysts with var-
ious molar ratios CaO/P2O5 has been synthesized.
These catalysts are defective calcium hydroxyapa-
tites with composition Ca10�x(HPO4)x(PO4)6�x(OH)2�x
(0 � x � 2).

(2) Hydrophosphate ions HPO4
2� cannot be directly

responsible for the catalytic activity of defective cal-
cium hydroxyapatites, since they are converted to
condensed phosphate ions PnO3n + 1

�(n + 2) at the working
temperatures of the catalyst (250�500�C).

(3) The catalytic activity of defective calcium hy-
droxyapatites is determined by the release of phos-
phoric acid formed in the reaction of condensed phos-
phates with water. The acid is presumably present on
the catalyst surface in the form of a film.

(4) The catalytic activity of calcium hydroxyap-
atites in dehydration of trimethylcarbinol, methyl-
phenylcarbinol, and �-hydroxyisobutyric acid and
decomposition of 4,4-dimethyl-1,3-dioxane grows
with increasing amount of phosphoric acid released
by the catalysts.

REFERENCES

1. Freidlin, L.Kh. and Sharf, V.Z., Kinet. Kataliz, 1960,
vol. 1, no. 2, pp. 247�256.

2. Dykman, A.S., Batalin, O.E., Bitepazh, Yu.A., and
Osmolovskii, G. M., Abstracts of Papers, III Vseso-
yuznoye soveshchanie po fosfatam (III All-Union
Conf. on Phosphates), Riga, 1971, pp. 182�183.

3. Dykman, A.S., Batalin, O.E., Vasil’eva, T.M., et al.,
Abstracts of Papers, IV Vsesoyuznaya konferentsiya
�Fiziko-khimicheskoe issledovanie fosfatov� (IV All-
Union Conf. �Physicochemical Study of Phosphates�),
Minsk, 1976, pp. 105�106.

4. Dykman, A.S., Batalin, O.E., Baklanova, G.F., et al.,
Abstracts of Papers, IV Vsesoyuznaya konferentiya
�Fiziko-khimicheskoe issledovanie fosfatov� (IV All-
Union Conf. �Physicochemical Study of Phosphates�),
Minsk, 1976, pp. 104�105.

5. Posner, A.S. and Petroff, A., J. Res. Nat. Bureau
Stand., 1957, vol. 58, pp. 2761�2771.

6. Berry, E.E., J. Inorg. Nucl. Chem., 1967, vol. 29,
pp. 317�326.

7. Bett, J.A.S., Christner, L.G., and Hall, W.K., J. Am.
Chem. Soc., 1967, vol. 89, pp. 5535�5541.

8. Ogorodnikov, S.K., Katsnelson, M.G., Levin, Yu.M.,
et al., Osn. Org. Sintez Neftekhimiya (Yaroslavl’),
1989, no. 25, pp. 32�34.

9. Liakumovich, A.K., Guliyants, S.T., and Balandi-
na, N.A., Prom�st’. Sint. kauchuka, shin i rezino-
tekhnicheskikh izdelii, NTRS, Moscow, 1989,
no. 2, pp. 3�5.

10. Mazaeva, V.A., Slivinskii, E.V., Bol’shakov, D.A.,
and Loktev, S.M., Neftekhimiya, 1990, vol. 30, no. 3,
pp. 384�388.

11. Smagin, V.M., Popov, S.V., Kamneva, S.A., and
Strel’chik, B.S., Kinetika-4: Vsesoyuznaya konferen-
tsiya po kinetike geterogenno-kataliticheskikh reaktsii:
Materialy konf. (Proc. Kinetika-4: All-Union Conf. on
Kinetics of Heterogeneous Catalytic Reactions), Yaro-
slavl, 1988, Moscow, 1988, pp. 169�170.

12. Golovko, L.V. and Kashina, S.V., Proizv. Ispol’z.
Elastomerov, 1990, no. 4, pp. 9�11.

13. Bett, J.A.S. and Hall, W.K., J. Catal., 1968, vol. 10,
pp. 105�112.

14. Shafran, I.G., Pavlova, M.V., and Titova, S.A., Khi-
micheskie reaktivy i preparaty: Trudy IREA (Chemical
Reagents and Preparations: Proc. IREA), Issue 28,
Moscow, 1966.



1070-4272/03/7602-0229 $25.00 � 2003 MAIK �Nauka/Interperiodica�

Russian Journal of Applied Chemistry, Vol. 76, No. 2, 2003, pp. 229�233. Translated from Zhurnal Prikladnoi Khimii, Vol. 76, No. 2, 2003,
pp. 237�241.
Original Russian Text Copyright � 2003 by Lamberov, Romanova, Sitnikova, Gil’manov, Trifonov.

CATALYSIS����������������������������������� �����������������������������������

Changes in the Composition, Structure, and Activity
of Catalysts in Hydrogenation of Diene Hydrocarbons

of the C5�C9 Fraction of Pyrolysis Naphtha

A. A. Lamberov, R. G. Romanova, E. Yu. Sitnikova, Kh. Kh. Gil’manov, and S. V. Trifonov

Kazan State Technological University, Kazan, Tatarstan, Russia

Nizhnekamskneftekhim Open Joint-Stock Company, Nizhnekamsk, Tatarstan, Russia

Received June, 13, 2002

Abstract�A comparative study was performed of changes in the composition, structure, and catalytic activity
of catalysts in selective hydrogenation of C5�C9 fraction of pyrolysis naphtha. The main reasons for catalyst
deactivation in the course of industrial exploitation were considered.

At present, the stringent requirements are imposed
on the quality and purity of pyrolysis naphtha frac-
tion, in particular, on the content of diene hydrocar-
bon impurities. One of the most widespread methods
for removing such impurities is catalytic hydrogena-
tion [1]. Catalysts containing palladium supported by
aluminum oxide are the most efficient in hydrogena-
tion of diene hydrocarbons [2�7]. In spite of success-
ful exploitation of these catalysts in hydrogenation of
diene, the decrease in the catalyst activity is a serious
problem. Unfortunately, the reasons for catalyst de-
activation have not been analyzed previously, and
here we try to fill this gap.

It is known [8] that deactivation can occur because
of catalyst poisoning with toxic inorganic substances.
Another reason is blocking of the active centers of
the catalyst surface through deposition of coke.

In this work, we studied deactivation of catalysts
for selective hydrogenation of dienes of the C5�C9
fraction.

EXPERIMENTAL

Samples of a deactivated catalyst were taken from
various levels of a reactor, as shown in the scheme
(Fig. 1).

Low-temperature nitrogen adsorption, IR spectros-
copy, thermogravimetry, photocolorimetry, X-ray fluo-
rescence analysis, emission spectroscopy, and chemi-
cal analysis were used to study the composition, struc-
ture, and surface characteristics of the catalyst.

The specific surface area, porosimetric volume, and
pore volume distribution were measured by low-tem-
perature nitrogen adsorption on an ASAP-2400 Mi-
cromeritics device. To obtain adsorption-desorption
isotherms at 77 K, 0.8�1.0 g of the finely crushed cat-
alyst was placed in the analyzer ampule, which was
heated to 523 K, evacuated to 0.1 mm Hg for 4 h, and
then filled with nitrogen and weighed. Degassing was
performed to 0.03 mm Hg. In calculations, �(N2) was
taken to be 0.808 g cm�3, and the crosssection area of
the nitrogen molecule S, 0.1620 nm2. The pore vol-
ume and size distribution of pores were measured with
relative error of �13%, and the specific surface area,
with error of �3%. The curves of pore volume distri-
bution with respect to pore diameter were calculated
in terms of the cylindrical pore model [9].

Fig. 1. Scheme of the reactor and points of catalyst sampl-
ing (samples nos. 1�11).
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Table 1. Activity of fresh and spent catalyst for hydrogenation of pyrolysis naphtha (PN) (characteristics of the initial
PN: DN = 27.5 g of I2 per 100 g, BN = 83.8 g Br2 per 100 g)
������������������������������������������������������������������������������������

Testing conditions � Fresh sample � Sample no. 1 � Sample no. 11
������������������������������������������������������������������������������������

V, h�1 � H2/CG � Trawmat,
* K � DN � BN � DN � BN � DN � BN

������������������������������������������������������������������������������������
2 � 300 � 303 � 0 � 12.0 � 0 � 27.8 � 0.3 � 54.3
2 � 300 � 316 � 0 � 12.2 � 0 � 31.0 � 0.1 � 46.1
2 � 300 � 323 � 0 � 12.2 � 0 � 30.1 � 0 � 43.7
2 � 300 � 333 � 0 � 18.3 � 0 � 29.5 � 0 � 42.6
8 � 100 � 310�311 � 0 � 24.0 � 0 � 49.0 � 0.9 � 55.4

������������������������������������������������������������������������������������
* Temperature of the feed at the reactor inlet.

The IR spectra were measured at the temperature of
adsorption on a Shimadzu 8300 Fourier spectrometer
with resolution of 4 cm�1 and the number of scans
equal to 50. Carbon monoxide was used as a probe for
monitoring the state of the palladium surface [10, 11].

The content of Pd and Fe was monitored by X-ray
fluorescence and photocolorimetric analyses. The X-ray
fluorescence analysis was performed on a VRA-20
analyzer by the method of additives. The catalyst
was crushed to 0.2-mm powder, and 0.1-g sample
was added to 3 g of H3BO3, the mixture was thor-
oughly mixed, and pellets 39 mm in diameter were
compacted. An analytical signal from the pellet was
measured and compared with signals of two analogous
pellets in which the known portions of the analyzed
element were additionally introduced.

The content of palladium in the catalyst was moni-
tored photocolorimetrically by absorption of a green
palladium complex with Sn(II) chloride after recovery
of the metal from the calcined and finely divided cat-
alyst sample with a boiling mixture of hydrochloric,
nitric, and hydrofluoric acids.

The Fe content in the catalyst was monitored pho-
tocolorimetrically by absorption of the Fe(III) com-
plex with sulfosalicylic acid in aqueous ammonia.

The macro- and microelemental composition of
catalysts was monitored by emission spectrum ana-
lysis on a DFS-458 spectrometer and an MF-2 micro-
photometer, using an external reference (active Al2O3
with the known content of elements).

Calorimetric studies were performed on a DSK-111
Setaram calorimeter.

The catalytic activity was tested in a reactor with
working volume of the catalyst of 6�10 cm3 at a work-
ing pressure of 46 atm and temperature of 303�353 K,
feed space velocity of 2�4 h�1, and hydrogen to feed
ratio from 100 : 1 to 300 : 1. Preliminarily, samples

were reduced in the reactor. A 0.25�1.00-mm fraction
of the catalyst was taken.

The diene number (DN) was determined by the re-
action of unsaturated compounds, containing conju-
gated double bonds, with maleic anhydride in boiling
toluene in the presence of iodine. The bromine num-
ber (BN) was found as the amount of bromine react-
ing with an aliquot portion of the feed. BN charac-
terizes the content of components reacting with bro-
mine only and determines the olefinic unsaturation of
the compounds.

To monitor the changes in the catalyst activity in
the course of exploitation, we studied the activity of
the fresh catalyst and catalyst samples after a year
of their operation in hydrogenation of the C5�C9 frac-
tion (nos. 1 and 11; Table 1).

As seen from Table 1, under the same conditions,
the BN of the catalyzate obtained with catalyst sam-
ples nos. 1 and 11 is higher than that with the fresh
catalyst, which indicates a substantial decrease in
the catalyst activity in the course of exploitation. In
addition, the catalyst is deactivated to a greater extent
in the lower part of the reactor than in the upper part,
as indicated by an increase in BN and appearance of
diene compounds in the catalyzate for sample no. 11
at a temperature lower than 316 K.

To reveal the reasons for deactivation, we studied
evolution of the composition and surface and struc-
tural characteristics of the catalyst. The pore structure
of the catalyst was monitored in the course of its de-
activation by low-temperature nitrogen adsorption.
The specific surface area, pore volume, pore diameter
distribution, and peaks in the distribution and their
intensities are listed in Table 2. The absolute values
of the pore volume within various intervals of pore
diameters and contribution of these fractions to the
total pore volume were also calculated. As seen from
Table 2, the content of fine pores (about 35 �) de-
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Table 2. Changes in characteristics of the catalyst pore structure in the course of its exploitation
������������������������������������������������������������������������������������

� � �
Aver-

� Specific volume V (cm3 g�1) of pores with � Maxima of pore distribution
� � �

age
� indicated diameter d (�) and its frac- � dmax (�) and their

Sam-� Ssp, � Vpore,
�

pore
� tion relative to the total pore volume �, % � intensity I � 105, cm3 (� g)�1

� � � ��������������������������������������������������������������� � �
diam-ple �m2 g�1

� cm3 g�1
�

eter,
� <50 � 50�100 � >100 � 1 � 2 � 3 � 4*

� � � ��������������������������������������������������������������
� � �

�
� V � � � V � � � V � � �dmax� I �dmax� I �dmax� I �dmax� I

������������������������������������������������������������������������������������
Fresh� 66.0 � 0.3823 �231.0�0.0122� 3.2 �0.0228� 6.0 �0.3474� 90.9 � 35 �130�125�123�165�120�250�50

� � � � � � � � � � � � � � � � �
no. 1 � 64.1 � 0.3893 �242.0�0.0105� 2.7 �0.0205� 5.3 �0.3583� 92.0 � 35 �115�125�125�165�123�240�55
no. 2 � 64.1 � 0.3974 �247.0�0.0088� 2.2 �0.0188� 4.7 �0.3698� 93.1 � 34 � 95�135�134�164�135�250�58
no. 5 � 64.0 � 0.3972 �246.0�0.0101� 2.5 �0.0204� 5.1 �0.3667� 92.3 � 35 �109�125�126�162�126�250�55
no. 6 � 63.1 � 0.3844 �244.0�0.0096� 2.5 �0.0194� 5.0 �0.3554� 92.5 � 34 �103�130�126�168�126�250�55
no. 11� 62.0 � 0.3637 �234.0�0.0088� 2.4 �0.0168� 4.6 �0.3380� 92.9 � 34 � 92� � � �165�126�250�55
������������������������������������������������������������������������������������
* Maximum as shoulder.

creases in the course of catalyst exploitation by ap-
proximately 10�20% throughout the reactor volume,
which insignificantly decreases the specific surface
area of the catalyst.

The distribution of pore volumes with respect to
diameter for the fresh catalyst and that after 1-year
operation, taken from different levels of the reactor
(samples nos. 1 and 11), is shown in Fig. 2. Two
maxima peaks are seen: narrow at 35 � and broad
at 125�165 �. The major fraction of the total pore
volume belongs to pores with diameter greater than
100 � (90.0�92.9%).

The greatest changes in the catalyst pore structure
occur in the lower part of the reactor (sample no. 11):
the fraction of small pores decreases, the peak of large
pores shifts from 125�145 to 160 � (Fig. 2), which
corresponds to a decrease in the total pore volume
(Table 2). Thus, in the course of the catalyst opera-
tion, the pore structure changes, with these changes
being the most pronounced for the catalyst in the low-
er part of the reactor.

To reveal the probable deactivating effect of inor-
ganic substances sorbed on the catalyst surface, we
determined the elemental composition of the catalyst
samples. It should be noted that the catalyst samples
taken from the upper (no. 1) and lower (no. 11) parts
of the reactor substantially differ in color. Samples tak-
en from the upper level had reddish color due to sub-
stantial amounts of dusty particles, probably, iron(III)
oxide. These particles were readily removed by ex-
pulsion or by washing with 0.1 M HCl. At the lower
levels of the reactor, a part of the catalyst had a dark
color. In deactivated samples, the content of the active

component, Pd, was determined photocolorimetrical-
ly (after chemical dissolution of the catalyst) and by
X-ray fluorescence analysis (without preliminary prep-
aration in the form of granules). It was found that the
Pd content in the spent catalyst varies insignificantly

Fig. 2. Distribution of specific pore volume V with respect
to diameter d for samples: (1) fresh, (2) spent no. 1, and
(3) spent no. 11.
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Table 3. Elemental composition of hydrogenation catalyst
����������������������������������������

Element
� Content (wt %) in a sample
��������������������������������
� standard � fresh � no. 1 � no. 11

����������������������������������������
Al � >30 � >30 � >30 � >30
Be � 0.00110 � 0.00018 � 0.00021 � 0.00016
Ca � 1.40000 � 0.00550 � 0.02700 � 0.02700
Cr � 0.00380 � 0.00030 � 0.00310 � 0.00016
Cu � 0.02900 � 0.00010 � 0.00090 � 0.00050
Mg � 1.10000 � 0.01500 � 0.08400 � 0.01700
Mn � 0.01400 � 0.00080 � 0.00870 � 0.00120
Na � 0.03000 � 0.18000 � 0.23000 � 0.18000
Ni � 0.00370 � 0.00080 � 0.00170 � 0.00120
Pb � 0.00140 � 0.00060 � 0.00160 � 0.00070
Si � 0.16000 � 0.04600 � 0.07300 � 0.07300

����������������������������������������

(within the limits of the experimental error) as com-
pared to samples of the fresh catalyst. Thus, the de-
crease in the catalyst activity is not associated with
Pd loss.

Fig. 3. Distribution of the iron(III) content in the catalyst
throughout the reactor. (N) number of a sampling point.

Fig. 4. Calorimetric analysis of spent catalyst samples
(1) no. 1 and (2) no. 11.

Fig. 5. IR spectra of CO adsorbed on metal Pd particles
of (1) fresh catalyst, (2) spent sample no. 1, and (3) spent
sample no. 11. (A) Adsorption and (�) wave number.

The Fe(III) content in the catalyst was found by
X-ray fluorescence and photocolorimetric analyses.
The data obtained show that in the spent catalyst the
Fe(III) content increases as compared to the fresh sam-
ple (0.023 wt % Fe). The distribution of Fe(III) in the
catalyst throughout the reactor is shown in Fig. 3. As
seen, a higher Fe(III) content is observed in the upper
layers of the catalyst, with the content of Fe(III) in
sample no. 1 exceeding by a factor of 6�10 that in sam-
ple no. 11). Thus, in the course of exploitation, Fe(III)
oxide accumulates in the upper layers of the catalyst,
where it forms a dust sediment on the granule surface.

The microelement composition of the catalyst sam-
ples determined by emission spectral analysis is shown
in Table 3. Preliminarily, samples were cleaned to
remove the dust. Granules of reddish (sample no. 1)
and dark (sample no. 11) color were taken.

As seen, chromium, copper, magnesium, manga-
nese, and lead compounds are accumulated in the
upper part of the reactor. The content of chromium,
copper, and manganese in the upper part of the reac-
tor increases as compared to the fresh catalyst sample
by approximately a factor of 10, and the content of
magnesium and lead, by factors of 6 and 3, respec-
tively. In the lower catalyst layers, the content of the
above elements is less than that in the upper catalyst
layers. Thus, in the course of the catalyst exploitation,
catalytic poisons delivered with the feed are accumu-
lated on the catalyst surface. However, the absolute
amount of the above metals is small, and we cannot
suggest that their accumulation is the main reason for
the catalyst deactivation.

To reveal the nature of agents deactivating the cat-
alyst surface, we performed a DSC study of the fresh
catalyst and spent sample nos. 1 and 11 (Fig. 4). All
the samples show an endothermic effect at 357 K,
which is accompanied by weight loss within the 313�
393 K range. This effect is caused by water desorption
from the catalyst surface. In addition, two exothermic
effects are observed at 423�540 and 582�602 K for
samples of spent catalyst. Since Al2O3 undergoes no
phase transitions within these temperature intervals
[12], we can suggest that these effects correspond to
combustion of the organic compounds (various poly-
mers, coke) formed on the catalyst surface. The in-
tensities of the effects for sample nos. 1 and 11 relate
as about 1 : 4, which indicates that sample no. 11
contains a greater amount of coke, which obviously
blocks the catalyst activity.

The IR data also indicate blocking of the catalyst
active centers in deactivation. The IR spectrum of CO
adsorbed on Pd metal particles (Fig. 5) shows that
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the catalyst surface changes in deactivation. The spec-
trum of the fresh sample is characterized by intense
bands at 1927 and 1978�2000 cm�1, assigned to �(CO)
of Pd�CO and Pd�C(O)�Pd groups [13]. The absorp-
tion of sample no.1 in this spectral region is similar.
By contrast, sample no. 11 shows virtually no absorp-
tion in the 1978�2000 cm�1 range, and the intensity
of the band at 1927 cm�1 is substantially lower. These
results show that the number of Pd atoms accessible
to chemisorption of CO in the catalyst that has oper-
ated in the lower part of the reactor decreases. The de-
crease in the catalyst activity in the course of hydro-
genation of pyrolysis naphtha is probably due to a de-
crease in the number of the reactive Pd particles on
the catalyst surface, resulting from their blocking by
the organic deposits.

CONCLUSION

Deactivation of the catalyst in the upper and lower
parts of the reactor is caused by different factors:
in the upper parts, it is due to accumulation of cata-
lytic poisons, namely, chromium, copper, manganese,
magnesium, and lead compounds delivered to the re-
actor with the feed; in the lower parts, it is due to
blocking of the active centers by organic deposits.
Deactivation substantially affects the catalyst pore
structure: the fine pore constituent and the number
of Pd particles accessible to molecules of the feed
decrease.
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Abstract�Hydrogenation and isomerization of �-pinene on heterogeneous catalysts were studied, and con-
ditions were found for hydrogenation of pinene to cis-pinane on nickel catalysts and for its dehydrogenation
to p-cymene on decationized zeolite Y.

�-Pinene, which is a bicyclic monoterpenoid, is
an important product of wood chemical industry.
�-Pinene widely occurs in nature; it is present in
oils obtained from most of coniferous tree species and
is the major component of turpentine. Due to the pres-
ence of a double bond and a strained four-membered
ring, �-pinene readily undergoes various transforma-
tions, primarily hydrogenation and skeleton isomeri-
zation [1�3].

�-Pinene is widely used in industry, in particular,
in production of synthetic camphor, camphene, myr-
cene, fragrances (linalool, citronellol, geraniol, pino-
carveol, myrtenol, etc.), and paint-and-varnish materi-
als [1�3].

The �-pinene hydrogenation product, pinane, is
also an important chemical: its autooxidation yields a
stable hydroperoxide used as initiator of low-tempera-
ture copolymerization of butadiene with styrene [4].

Pinane required for preparing the hydroperoxide is
usually synthesized by hydrogenation of �-pinene
with molecular hydrogen on metal- containing cata-
lysts [5�10]. In particular, it has been suggested [5, 6]
to use supported Ru- and Pd-containing catalysts for
�-pinene hydrogenation. Hydrogenation of �-pinene
can also be performed on Ni- containing catalysts, but
under more severe conditions: pH2

� 1.0 MPa and
reaction time no less than 14�20 h [7�10].

Our goal was to find catalysts effecting hydrogena-
tion of �-pinene to pinane under mild conditions
(pH2

� 0.6 MPa, T � 150�C). The major attention was
given to hydrogenation of �-pinene on Pd- and Ni-

containing catalysts for hydrogenation of other or-
ganic substances, commercially produced in Russia.

EXPERIMENTAL

Experiments on �-pinene transformations were per-
formed in a 100-ml isothermal pressure reactor con-
taining a finely dispersed (0.04�0.1 mm) catalyst;
the ideal mixing mode was ensured by vigorous shak-
ing. The amount of loaded �-pinene was 50 ml, and
the amount of the catalytic system relative to sub-
strate, cc = 1�10 wt %. The temperature in the reactor,
Tr, was varied from 20 to 150�C, and the hydrogen
pressure, pH2

, from 0.2 to 1.0 MPa. Also, hydrogena-
tion of �-pinene was studied in a tubular bubbling re-
actor charged with a pelletized catalyst (Vc = 100 ml);
the process was performed in a flow of hydrogen, in
the batch mode with respect to �-pinene.

The IR spectra were recorded on a UR-20 spec-
trometer; samples were prepared as KBr pellets, mulls
in mineral oil, or neat liquids. The 1H and 13C NMR
spectra were recorded on a Jeol FXQ spectrometer (90
and 22.5 MHz, respectively) in CDCl3 solutions; the
chemical shifts (�, ppm) are given relative to TMS.
The mass spectra (70 eV) were taken on a Finnigan
MAT-112S gas chromatograph�mass spectrometer.
A chromatographic analysis was performed with a
Chrom-5 chromatograph, column length 1.2 m, sta-
tionary phase 5% SE-30 on Chromaton N-AW-HMDS,
carrier gas helium.

The reaction was performed with sulfate �-pinene
purified by distillation (99.0 wt % purity). The reac-
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tion products (pinane, dipentene, terpinolene, cam-
phene, p-cymene) were isolated by fractional distilla-
tion in a vacuum (purity no less than 98.0 wt %,
according to GLC) and identified by IR, 1H NMR,
and 13C NMR spectroscopy and by refractive indices,
using reference samples and published data [1�11].
The cis configuration of pinane prepared on the nickel
catalyst follows from the signal pattern given by the
gem-dimethyl (C9, C10; � 1.02�1.04 ppm) and C8

methyl groups (� 1.18 ppm) [1�11].

cis-Pinane (2,6,6-tetramethylbicyclo[3.1.1]hep-
tane). Yield about 100%; bp 166�167�C, nD

20 1.4624.
IR spectrum (thin liquid film), �, cm�1: 750, 790,
850, 950, 995, 1005, 1025, 1045, 1100, 1120, 1150,
1220, 1250, 1275, 1320, 1340, 1360, 1370, 1380,
1452, 1458, 1465, 2895. 1H NMR spectrum (CDCl3),
�, ppm: 1.02 d (3H, C10H3), 1.04 s (3H, C9H3), 1.18 s
(3H, C8H3), 1.26�1.36 m (3H, C1H, C2H, C5H),
1.66�2.44 m (6H, C3H2, C4H2, C6H2). 13C NMR
spectrum (CDCl3), �C, ppm: 23.06 (C9), 23.39 (C10),
24.17 (C8), 26.83 (C4), 28.52 (C3), 34.25 (C6), 36.25
(C2), 39.06 (C7), 41.72 (C5), 48.49 (C1). Mass spec-
trum, m/z (Irel, %): 41 (100), 35 (86.2), 95 (74.4),
39 (59.2), 27 (58.7), 82 (57.2), 83 (53.9), 67 (49.3),
69 (49.3), 81 (45).

Found, %: C 86.86; H 13.11.
C10H18.
Calculated, %: C 86.88; H 13.12.

p-Cymene (1-methyl-4-isopropylbenzene). Yield
about 80%, bp 177�177.57�C, nD

20 1.4624. IR spec-
trum (thin liquid film), �, cm�1: 690, 767, 860, 1040,
1095, 1170, 1192, 1520, 1618, 1690, 1820, 2860,
2915, 3010. 1H NMR spectrum (CDCl3), �, ppm:
1.02 d (3H, C10H3), 1.17 s (3H, C8H3), 1.25 s (3H,
C9H3), 2.26 s (3H, C10, CH3), 2.66�2.98 m (1H,
C7H, CH), 7.06 s (4H, C2H, C3H, C5H, C6H, arom.).
13C NMR spectrum (CDCl3), �, ppm: 20.98 (C10),
24.17 (C8, C9), 33.79 (C7), 126.26 (C3, C5), 135.04
(C1), 145.84 (C4). Mass spectrum, m/z (Irel, %): 119
(100), 134 (23.7), 91 (16.1), 39 (10.1), 120 (9.7), 41
(7.6), 27 (6.6), 77 (6.6), 17 (6.6), 65 (6.2).

Found, %: C 89.45; H 10.52.
C10H14.
Calculated, %: C 89.49; H 10.51.

Preliminary experiments showed that �-pinene
undergoes no thermal transformations under the con-
ditions examined (T � 160�C, nitrogen pressure p �
0.8 MPa). In the presence of �-Al2O3, SiO2 (kieselguhr
or KSM synthetic silica gel), or Sibunit [12], used as
supports for the tested catalysts, the maximal conver-
sion of �-pinene under the above conditions did not

Fig. 1. Variation with time � of the conversion of �-pinene,
xpinene, in its hydrogenation on palladium catalysts (150�C,
2 h, pH2

= 0.6 MPa, cc = 10 wt %): (1) 2 wt % Pd/Sibunit,
(2) 2 wt % Pd/�-Al2O3, and (3) 0.5 wt % Pd/�-Al2O3.

exceed 3�5 wt %, with the major transformation prod-
uct being the isomer of �-pinene, dipentene. Similar
results were obtained with hydrogen taken instead of
nitrogen. Thus, the concentration of catalytically ac-
tive centers on the surface of these supports is low.

However, �-pinene showed an unusual behavior on
decationized zeolites of various structural types (mor-
denite, Y) whose surface contains Brønsted (B�) acid
centers with different strengths [13].

If the reaction is performed on mordenite in the H
form under N2, the conversion xpinene (wt %) of �-pi-
nene at 150�C, pressure of 0.3 MPa, and cc = 10 wt %
reaches 75% in 2 h. The reaction products contain
dipentene, terpinolene, and camphene (1 : 1 : 0.1):
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On 	50% decationized zeolite Y, whose surface
contains stronger B� centers, �-pinene undergoes not
only isomerization, but also dehydrogenation yielding
p-cymene:

����
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�����
	

	 �

���
������

NaAY

�
p-Cymene�-Pinene

This reaction may be of considerable practical
interest owing to a high (	80% based on the initial
�-pinene) yield of p-cymene.

When �-pinene is heated in an H2 atmosphere in
the presence of Pd- and Ni-containing catalysts sup-
ported by �-Al2O3, SiO2, or Sibunit, the major reac-
tion pathway is hydrogenation to pinane:
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Fig. 2. Conversion of �-pinene, xpinene, on GM-3 catalyst vs. hydrogen pressure pH2
. Reaction time 6 h. cc, %: (a) 1.5 and

(b) 3. T, �C: (a) (1) 150, (2) 100, and (3) 75; (b) (1) 130, (2) 100, and (3) 50.
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Figure 1 shows variation of the �-pinene conver-
sion, xpinene, with time on various Pd-containing
catalysts. The highest conversion is observed on
2 wt % Pd/Sibunit (IK-53 brand). The highest activity
of this catalyst is probably due to the largest surface
area of the metal. At the same time, all the catalysts
exhibit similar selectivities: The yield of pinane based
on the converted �-pinene is 92�95% with all the
catalysts.

Usually, hydrogenation catalysts are subjected be-
fore use to reductive hydrogen treatment. It is known
[14] that too high treatment temperatures may affect
the ratio of the hydride and atomic hydrogen species
in the catalyst and hence the catalytic activity. How-
ever, when the hydrogen treatment temperature was
raised from 100 to 300�C, the Pd-containing catalysts
we studied did not show such an effect.

Table 1. Hydrogenation of �-pinene on the commercial
Ni/kieselguhr catalyst at pH2

= 0.6 MPa
����������������������������������������

cc, wt % � Tr, �C � �, h � xpinene,
* wt %

����������������������������������������
2.5 � 130 � 4 � 78.0
2.5 � 150 � 4 � 100.0
5.0 � 100 � 4 � 45.0
5.0 � 130 � 4 � 100.0
5.0 � 150 � 2 � 100.0

����������������������������������������
* (xpinene) Conversion of �-pinene (selectivity with respect to

pinane is close to 100%).

In production of isoprene, admixtures of acetylenic
hydrocarbons are hydrogenated on nickel silicate cata-
lysts which are prepared by precipitation of basic
nickel(II) carbonate on kieselguhr, followed by filtra-
tion, washing, drying, pelletizing, and reductive de-
composition [15]. The catalysts contain 25 to 50 wt %
nickel.

Experiments on hydrogenation of �-pinene on the
catalyst produced using this procedure by the Kau-
chuk Private Company showed that the complete con-
version of �-pinene with quantitative yield of pinane
is attained in 2 h at 150�C and pH2

= 0.6 MPa with
the 0.04�0.1-mm fraction of the catalyst obtained by
crushing the pellets and activated at 400�C in a hy-
drogen flow for 2 h (Table 1).

A still more active powdered nickel-containing cat-
alyst GM-3 was obtained [15] when the drying of
the catalyst mass and its activation in a hydrogen flow
(	400�C, 2�4 h) were combined in a single stage.
The results of hydrogenation on the catalyst prepared
by this procedure are shown in Fig. 2.

As seen from Fig. 2, GM-3 catalyst is more active
than all the catalysts studied previously.

Gan [15] has shown that the pore volume, overall
specific surface area, and specific surface area of
metallic nickel in GM-3 catalyst are 2�3 times higher
compared to the catalyst prepared by the conventional
procedure and amount to 0.5�0.56 cm3 g�1, 250�
280 m2 g�1, and 100�130 m2 g�1 Ni, respectively.
It is known that, after decomposition of basic nickel
carbonate, Ni/kieselguhr catalysts contain a readily
reducible phase of nickel oxide and also nickel hydro-
silicates, which are reduced at temperatures above
300�C. We found that GM-3 catalyst samples pre-
pared by reduction in an H2 flow at 400�450�C for
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Table 2. Influence of temperature T and time � of reduc-
tion of GM-3 catalyst on the conversion of �-pinene,
xpinene (100�C, pH2

= 0.3 MPa, hydrogenation time 2 h,
cc = 3.0 wt %)
����������������������������������������

T, �C � �, h � xpinene, wt %
����������������������������������������

350 � 4 � 60.2
350 � 8 � 60.8
400 � 2 � 90.6
400 � 3 � 100.0
450 � 2 � 95.3
450 � 3 � 100.0
500 � 2 � 85.0
500 � 3 � 79.0

����������������������������������������

2�3 h are the most active in �-pinene hydrogenation
(Table 2).

The lower activity of the catalyst samples reduced
at T � 350�C is probably due to incomplete reduction
of nickel hydrosilicates; treatment at temperatures ex-
ceeding the optimum (at 500�C) also results in lower
catalyst activity, probably due to partial sintering of
the forming nickel crystallites.

The stability of the catalytic properties of nickel
silicate systems in hydrogenation of �-pinene was
studied in a tubular bubbling reactor with a commer-
cial sample of pelletized Ni/kieselguhr catalyst re-
duced in a hydrogen flow at 350�C for 6 h. We found
that, at 150�C, outlet hydrogen pressure of 0.4 MPa,
and molar ratio �-pinene : H2 = 1 : 2, complete con-
version of �-pinene into pinane was observed within
5�6 h, and the catalytic properties of the sample did
not change after ten operation cycles. An important
feature of the Ni-containing catalyst is that it allows
hydrogenation of �-pinene to pinane with 96% selec-
tivity.

CONCLUSIONS

(1) Hydrogenation of �-pinene on Pd- and Ni-
containing heterogeneous catalysts was studied, and
conditions were found for selective preparation of
pinane: 150�C, 2 h, pH2

= 0.6 MPa, commercial
Ni/kieselguhr catalyst activated in an H2 flow at 400�
450�C for 2�3 h.

(2) p-Cymene was prepared in high yield (80%)
by isomerization and dehydrogenation of �-pinene on
50% decationized zeolite Y at 150�C for 2 h in the
presence of N2 (p = 0.3 MPa).
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Abstract�The method of capillary electrophoresis was applied to separate and quantitatively determine her-
bicides belonging to the class of chlorophenoxycarboxylic acids: 2,4-dichlorophenoxyoleic, 2,4-dichlorophen-
oxypropionic, 2,4,5-trichlorophenoxyacetic, 2,4-dichlorophenoxyacetic, and phenoxyacetic, and the final prod-
uct of their decomposition in an aqueous medium of 2,4-dichlorophenol. The influence exerted by �- and �-
cyclodextrin on the selectivity of the separation system under study was analyzed. The hindering effect of humic
acids on the separation and determination of phenoxycarboxylic acids by capillary electrophoresis was assessed.

Gas chromatography [1, 2] and high-efficiency liquid
chromatography [3, 4], most widely used to analyze
pesticides of the type of chlorophenoxycarboxylic acids,
require prolonged sample preparation, which includes
derivation, and sophisticated and expensive equip-
ment. A fast, simple, and sufficiently reliable method
for analysis of herbicides is capillary electrophoresis
[5�10]. This technique for electromigration separation
of ions is based on their different velocities of motion
in an electric field, depending on charge and ionic ra-
dius. Being an intraphase separation technique, the
capillary electrophoresis is inferior to gas chromatog-
raphy and high-efficiency liquid chromatography in
selectivity, but much exceeds them in efficiency.

The most widely used as herbicides are chloro-
phenoxycarboxylic acids (PCA) and their derivatives:
2,4-dichlorophenoxyoleic (2,4-DO), 2,4-dichloro-

phenoxypropionic (2,4-DP), 2,4,5-trichlorophenoxy-
acetic (2,4,5-T), 2,4-dichlorophenoxyacetic (2,4-D),
2-methyl-4-chlorophenoxyacetic (2M-4C), and phen-
oxyacetic (PAA) acids.

�
�

�

R4

R2

R3� �O�R1�COOH�
�

�

R4

R2

R3� �O�R1�COOH

The presence of halogen atoms in PCA molecules
ensures higher herbicide activity, which is at a max-
imum with two chlorine atoms in the benzene ring,
i.e., in the case of 2,4-D and its homologues.

The properties of some frequently used (and, con-
sequently, controlled for residual content) herbicides
are illustrated in Table 1. A relatively low persistence

Table 1. Selected properties of the most frequently used herbicides of the PCA class
������������������������������������������������������������������������������������

Com- � M, � � � Substituent � Solubility � MPC
� � � ���������������������� �� � Tm , �C � pKa � � in water at 20�C, � in water,

pound � g mol�1
� � � R1 � R2 � R3 � R4 � g l�1 � mg l�1

������������������������������������������������������������������������������������
PAA � 152.2 � 99 � Not found �CH2 � H � H � H � 12 �1.0* [11]
2,4-D � 221.04 � 141�142 � 2.64 �CH2 � Cl � Cl � H � 0.540 �0.03* [11], 1.0** [12]
2M-4C � 200.5 � 118�120 � 3.07 �CH2 � CH3 � Cl � H � 1.5 �0.02** [12]
2,4,5-T � 255.5 � 153�156 � 2.85 �CH2 � Cl � Cl � Cl � 0.278 �U.f.***

2,4-DP � 235.1 � 117�119 � 3.0 �(CH2)2� Cl � Cl � H � 0.35 �0.50* [11], 0.62** [12]
2,4-DM � 249 � 117�119 � 4.8 �(CH2)3� Cl � Cl � H � 0.053 �0.01* [11]

� � � � � �2,4-DCP� 163.01 � 43�45 � 7.9 � C6H3(Cl)2OH � 4.5 �0.002** [12]
������������������������������������������������������������������������������������
* Maximum permissible concentration (MPC) in drinking water. ** MPC in natural water. *** Use forbidden.
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has been observed for this class of ecotoxicants; their
highest stability (300�500 days) is typical of soils,
and the lowest (120 days), of water bodies [13].
The stability of herbicides in various media depends
both on their physicochemical characteristics and on
the nature of a biological medium, temperature, hu-
midity, UV radiation, etc. The class of PCA belongs
to medium-toxicity compounds. Nevertheless some
PCA representatives exhibit postponed toxic effects.
For example, 2,4,5-T is characterized by embryotropic
effect, and use of this preparation in Russia is pro-
hibited. Mention should be made of the importance
of determining, together with residual amounts of
herbicides, also the content of their decomposition
products, many of which also exert toxic influence on
the environment. For PCA, such an accesory com-
ponent is 2,4-dichlorophenol (2,4-DCP).

As already noted, capillary electrophoresis, being
highly efficient, is, however, characterized by insuf-
ficient selectivity. Use of macrocyclic agents (crown
ethers, cryptands, cyclodextrins) as additives to the
leading electrolyte allows control over the selectivity
of separation of complex mixtures of organic and in-
organic compounds, owing to, in the first place, the
unique ability of microcycles to form inclusion com-
plexes of the host�guest type with the substances
being analyzed [14].

Natural cyclodextrins (CD) are nonionic macrocy-
clic chiral carbohydrates composed of D�(+) residues
of glucopyranose (each in chair conformation) inter-
connected by �-1,4-bonds. The CD molecules have
the shape of a truncated cone with hydrophobic inner
cavity and hydrophilic outer part (with primary hy-
droxy groups at the narrower end, and secondary, at
the wider one). The identification is based on inclu-
sion of bulky hydrophobic fragments of substances
being analyzed into the CD cavity and interaction of
secondary hydroxy groups of the macrocycle with po-
lar groups of a component. The possibility of forma-
tion of inclusion complexes is determined by steric
factors (matching between the size of the CD cavity
and that of a molecule being analyzed), hydrophobic
interactions, solvation effects, and hydrogen bonding
[15]. The most widely used and commercially avail-
able are �-, �-, and �-CD having, respectively, 6, 7,
and 8 glucopyranose residues (�-CD occupying an in-
termediate position as regards the cavity size is in
the highest demand). Figure 1 shows structural for-
mulas and schematic images of �- and �-CD mole-
cules. In capillary electrophoresis, CD is included in
the main electrolyte, with the selectivity of the sep-
aration system depending on the type and concentra-

Fig. 1. Structural formulas and schematic images of mol-
ecules of (a) �- and (b) �-CD.

tion of a macrocycle used, presence of organic mod-
ifiers in the buffer solution, and temperature.

The aim of this study was to develop a procedure
for determining PCA concentrations in natural, drink-
ing, and waste water that would include their separa-
tion and final determination by capillary zone elec-
trophoresis, with preliminary concentration by solid-
phase extraction.

EXPERIMENTAL

As standards were used the following acids: PAA,
2,4-D, 2M-4C, 2,4,5-T, 2,4-DP, 2,4-DM (Supelco,
USA); 2,4-DCP (Ekros, St. Petersburg). As macro-
cyclic additives served �- and �-CD (Supelco, USA).
The leading electrolyte was prepared from sodium
tetraborate (standard buffer solution). The preparation
of humic acids was extracted from soil by the standard
method [16]. Acetone, acetonitrile, and hydrochloric
acid were of chemically pure grade. The cartridges
for concentration were of the Diapak S16 type (Bio-
KhimMak Joint-Stock Society, Moscow).

A Kapel’-105 unit for capillary electrophoresis
with alternating polarity and SF detector (Lyumeks
Research and Production Company for Analytical
Instrument Making, St. Petersburg) was used.

As auxiliary devices served rotary evaporator,
water-jet pump, and centrifuge. The data acquisition
and processing were done using an IBM PC with
Multikhrom software (Ampersend Joint-Stock Com-
pany, Moscow).
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Fig. 2. Separation of PCA and 2,4-DCP by capillary
zone electrophoresis. Capillary: quartz, effective length
60 cm, inner diameter 75 �m; leading electrolyte: borate
buffer solution, 10 mM, pH 9.2; sample introduction at
30 mbar � 15 s; working voltage +20 kV; detection: UV,
205 nm; temperature +20�C; the same for Fig. 4. Concen-
trations of components to be determined (mg l�1): (2,4-
DM, 2,4-DP, 2,4,5-T) 2 and (2,4-D, 2,4-DCP, PAA) 1;
the same for Figs. 3 and 4. (A ) Optical density and (t) time;
the same for Figs. 3 and 4. Component: (1) 2,4-DM,
(2) 2,4-DP, (3) 2,4,5-T, (4) 2,4-D, (5) 2,4-dichlorophenol,
and (6) PAA; the same for Figs. 4 and 5.

Fig. 3. Separation of PCA by capillary zone electrophoresis
in the presence of �-CD. Leading electrolyte: borate buffer
solution, 10 mM with addition of 2 mM of �-CD. 2M-4C
concentration 2.5 mg l�1. Component: (1) 2,4-DM,
(2) 2,4,5-T, (3) 2,4-dichlorophenol, (4) 2,4-DP, (5) 2M-4C,
(6) 2,4-D, and (7) PAA.

An unused Diapak S16 concentrating cartridge was
washed successively with 5 ml of acetonitrile and
5 ml of distilled water acidified to pH 2.0.

A 250-ml water sample was acidified with hydro-
chloric acid to pH 2.0 and passed through the Diapak
S16 cartridge at a rate of 15 ml min�1. Then the car-
tridge was dried with air for 20 min and the sub-
stances to be determined were eluted with 4 ml of
acetone. The eluate was evaporated to dryness under
a water-jet-pump vacuum at room temperature, and
the residue was dissolved in 1 ml of distilled water.
The solution obtained was centrifuged (6000 rpm,
2 min) and analyzed by means of capillary electro-
phoresis.

An unmodified polyimide-coated quartz capillary
with total (effective) length of 70 (60) cm and inner
diameter of 75 �m was used. As leading electrolyte
served sodium tetraborate solution with concentration
of 10 mM, pH 9.18. The sample was introduced hy-
drodynamically at 450 mbar s. The working voltage
was +20 kV. Peaks were recorded in the UV spectral
range at a wavelength of 205 nm. All the measure-
ments were done at +20�C.

Before analysis, the capillary was successively
washed with 0.5 M NaOH solution for 10 min, dis-
tilled water for 5 min, and leading electrolyte for
15 min. Between analyses, the capillary was washed
with the working buffer solution for 2 min.

Among various kinds of capillary electrophoresis,
preference is commonly given to zone electrophoresis
[17, 18], in which components of a sample introduced
as a separate zone at the capillary inlet are separated
in the electric field because of their different electro-
phoretic mobilities and detected as discrete zones.
The electrophoretic motion of ions in the capillary is
overlapped by an electrooscmotic flow (EOF), i.e.,
fluid flow under the action of an applied electric field,
which accomplishes passive transfer of the sample
zone in the capillary. Chlorophenoxycarboxylic acids
dissociate in neutral and alkaline solutions to form or-
ganic anions, which favors their determination in the
capillary�zone�electrophoresis mode. In optimizing
the conditions for separation of a six-component mix-
ture containing five herbicides to be determined and
products of their degradation, the geometric dimen-
sions of the capillary, methods and characteristics of
sample introduction, composition and concentration of
the leading electrolyte, working voltage, and tempera-
ture were varied. Figure 2 shows an electrophoregram
obtained under the optimal conditions.

Being characterized by high separation efficiency,
capillary electrophoresis has insufficient selectivity.
For example, it is important to determine, in some
analyses for herbicides of the PCA class, 2M-4C acid,
whose mobility is close to that of 2,4-D, which hinders
their separation in the zone�electrophoresis mode.
It is impossible to separate 2M-4C and 2,4-D under
the conditions of Fig. 2, since these two compounds
form a single peak. Addition of natural unmodified
�- and �-CD make it possible to improve the resolu-
tion of the system through formation of inclusion
complexes, with the selectivity determined, in the first
place, by the type and concentration of a CD used
[19]. A seven-component PCA mixture containing six
herbicides (including 2M-4C) and products of their
decomposition was separated using borate buffer so-
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lutions with addition of individual �- or �-CD, with
the CD concentration varied from 1 to 10 mM at con-
stant sodium tetraborate concentration (10 mM). It
was shown that addition of �-CD does not affect mix-
ture separation in the whole range of concentrations
studied, with 2,4-D and 2M-4C still yielding a single
peak. At the same time, introduction of �-CD im-
proves the efficiency (twice) and selectivity of separa-
tion. The optimal amount of the macrocycle added is
2 mM (Fig. 3). In this case, peak inversion is ob-
served: the time of migration decreases for 2,4,5-T
and 2,4-DCP to a greater extent than for other com-
ponents of the mixture, which can be attributed to
formation of host�guest complexes with varying sta-
bility (apparently, 2,4-DCP forms the strongest com-
plex with �-CD). The increase in efficiency is an in-
dependent indication of complexation: moving in
the EOF direction, neutral �-CD molecules with an-
ions in cavities favor more effective mass transfer
of the anions

It was intended to use natural water as a real
medium to be analyzed, and it is for this reason that
the hindering effect of humic acids on the separation
and determination of PCA by zone electrophoresis
was studied. The dominant natural organic com-
ponents of water bodies are humic (HA) and fulvic
acids (FA), which account for 50 to 98% of organic
carbon in natural water [20]. The molecular masses
of these acids vary between hundreds and tens of
thousands of atomic mass units, depending on con-
ditions of HA extraction, sample from which HA are
extracted, and degree of their purification and frac-
tionation. The method of zone electrophoresis was
applied to perform a set of experiments on model sys-
tems for assessing the influence exerted by HA on
PCA separation. The HA concentration was varied
within the range 0�250 mg l�1 at constant PCA con-
centrations. The electrophoregrams obtained are shown
in Fig. 4. These data were used to construct plots re-
flecting the dependence of the efficiency of PCA sep-
aration on the HA concentration in solution (Fig. 5).
It was established that HA do not affect the separa-
tion of PCA mixtures at concentrations lower than
50 mg l�1. With the HA concentration in the solution
being analyzed increasing from 50 to 250 mg l�1,
the efficiency of separation of neighboring peaks de-
creases markedly because of the broadening of zones
of individual components, caused by mass overload-
ing of the separation system.

PCA are commonly extracted from water bodies by
the classical liquid�liquid [21] or solid-phase extrac-
tion with the use of cartridges filled with reversed-
phase sorbents [22]. Solid-phase extraction of a mix-

Fig. 4. Effect of HA on the PCA separation by capillary
zone electrophoresis. HA concentration in the initial mix-
ture (mg l�1): (a) 0, (b) 10, (c) 50, (d) 100, and (e) 250.

Fig. 5. PCA separation efficiency N vs. concentration c
of HA in a solution being analyzed.

ture of PCA and, separately, HA from model solutions
on Diapak S16 concentrating cartridges, with sub-
sequent separation and determination by capillary
electrophoresis, was studied. It was shown that PCA
and HA are sorbed completely, and desorption of
PCA is characterized by degrees of extraction close
to 100%, whereas HA are not desorbed from a car-
tridge under the given conditions. In addition, ex-
periments on solid-phase extraction of a mixture con-
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Table 2. Degree R of PCA recovery from model mixtures in solid-phase extraction (n = 15, P = 0.95)
������������������������������������������������������������������������������������

Compound
� Area under peak �

R, %
�

Sr
*���������������������������������������������������������� �

� calibration solution � solution after solid-phase extraction � �
������������������������������������������������������������������������������������
2,4-DM � 8.02 � 6.52 � 0.59 � 81.3 � 7.4 � 0.16
2,4-DP � 11.99 � 9.89 � 1.03 � 84.3 � 8.6 � 0.18
2,4,5-T � 11.84 � 9.82 � 0.92 � 84.7 � 7.8 � 0.17
2,4-D � 24.27 � 18.81 � 2.16 � 81.5 � 8.9 � 0.21
2,4-DCP � 23.17 � 2.94 � 0.99 � 12.6 � 4.3 � 0.60
PAA � 11.59 � 8.04 � 0.87 � 71.3 � 7.5 � 0.19
������������������������������������������������������������������������������������
* Relative standard deviation.

taining PCA and HA simultaneously revealed total
desorption of PCA and partial desorption of HA,
which indicates that the substances being determined
react with humic acids. The degrees of extraction,
calculated for the components under study, are listed
in Table 2. The low degrees of extraction of the ac-
cessory component 2,4-DCP are due to its ability to
be co-distilled with highly volatile substances in
evaporation. For each of the acids, linear ranges of
the concentrations being determined were established
and the detection limit was calculated. For example,
the minimum detectable concentrations in water bod-
ies are 0.0005 mg l�1 for 2,4-DM, 2,4-DP, 2,4,5-T,
and 2,4-D and 0.001 mg l�1 for PAA.

Real samples (drinking and tap water, water from
artesian wells, and natural water from the Volkhov
and Terek Rivers) were analyzed for the PCA content;
the determinations were verified by the method of ad-
ditives.

CONCLUSIONS

(1) The possibility of using capillary electropho-
resis for separation and quantitative determination in
the form of anions of herbicides belonging to the class
of chlorophenoxycarboxylic acids was demonstrated.

(2) It is proposed to improve the selectivity of
separation of analytes by adding �-cyclodextrin to
the leading electrolyte, with the optimal concentration
of the macrocycle equal to 2 mM.

(3) It was shown that humic acids do not hinder
analysis of natural water when present in concentra-
tion not exceeding 50 mg l�1.

(4) Solid-phase extraction on Diapak S16 concen-
trating cartridges was used in the stage of sample
prepparation; the minimum detectable concentrations
of herbicides were 0.0005 mg l�1 for for 2,4-DM,

2,4-DP, 2,4,5-T, and 2,4-D and 0.001 mg l�1 for PAA
at sample volume of 250 ml.
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Abstract�The possibility of determining dissolved oxygen in natural and waste water by the potentiometric
variant of the Winkler method, with samples prepared using the Ross procedure and blank sample technique
employed, was studied.

For many decades the Winkler method [1�3] has
been the standard technique for chemical analysis for
dissolved oxygen in pure and conditionally pure water.
Oxygen is determined by the Winkler method in two
stages. In the first stage, molecular oxygen is fixed in
an alkaline medium via its reduction with Mn(II) ions.
In the second stage, the sample is acidified to pH � 2
and KI is added. Under these conditions, iodide ions
are stoichiometrically oxidized to I2 by Mn(IV) ions
formed in the first stage. Then, I2 is titrated with
a sodium thiosulfate solution, with starch as indicator.
The Winkler method allows dissolved oxygen to be
determined within a wide concentration range, O2
0.1�12 mg l�1, with an absolute error of about 0.04�
0.06 mg l�1 [4].

Shortcomings of the method, associated with the
low stability of starch and of dilute solutions of sodium
thiosulfate, have been noticed. These shortcomings are
especially pronounced at concentrations of dissolved
oxygen lower than 2 mg l�1. At these concentrations
the relative error of oxygen determination increases
to 20 rel. % [5]. At the same time, it is this range of
low oxygen concentrations that acquires the highest
importance in connection with the deterioration of
ecological situation in water reservoirs. The accuracy
of O2 determination by the Winkler method in natural
and waste water decreases dramatically because of
the systematic errors caused by the presence of con-
taminants. In particular, presence of reducing im-
purities (Fe2+, S2�, SO3

2�, etc.) in water being analyzed
leads to underestimated concentrations of dissolved
oxygen, and, by contrast, presence of oxidizing im-
purities (nitrites, peroxides, Fe3+, etc.) manifests itself

in overestimated results. For this reason, variations of
the Winkler method [4, 6�8] are used to neutralize
the effect of impurities. These modifications consists
in addition of various reagents (complexing sub-
stances, oxidants, and reducing agents) to water being
analyzed and in choice of conditions under which
the interfering effect of one or another impurity can
be neglected. Whenever possible, the effect of im-
purities is taken into account by means of the blank
sample method.

Among the existing variants of the classical meth-
od, the widest acceptance has been gained by the tech-
nique proposed by an American scientist Ross [9].
According to this variant, the Winkler method is sup-
plemented with a procedure for sample preparation:
prior to oxygen fixation, a solution of sodium hy-
pochlorite is added to water to be analyzed, with ox-
idation of the reducing agents contained in water:

SO3
2� + ClO� � SO4

2� + Cl�,

NO2
� + ClO� � NO3

� + Cl�.

Then, the excess amount of hypochlorite ions and
some oxidants are decomposed by addition of a po-
tassium thiocyanate solution:

4ClO� + NCS� + 2OH� � NCO� + 4Cl� + H2O + SO4
2�.

In this case, the components of the NCO�/NCS�

redox system do not impede the second stage of
the Winkler analysis [10].
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Previously [11], the possibility of determining the
dissolved oxygen in the iodine�iodide system (I3

� /I�

by the Winkler method, with potentiometric measure-
ments used instead of iodometric titration, has been
demonstrated. The redoxometry is based on the high
selectivity of the platinum indicator electrode toward
the I3

� /I� system, which is achieved owing to irre-
versible modification of the electrode surface by the
components of this system. It was established that
modified indicator electrodes are frequently insensi-
tive to side electrochemical reactions. This allows
redoxometric measurements under conditions close to
equilibrium in solutions of the iodine�iodide sys-
tem at concentrations of up to 10�6 M (in terms of
iodine). The concentration of iodine (dissolved oxy-
gen) was determined from a change in the emf of
galvanic cell (I) as a result of coulometric generation
of a standard addition of iodine.

Ag�AgCl, KClsat�Solution of I3 / I system�Pt� �Ag�AgCl, KClsat�Solution of I3 / I system�Pt� � (1)

The potentiometric measurements and electrochem-
ical generation of iodine were performed in a four-
electrode cell with generating unit having unseparated
cathode and anode spaces. The determination tech-
nique and calculation procedure were described in
detail in [11, 12].

It is necessary to note that use of the Ross proce-
dure in potentiometric determination within the frame-
work of the Winkler method yields correct results
only when the selectivity of the indicator electrode in
the I3

� /I� system toward the redox system NCO�/NCS�

ensures attainment of a partial equilibrium at the elec-
trode�solution interface and provides a 100% current
efficiency by iodine in electrochemical generation.
Otherwise, it could hardly be expected that the po-
tentiometric determination would yield correct results.

Therefore, the aim of this study was to analyze
the possibility of potentiometric determination of dis-
solved oxygen in contaminated reservoirs with the use
of the Ross method. Potentiometric analysis was also
used for determining the impurity concentration in
a blank test.

EXPERIMENTAL

The problem of reversibility, in principle, of redox
measurements in solutions of the coexisting systems
I3
� /I� and NCO�/NCS� was studied in two stages.

In the first stage was studied the current efficiency
by iodine in no-diaphragm generation of a standard
addition of iodine in mixed solutions of the follow-

ing composition typical of the Ross procedure: 5 �

10�4 equiv. l�1 NCO�, 1.5 � 10�3 equiv. l�1 NCS�, and
2 � 10�1 M KI, to which H2SO4 was added to pH 2.5.
The results obtained demonstrated that, under the con-
ditions of the Ross method at generation current den-
sity of 20 mA cm�1, the current efficiency by iodine is
99.4�1.6% (n = 7, p = 0.95), i.e., the NCO�/NCS�

system is electrochemically inactive under the exper-
imental conditions.

In the second stage, the reversibility of platinum
electrode toward the iodine�iodide system in the so-
lutions containing components of the NCO�/NCS�

redox system was verified. For this purpose, the de-
pendence E�log [I3

�] was studied in pure solutions of
the iodine�iodide system (3 � 10�5

�1 � 10�3 M I2 l�1,
2 � 10�1 M KI, pH 2.5) and in solutions containing
Ross reagents (composition indicated above). The io-
dine concentration in the solutions studied was set by
successive electrochemical generation. The E�log [I3

�]
dependences in pure solutions of the I3

� /I� system
and in solutions containing the NCO�/NCS� sys-
tem are linear; the slopes of the calibration lines are
the same for both solutions and coincide, within
the measurement error, with the theoretical value
[29.6 mV � (pI3

� )�1].

The experiments performed demonstrated that equi-
librium redoxometric measurements can be performed
in the system I3

� /I�, despite the presence of compo-
nents of the NCO�/NCS� redox system. This makes
potentiometry with sample preparation by the Ross
procedure suitable for O2 determination.

The analytical characteristics of the potentiometric
variant of the Ross method were studied in model
solutions of reducing agents. NaNO2 and Na2SO3,
typical �contaminants� of natural water, were chosen
for this purpose. Their concentration was taken to be
10�4 eqiv. l�1, which corresponds to 0.8 mg l�1 O2
(in terms of oxygen). Table 1 compares the results of
potentiometric and titrimetric determinations of O2.
It can be seen that the application of the Ross method
of sample preparation was successful for the reducing
agents used: the results for pure water and model
aqueous solutions containing contaminants differ by
no more than 0.5%. A large positive error associated
with the presence of additional dissolved oxygen in-
troduced by KNCS and NaClO Ross reagents was
only observed at lower oxygen concentrations. Com-
parison of the reproducibility characteristics of titri-
metric and redoxometric determinations shows that
they are about the same (�1%) at high O2 concentra-
tions, and only on lowering the O2 concentration to
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Table 1. Results of determination of dissolved O2 by the Ross method in model solutions of reducing agents (reducing
agent concentration 0.8 mg O2 l�1)
������������������������������������������������������������������������������������

� O2, mg l�1

������������������������������������������������������������������������
Reducing agent � potentiometry � titrimetry

������������������������������������������������������������������������
� By Winkler � by Ross � �, % � By Winkler � by Ross � �, %

������������������������������������������������������������������������������������
NaNO2 � 9.41 � 9.41 � 0 � 9.42 � 9.37 � �0.5

� 8.43 � 8.44 � +0.1 � 8.47 � 8.44 � �0.3
� 1.95 � 2.03 � +4.1 � 1.99 � 2.03 � +2.0
� 1.41 � 1.53 � +8.5 � 1.41 � 1.53 � +8.5

Na2SO3 � 9.41 � 9.42 � +0.1 � 9.42 � 9.40 � �0.2
� 8.43 � 8.39 � �0.5 � 8.47 � 8.40 � �0.8
� 1.95 � 1.92 � �1.5 � 1.99 � 1.92 � �3.5
� 1.41 � 1.52 � +7.8 � 1.41 � 1.52 � +7.8

������������������������������������������������������������������������������������
Note. Results of O2 determination by Winkler method refer to pure water and are accepted as reference data in comparisons with

the Ross method; n = 3�5.

2 mg l�1, the potentiometric method becomes advan-
tageous: the error in determining oxygen by the po-
tentiometric method is 0.04�0.06 mg l�1, i.e., ap-
proximately twice lower than that in the case of ti-
trimetry.

In studying the model solutions of other reducing
agents (sodium thiosulfate, ascorbic, citric, tartaric,
and oxalic acids), underestimated values were ob-
tained, despite the use of the Ross method. The con-
centration of dissolved O2, found in this case, was
lower than the expected value by 0.5�0.9 mg O2 l�1.
These results indicate that the efficiency of the Ross
procedure of sample preparation is insufficient. In
other words, the degree of impurity oxidation did not
reach 100% in any of the solutions. Since Na2S2O3
and ascorbic acid react with molecular I2 in quanti-
tative yield, it becomes possible to take their contribu-
tion into account, in determining oxygen, by means of

Table 2. Iodometric determination of reducing agents
(O2

red )
����������������������������������������

Reducing
� O2

red, mg l�1

������������������������������
agent

� preset � O2
pot � Spot � O2

tit � Stit

����������������������������������������
Ascorbic acid � 0.86 � 0.86 � 0.01 � 0.86 � 0.02

� 3.89 � 3.89 � 0.01 � 3.89 � 0.03
Na2S2O3 � 0.79 � 0.78 � 0.01 � 0.77 � 0.04

� 3.88 � 3.88 � 0.01 � 3.88 � 0.02
����������������������������������������
Note. 1 mg O2 l�1 = 1.25 � 10�4 equiv. l�1, n = 7.

the blank sample method. In this case, the sequence of
analytical operations is as follows:

(1) Iodometric determination of active redox im-
purities. In an electrochemical cell containing a sam-
ple of water being analyzed and a supporting elec-
trolyte (0.2 M KI, pH 2.5), an iodine addition [I3

�]1
was generated. After the stationary emf E1, indicat-
ing the completion of the reaction of I2 with a reduc-
ing agent, was attained, the second addition of iodine
[I3

�]2 was generated. The second emf value, E2, was
recorded. The concentration of the reducing agent in
oxygen units (mg l�1) was calculated by the formula
common for the standard addition method:

O2
red ]1

_ ____________
(102�E/� _ 1)

[I3
_

]2= �[I3
_�

�
�
	



�16 000.O2

red ]1
_ ____________

(102�E/� _ 1)

[I3
_

]2= �[I3
_�

�
�
	



�16 000.

where �E = E2 � E1; � = 2.3RTF �1, R is the gas
constant (J K�1 mol�1), T is temperature (K), and F =
96 500 C.

Table 2 lists the results of an iodometric determina-
tion of Na2S2O3 and ascorbic acid by potentiometry,
in comparison with the data furnished by the com-
monly accepted titrimetric procedure. As expected,
the titrimetic determination is accompanied in this
concentration range by large random errors exceeding
by a factor of 2�3 the error of the potentiometric
method (O2 concentration 0.01 mg l�1). The same
behavior was already observed in the case of the Ross
method.

Since the reactions of oxidation of oxalic, tartaric,
and citric acids by I2 are kinetically hindered, it was
impossible to determine them in the blank sample.
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Table 3. Determination of dissolved O2 with preliminary analysis for the reducing agent
������������������������������������������������������������������������������������

Reduc-
� � O2, mg l�1 	

Reduc-
� � O2, mg l�1

� �����������������������������
 � �����������������������������
ing �

O2
red,

� without � with impurity 	 ing �
O2

red,
� without � with impurity

� � ��������������������
 � � ��������������������agent �
mg l�1

� impurity, � 	 agent �
mg l�1

� impurity, �
� �by Winkler �by Winkler � �O2

* � �, % 	 � �by Winkler �by Winkler � �O2
* � �, %

������������������������������������������������������������������������������������
Ascorbic� 1.66 � 9.40 � 7.82 � 9.48 � +0.9 	 Na2S2O3 � 0.80 � 9.40 � 8.57 � 9.37 � �0.3
acid � 1.61 � 8.46 � 6.82 � 8.43 � �0.2 	 � 0.81 � 8.45 � 7.63 � 8.44 � �0.1

� 1.60 � 8.46 � 6.86 � 8.46 � 0 	 � 0.77 � 8.45 � 7.67 � 8.44 � �0.1
������������������������������������������������������������������������������������
* The concentration of dissolved O2 in a solution of the reducing agent, �O2, is the sum of the concentration of dissolved O2,

determined in the presence of the reducing agent, and that of the reducing agent, O2
red.

(2) Determination of dissolved O2 by the classical
Winkler method, with correction made for the ex-
penditure of I2 (O2) for oxidation of the reducing
impurity (Table 3). As in the case of the Ross method,
the results obtained using the classical Winkler meth-
od for pure water served as reference data. As seen
from Table 3, their accuracy is about the same as that
for the Ross method. It should be noted that in those
cases when O2 can be determined with preliminary
iodometry of a sample, this variant has an advantage
over the Ross method, because it yields two param-
eters of a sample: concentrations of O2 and impurity.

CONCLUSIONS

(1) The high selectivity of the platinum indicator
electrode in the redox system I3

� /I�, making it pos-
sible to perform reversible measurements despite the
presence of components of the NCO�/NCS� system
and other systems, was confirmed. This circumstance
justified the application of the Winkler method with
potentiometric determination of I2 to analysis of con-
taminated water both in the Ross variant and in com-
bination with the blank sample method.

(2) Potentiometric determination of dissolved O2
by the Ross method is simple technically and attrac-
tive for serial determinations. At the same time, anal-
ysis for dissolved oxygen by the Winkler method,
with correction made for active redox impurities
(blank sample), is more informative. It was shown for
several examples that neither the Ross variant nor
the blank sample method can serve as a universal
technique for analysis of contaminated natural and
waste water for dissolved oxygen. The choice of a
variant is governed by the nature of a particular im-
purity.
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Abstract�The reaction of �-(3,5-dialkyl-4-hydroxyphenyl)-1-chloroalkanes with sodium sulfide yielded
the corresponding sulfides, which were tested as antioxidants in two model reactions: oxidation of lard and
Vaseline oil.

Sulfur-containing derivatives of sterically hindered
phenols are effective inhibitors of free-radical oxida-
tion of various polymeric materials and lipid substrates
[1�4]. A distinctive feature of sulfur-containing phe-
nolic antioxidants (SPAOs) is the presence of two reac-
tion centers: phenolic moiety and bivalent sulfur atom.
As a result, these compounds can inhibit oxidation in
two ways: by reactions with peroxy radicals and with
hydroperoxides. Furthermore, the antioxidant activity
of SPAOs is enhanced by intramolecular synergism [3].

Among SPAOs is known bis[3-(3,5-di-tert-butyl-4-
hydroxyphenyl)propyl] sulfide (SO-3 stabilizer, Tio-
fan), having high inhibiting activity in oxidation of
polyethylene, polypropylene [5, 6], and animal fats [1].
Biological studies have shown that SO-3 exhibits hep-
atoprotective, immunostimulating, and antiischemic
effects [7�9]. In this study, we prepared and tested for
antioxidant activity a series of structural analogs of
SO-3, bis[�-(3,5-dialkyl-4-hydroxyphenyl)alkyl] sul-
fides, differing in the extent of steric shielding of the
phenolic OH group and in the length of the p-alkyl
chain linking the phenolic and sulfide moieties.

The sulfides were prepared by the reaction of
the corresponding �-(3,5-dialkyl-4-hydroxyphenyl)-1-
chloroalkanes I with sodium sulfide nonahydrate:

�2HO�
�
�

R1

R2

�CH(CH2)nCl��
R3

��

I
�
�

�

��
��
�Na2S

�2HO�
�
�

R1

R2

�CH(CH2)n�S��
R3

II

�

�
��
��
�

2

�2HO�
�
�

R1

R2

�CH(CH2)nCl��
R3

��

I
�
�

�

��
��
�Na2S

�2HO�
�
�

R1

R2

�CH(CH2)n�S��
R3

II

�

�
��
��
�

2

where R1 = R2 = Me, R3 = H, n = 2 (Ia, IIa); R1 =
Me, R2 = t-Bu, R3 = H, n = 2 (Ib, IIb); R1 = R2 =

t-Bu, R3 = H, n = 1 (Ic, IIc), n = 2 (Id, IId), n = 3
(Ie, IIe), n = 4 (Ig, IIg); R1 = R2 = t-Bu, R3 = Me,
n = 2 (If, IIf ).

Syntheses were performed in refluxing 2-propanol
for 4�8 h at a molar ratio of the initial chloroalkane
I to sodium sulfide of 1 : 0.62. Yields of sulfides II
57�90%. The compositions and structures of sulfides
II were confirmed by elemental analysis and NMR
spectra.

The antioxidant activity of sulfides II was tested
in autooxidation of lard (Novosibirsk Meat-Canning
Plant) and Vaseline oil (Tatkhimfarmpreparaty Chem-
ical Pharmaceutical Production Association, Kazan).
As references we used Ionol (2,6-di-tert-butyl-4-
methylphenol), TB-3 stabilizer [bis(3,5-di-tert-butyl-
4-hydroxybenzyl) sulfide], and also a synergistic
mixture of Ionol with didodecyl sulfide (DDS) in
1 : 0.5 molar ratio.

The kinetic studies showed that all the sulfides II
synthesized exhibit high antioxidant activity and ef-
ficiently inhibit oxidation of lard and Vaseline oil
(see table). They surpass in the antioxidant power
the monofunctional antioxidant Ionol and a mixture
of Ionol with DDS. This fact suggests that the high
inhibiting power of sulfides II is due to the bifunc-
tional mechanism of the antioxidant effect and to
intramolecular synergism.

In oxidation of Vaseline oil, the mixture of Ionol
with DDS exhibits a pronounced synergistic effect due
to a combination of the antiradical activity of Ionol
and antiperoxide activity of DDS [10]. However, no
synergistic effect of these compounds was observed
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Antioxidant properties of bis[�-(3,5-dialkyl-4-hydroxyphenyl)alkyl] sulfides
������������������������������������������������������������������������������������

� Induction period 
, min
����������������������������������������������������������

Antioxidant* �
lard, [PhOH] = 1 �mol g�1,

� Vaseline oil, [PhOH] = 2.5 �mol g�1

� �����������������������������������
�

130�C
� 175�C � 180�C

������������������������������������������������������������������������������������
R(CH2)3S(CH2)3R (IIa) � 115 � 
 � 238
R1(CH2)3S(CH2)3R1 (IIb) � 190 � 
 � 300
R2(CH2)2S(CH2)2R2 (IIc) � 225 � 221 � 

R2(CH2)3S(CH2)3R2 (IId) � 290 � 171 � 113
R2(CH2)4S(CH2)4R2 (IIe) � 322 � 179 � 


� � �
R2CH(CH2)2S(CH2)2CHR2 (IIf)��

CH3
��

CH3

� 281 � 169 � 

� � �
� � �

R2(CH2)5S(CH2)5R2 (IIg) � 305 � 202 � 

R2CH2SCH2R2 (TB-3) � 209 � 49 � 

R2CH3 (Ionol) � 169 � 64 � 33
DDS � 34 � 
 � 5
Synergistic mixture Ionol + DDS � 169 � 
 � 79
Control � 34 � 10 � 5
������������������������������������������������������������������������������������
* R = 2,5-dimethyl-4-hydroxyphenyl, R1 = 3-methyl-5-tert-butyl-4-hydroxyphenyl, and R2 = 3,5-di-tert-butyl-4-hydroxyphenyl.

in oxidation of lard. This result is probably due to
different rates of oxidation of lard and Vaseline oil,
and also to different thermal stabilities of hydroperox-
ides formed by oxidation of these substrates.

The susceptibility of hydrocarbons to oxidation is
determined by the ratio of the rate constants of chain
propagation, k2, and quadratic chain termination, k6:

RO2 + RH � ROOH + R ,
. .�k2

(1)

RO2 + RO2 � Products.
. .�k6

(2)

Unsaturated compounds are characterized by higher
k2/k6

1/2 ratio; correspondingly, under equal other con-
ditions, they are oxidized faster [11]. Lard containing
residues of unsaturated fatty acids is oxidized faster
than Vaseline oil, which results in accumulation of
larger amount of hydroperoxides exhibiting lower
thermal stability [12]. Therefore, in oxidation of lard,
hydroperoxides are accumulated rapidly, and DDS
present in the system has no time to fully deactivate
them. In oxidation of Vaseline oil, hydroperoxides are
formed at a lower rate and are more stable, and in this
case, the mixture of Ionol with DDS exhibits a syner-
gistic effect.

The synthesized sulfides II differing in the extent
of steric shielding of the phenolic OH group can be
ranked in the following order with respect to the cap-

ability to inhibit oxidation of Vaseline oil: IIb > IIa >
IId. The decrease in the effect of the antioxidants in
this order corresponds to a decrease in the rate of their
reaction with peroxy radicals [12]

PhOH + RO2
� � PhO� + ROOH. (3)

In oxidation of lard, the antioxidant activity of
the sulfides increased as the phenolic OH group be-
came more shielded in the order IIa < IIb < IId,
which corresponds to the decreasing reactivity of the
phenoxy radicals in the reaction

PhO2
� + RH � PhOH + R�. (4)

It is known that the role of reaction (4) in inhibited
oxidation of aliphatic and alkylaromatic hydrocarbons
is insignificant. However, in the case of lipid sub-
strates containing relatively weak C�H bond, the con-
tribution of reaction (4) becomes significant, and the
inhibiting power of phenolic compounds with respect
to oxidation of lipids depends on the stability of the
generated phenoxy radicals to a greater extent.

The structure of the p-alkyl substituent linking the
phenolic and sulfide fragments affected the antioxi-
dant power of sulfides II to a lesser extent than did
the structure of the o-substituents. Among sulfides IIc�
IIg, sulfide IIe was the most effective inhibitor with
respect to lard, and IIc, with respect to Vaseline oil.
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TB-3 showed poor antioxidant activity as com-
pared to sulfides II, which may be due to the low
thermal stability of TB-3 as a benzyl derivative. It is
notable that at a lower temperature of 130�C (autoox-
idation of lard) TB-3 somewhat surpassed Ionol in
the antioxidant properties but was inferior to Ionol
at 180�C (autooxidation of Vaseline oil).

Thus, sulfides II show considerable promise as
effective inhibitors of oxidation of various organic
substrates and surpass the available analogs in the
antioxidative activity.

EXPERIMENTAL

The 1H NMR spectra were recorded on a Bruker
spectrometer (500 MHz) in CDCl3 relative to external
TMS. The melting points were determined with a PTP
device. The initial �-(3,5-dialkyl-4-hydroxyphenyl)-
1-chloroalkanes I were prepared according to [13]
from the corresponding �-(3,5-dialkyl-4-hydroxy-
phenyl)alkanols.1 TB-3 stabilizer was prepared ac-
cording to [14].

Bis[3-(3,5-dimethyl-4-hydroxyphenyl)propyl] sul-
fide IIa. Chloropropane Ia (5 g, 25.2 mmol) and sodi-
um sulfide nonahydrate (3.78 g, 15.7 mmol) were
dissolved in 30 ml of 2-propanol. The mixture was
refluxed for 4 h, cooled, neutralized with HCl, and
treated with petroleum ether. The extract was washed
with water and dried over Na2SO4; the solvent was
distilled off. The product was purified chromatograph-
ically (silica gel, petroleum ether�diethyl ether, 3 : 1).
Yield of IIa 2.6 g (57%), mp 63�64�C. 1H NMR
spectrum, �, ppm: 1.86 m (4H, CH2C�H2CH2), 2.23 s
(12H, Me), 2.52 t (4H, CH2S), 2.60 t (4H, ArC�H2),
4.55 s (2H, OH), 6.79 s (4H, Harom ).

Found, %: C 73.99; H 8.38; S 8.77.

C22H30O2S.

Calculated, %: C 73.70; H 8.43; S 8.94.

Bis[3-(3-methyl-5-tert-butyl-4-hydroxyphenyl)-
propyl] sulfide IIb was prepared similarly from 5.0 g
(20.8 mmol) of Ib. The product was purified chroma-
tographically (silica gel, petroleum ether�diethyl ether,
6 : 1). Yield 2.8 g (61%); a resinous substance. 1H
NMR spectrum, �, ppm: 1.42 s (18H, t-Bu), 1.88 m
(4H, CH2C�H2CH2), 2.22 s (6H, Me), 2.25 t (4H,
CH2S), 2.62 t (4H, ArC�H2), 4.64 s (2H, OH), 6.83 s
(2H, Harom ), 6.96 s (2H, Harom ).
����������
1 The compounds were kindly submitted by A.P. Krysin (Novo-

sibirsk Institute of Organic Chemistry, Siberian Division,
Russian Academy of Sciences).

Found, %: C 75.64; H 9.44; S 6.89.

C28H42O2S.

Calculated, %: C 75.97; H 9.56; S 7.24.

Bis[2-(3,5-di-tert-butyl-4-hydroxyphenyl)ethyl]
sulfide IIc was prepared similarly from 5.0 g
(18.6 mmol) of Ic (synthesis time 8 h). The reaction
product was recrystallized from 2-propanol. Yield
3.2 g (70%), mp 104�C. 1H NMR spectrum, �, ppm:
1.43 s (36H, t-Bu), 2.80 m (8H, C�H2C�H2), 5.08 s
(2H, OH), 7.01 s (4H, Harom ).

Found, %: C 77.12; H 10.23; S 6.81.

C32H50O2S.

Calculated, %: C 77.05; H 10.10; S 6.43.

Bis[3-(3,5-di-tert-butyl-4-hydroxyphenyl)propyl]
sulfide IId was prepared similarly from 5.0 g
(17.7 mmol) of Id and recrystallized from 2-propanol.
YIeld 4.3 g (90%), mp 71�73�C. 1H NMR spectrum,
�, ppm: 1.43 s (36H, t-Bu), 1.89 m (4H, CH2C�H2CH2),
2.55�2.58 t (4H, CH2S), 2.61�2.64 t (4H, ArC�H2),
5.03 s (2H, OH), 6.97 s (4H, Harom ).

Found, %: C 77.35; H 10.23; S 6.03.

C34H54O2S.

Calculated, %: C 77.51; H 10.33; S 6.08.

Bis[4-(3,5-di-tert-butyl-4-hydroxyphenyl)butyl]
sulfide IIe was prepared similarly from 5.0 g
(16.8 mmol) of Ie and recrystallized from 2-pro-
panol. Yield 3.1 g (70%), mp 89�90�C. 1H NMR
spectrum, �, ppm: 1.43 s (36H, t-Bu), 1.66 m (8H,
ArCH2C�H2C�H2), 2.52�2.55 m (8H, ArC�H2, CH2S),
5.02 s (2H, OH), 6.96 s (4H, Harom ).

Found, %: C 77.65; H 10.59; S 6.12.

C36H58O2S.

Calculated, %: C 77.92; H 10.53; S 5.78.

Bis[3-(3,5-di-tert-butyl-4-hydroxyphenyl)butyl]
sulfide IIf was prepared similarly from 5.0 g
(16.8 mmol) of If and recrystallized from 2-propanol.
Yield 3.4 g (76%), mp 84�85�C. 1H NMR spectrum,
�, ppm: 1.21�1.24 d (6H, CH�M�� e), 1.43�1.44 s (36H,
t-Bu), 1.76�1.79 m (4H, CHC�H2CH2), 2.38�2.41 t
(4H, CH2S), 2.72 m (2H, ArC�H), 5.02 s (2H, OH),
6.95 s (4H, Harom ).

Found, %: C 77.51; H 10.30; S 6.00.

C36H58O2S.

Calculated, %: C 77.92; H 10.53; S 5.78.
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Bis[5-(3,5-di-tert-butyl-4-hydroxyphenyl)pentyl]
sulfide IIg was prepared similarly from 5.0 g
(16.1 mmol) of Ig and recrystallized from methanol.
Yield 3.2 g (69%), mp 76�78�C. 1H NMR spectrum,
�, ppm: 1.43 s (36H, t-Bu), 1.46�1.47 m (4H,
ArCH2CH2C�H2), 1.60�1.63 m (8H, ArCH2C�H2C�H2),
2.50�2.53 t (8H, ArC�H2, CH2S), 5.00 s (2H, OH),
6.96 s (4H, Harom ).

Found, %: C 78.38; H 10.50; S 5.33.

C36H62O2S.

Calculated, %: C 78.29; H 10.72; S 5.50.

Oxidation of lard was performed at 130�C under
conditions of oxygen bubbling; the reaction cell was
similar to that described in [15]. The lard sample
weight was 50 g, and the concentration of antioxi-
dants, 1 �mol per gram of lard. In the course of oxida-
tion, 1-g portions of lard were withdrawn to determine
the concentration of peroxides by iodometric titration
[16]. The initial peroxide number of the lard was
0.002% iodine. The kinetic curves of the oxidation
were plotted (Fig. 1a), and the induction period (time
in which the peroxide number of 0.1 was attained)
was determined graphically.

Oxidation of Vaseline oil was performed in a gaso-
metric unit similar to that described in [17] at oxy-
gen pressure of 1 atm. The total volume of the oil
sample was 5 ml; the concentration of antioxidants
was 2.5 �mol per gram of oil. Oxidation was per-
formed at 175 or 180�C. The kinetic curves were
plotted (Fig. 1b), and the induction period was deter-
mined as the intersection point of the tangents to the
initial and final portions of the kinetic curves.

Three or four replicate runs were performed, and
the average induction periods (deviations �3%) were
determined.

CONCLUSIONS

(1) A series of bis[�-(3,5-dialkyl-4-hydroxyphen-
yl)alkyl] sulfides differing in the extent of steric
shielding of the phenolic OH group and in the length
of the p-alkyl chain linking the phenolic and sulfide
moieties were prepared.

(2) The sulfides synthesized are bifunctional anti-
oxidants and are characterized by intramolecular syn-
ergism; the relative activities of these compounds are
different, depending on the substrate.

(3) The sulfides show high performance as inhib-
itors of lard and Vaseline oil oxidation; they show

Fig. 1. Kinetic curves of oxidation of (a) lard and (b) Vas-
eline oil: (1) no inhibitor; inhibitor added: (2) Ionol,
(3) (a) IIc and (b) IId, (4) (a) IId and (b) IIa, and
(5) (a) IIe and (b) IIb. (PN) Peroxide number, (V ) volume
of oxygen taken up, and (t) time.

promise as antioxidants of various fuels, lubricants,
polymeric materials, and lipid substrates.
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Abstract�The inhibiting activity of SO-3 antioxidant and its structural analogs in the model reaction of
autooxidation of Vaseline oil was compared to that of synergistic mixtures of 2,4,6-trialkylphenols and di-
dodecyl sulfide.

Sulfur-containing derivatives of sterically hindered
phenols are highly effective inhibitors of free-radical
oxidation of hydrocarbon substrates and occupy a
prominent place among antioxidants. The high inhi-
biting activity of sulfur-containing phenolic antiox-
idants (SPAOs) is accounted for by a combination of
the bifunctional mechanism of the antioxidant effect
with the intramolecular synergistic effect, owing to
which these compounds surpass in antioxidant activ-
ity the synergistic mixture of Ionol with didodecyl
sulfide (DDS) [1�4]. Elucidation of the mechan-
ism of intramolecular synergism is of scientific and
applied importance, since it would allow development
of new SPAOs surpassing the available analogs in
activity. To solve this problem, it is necessary to
study the interrelation between the SPAO structure
and the effect of intramolecular synergism.

In this study, we analyzed the intermolecular syn-
ergistic effects in mixtures of 2,4,6-trialkylphenols
(TAPs) with DDS and compared the extents of intra-
molecular synergism in bis[3-(3,5-di-tert-butyl-4-hy-
droxyphenyl)-propyl] sulfide (SO-3 antioxidant) and
its structural analogs, as applied to the model reaction
of autooxidation of Vaseline oil (Tatkhimfarmpreparaty
Chemical Pharmaceutical Production Association,
Kazan). The structures of the compounds under con-
sideration are given in Tables 1 and 2.

In the experiments, we determined the induction
periods of oxidation of Vaseline oil in the presence
of DDS, trialkylphenols, and SPAO taken separately
(�DDS, �PhOH, and �SPAO, respectively) and of the syn-
ergistic mixtures trialkylphenol + DDS (�PhOH+DDS).

The effects of intermolecular synergism in TAP + DDS
mixtures were characterized by the quantities ��inter
and ���inter:

��inter = �PhOH + DDS � (�DDS + �PhOH),

���inter = �PhOH + DDS / (�DDS + �PhOH).

Studies of the antioxidant activity of TAP + DDS
mixtures showed that their effect is nonadditive: In
all the cases, the induction periods were longer than
the sum of the induction periods in the presence of the
components taken separately (Table 1). The extent of
the synergistic effect in TAP + DDS mixtures largely
depended on the qualitative and quantitative composi-
tion of the synergistic mixtures.

According to the classification accepted in [5], the
synergism observed in this case is of the kinetic type
and is due to the effect of mixture components (TAP,
DDS) on different oxidation stages. For example,
sterically hindered phenol terminates oxidation chains
by reacting with peroxy radicals:

PhOH + RO2
� � PhO� + ROOH, (1)

and DDS decomposes hydroperoxides:

ROOH ROOH
R�S�R ��� R�SO�R ��� R�SO2�R,

suppressing degenerate chain branching:

ROOH � RO� + HO�.
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Table 1. Synergism in TAP + DDS mixtures (180�C, [PhOH] = 2.5 	mol g�1)
������������������������������������������������������������������������������������

� �
[PhOH] : [DDS]

� � � �DDS + �PhOH � ��inter �
� � ����������������������������������PhOH* � [DDS], 	mol g�1 � � � ���inter
� �

molar ratio
� min �

������������������������������������������������������������������������������������
Ionol � 0.00 � 1 : 0 � 33 � � � � � �

� 1.25 � 1 : 0.5 � 79 � 38 � 41 � 2.08
� 2.50 � 1 : 1 � 172 � 38 � 134 � 4.53

TMP � 0.00 � 1 : 0 � 32 � � � � � �
� 1.25 � 1 : 0.5 � 168 � 37 � 131 � 4.54
� 2.50 � 1 : 1 � 378 � 37 � 341 � 10.22


-TP � 0.00 � 1 : 0 � 52 � � � � � �
� 1.25 � 1 : 0.5 � 131 � 57 � 74 � 2.30
� 2.50 � 1 : 1 � 165 � 57 � 108 � 2.89

I � 0.00 � 1 : 0 � 30 � � � � � �
� 1.25 � 1 : 0.5 � 77 � 35 � 42 � 2.20
� 2.50 � 1 : 1 � 187 � 35 � 152 � 5.34

II � 0.00 � 1 : 0 � 27 � � � � � �
� 1.25 � 1 : 0.5 � 129 � 32 � 97 � 4.03
� 2.50 � 1 : 1 � 241 � 32 � 209 � 7.53

III � 0.00 � 1 : 0 � 40 � � � � � �
� 1.25 � 1 : 0.5 � 236 � 45 � 191 � 5.24

IV � 0.00 � 1 : 0 � 31 � � � � � �
� 1.25 � 1 : 0.5 � 71 � 36 � 35 � 1.97
� 2.50 � 1 : 1 � 126 � 36 � 90 � 3.50

������������������������������������������������������������������������������������
*

�
���
���
����

Ionol

,HO �
�
�
����,HO

�-Tocopherol (�-TP)

,����O��

��
�

	
C16H33

HO

�
���
���
����HO CH2CH2CH3,

I2,4,6-Trimethylphenol (TMP)

,�
���
�
����HO (CH2)3OH

III

�
���
���
����HO (CH2)3OH.

IV

,�
�
�
����HO (CH2)3OH

II

Table 2. Synergistic effects of sulfur-containing phenolic antioxidants (180�C, [PhOH] = 2.5 	mol g�1)
������������������������������������������������������������������������������������

� � PhOH + DDS synergistic mixtures � � � �
� ������������������������������� � � �Sulfide* � �SPAO, min � � ��, min � ��� � ��intra, min � ���intra
� � PhOH � [PhOH] : [DDS] molar ratio � � � �

������������������������������������������������������������������������������������
SO-3 � 113 � Ionol � 1 : 0.5 � 75 � 2.97 � 34 � 1.43

� � I � 1 : 0.5 � 78 � 3.23 � 36 � 1.47
� � IV � 1 : 0.5 � 77 � 3.14 � 42 � 1.59

V � 300 � III � 1 : 0.5 � 255 � 6.67 � 64 � 1.27
VI � 238 � TMP � 1 : 0.5 � 201 � 6.43 � 70 � 1.42

� � 
-TP � 1 : 0.5 � 181 � 4.18 � 107 � 1.82
� � II � 1 : 0.5 � 206 � 7.44 � 109 � 1.84

VII � 198 � Ionol � 1 : 1 � 160 � 5.21 � 26 � 1.15
� � I � 1 : 1 � 163 � 5.66 � 11 � 1.06
� � IV � 1 : 1 � 162 � 5.50 � 72 � 1.57

������������������������������������������������������������������������������������
*

�
���
���
����HO (CH2)3�S,

��
�


�
�

� �� �� �
SO-3

�
�
���
����HO (CH2)3�S,

��
�


�
�

� �� �� ��
�
�
����HO (CH2)3�S,

��
�


�
�

� �� �� �
VI

2 2
V VII

2
�
���
���
����HO (CH2)3�S�Bu.
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Thus, both antioxidants protect each other from
rapid consumption [6, 7].

Along with the kinetic synergism, TAP�DDS mix-
tures may also exhibit chemical synergism based on
chemical reactions between the antioxidants and their
transformation products [5]. For example, as demon-
strated by the example of 2,6-di-tert-butyl-4-methyl-
phenol (Ionol), DDS can react with oxidation products
of phenolic antioxidants, regenerating the initial form
of the inhibitor [7�9]. The sophisticated mechanism
of synergistic interactions in TAP�DDS mixtures is
indicated by the fact that, when the component ratio
is varied (DDS concentration increased by a factor
of 2), the induction periods grow nonlinearly.

The inhibiting activity of TAP used in combination
with DDS varies depending on o- and p-substituents.
The dimethyl substitution is apparently more effective
than di-tert-butyl substitution. For example, at the
molar ratios of TAP and DDS of 1 : 0.5 and 1 : 1, the
mean values of ���inter for Ionol and phenols I and IV
are 2.08 and 4.46, respectively, whereas for TMP,
�-TP, and phenol II they are 3.62 and 6.88, respec-
tively. Among the TAPs examined in combination
with DDS, TMP is the most effective.

As for synergistic compositions based on 3-(3,5-di-
alkyl-4-hydroxyphenyl)-1-propanols II�IV in which
the p-substituent is constant and the o-substituents are
varied, the strongest inhibiting effect was observed
with the III + DDS mixture, and the weakest, with
the IV + DDS mixture; compound III taken separate-
ly is also more effective than II and IV.

The antioxidant activity of SPAOs was studied
with SO-3 and its structural analogs V�VII as exam-
ples. These compounds differ in the extent of the
steric shielding of the phenolic OH group and in the
molar ratio of the phenolic and sulfide groups.

All the sulfides examined efficiently inhibit oxida-
tion of Vaseline oil; in their inhibiting power they
surpass both the structurally related TAPs and their
synergistic mixtures with DDS (Table 2). This fact
suggests that the SPAOs exhibit bifunctional mechan-
ism of the antioxidant effect. The synergistic effect,
which can be quantitatively characterized by the pa-
rameters �� and ���

�� = �SPAO � (�DDS + �PhOH),

��� = �SPAO / (�DDS + �PhOH).

is strongly pronounced.

The strong synergistic effect in SPAO is apparently
due to its intramolecular nature and to the favorable
steric arrangement of the phenolic and sulfide frag-
ments, so that the hydroperoxide molecule formed
from the corresponding radical with the participation
of the phenolic group of the inhibitor can be inacti-
vated by the sulfide moiety without escaping into the
bulk of the substrate:

�
���
���
����O
����

OOR
(CH2)3�SO�Bu

+ ROH,

VIII

�
���
���
����HO (CH2)3�S�Bu + 2ROO�

(2)

�
���
���
����O
���(CH2)3�SO2�(CH2)3�
��

���

���
����O + 2ROH.

OOR
 

ROO

�
���
���
����HO (CH2)3�S�(CH2)3�

���
�OH + 4ROO�����

IX (3)

Thus, the reaction of the antioxidant with an active
radical yields a thermally stable alkanol and not the
hydroperoxide.

The extent of intramolecular synergism in SO-3
and sulfides V�VII can be characterized by the quan-
tities ��intra and ���intra:

��intra = �SPAO � �PhOH + DDS,

���intra = �SPAO / �PhOH + DDS.

Among the sulfides examined, differing in the
structure of o-alkyl substituents, the inhibiting activ-
ity increased in the order SO-3 > VI > V. A similar
trend was observed with the structural analogs of
these SPAOs, phenols II�IV.

It is known that the antioxidant activity of phenolic
compounds is governed by two factors: extent of steric
shielding of the phenolic OH group and energy of the
PhO�H bond. Making larger the volume of the o-alkyl
substituents, on the one hand, diminishes the energy
of the PhO�H bond, which facilitates reaction (1), but,
on the other hand, results in that this reaction becomes
more hindered sterically. As a consequence, the most
active in radical substitutions are phenolic antioxi-
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Kinetic curves of Vaseline oil oxidation. Inhibitor: (1) none,
(2) Ionol, (3) Ionol + DDS, and (4) SO-3. (V ) Volume of
oxygen taken up and (t) time. For comments, see text.

dants with one o-methyl group and one o-tert-butyl
group [10], compounds III and V in our case.

The extent of intramolecular synergism in SO-3
and sulfides V and VI was evaluated by comparison
of the induction periods in the presence of these sul-
fides and the mixtures based on structurally related
phenols II�IV containing the same p-substituent.
No correlation was observed between the antioxidant
activity of the sulfides and the extent of intramolecu-
lar synergism. The quantity ���intra was maximal for
sulfide VI, whereas the longest induction period in
oxidation of Vaseline oil was observed with sulfide V.

The influence of the sulfur content on the antioxi-
dant properties of SPAOs was examined with SO-3
and sulfide VII as examples. The extent of intramo-
lecular synergism in SO-3 appeared to be somewhat
higher than in VII: The mean ���intra values were 1.50
and 1.26, respectively. At the same time, the absolute
inhibiting activity of VII was higher than that of SO-3
by a factor of 1.75. Apparently, the antioxidant ac-
tivities of these compounds do not correlate with the
extent of intramolecular synergism. The higher anti-
oxidant activity of VII is due to the fact that sulfox-
ide VIII formed by reaction (2) can reduce an addi-
tional hydroperoxide molecule formed in the substrate
without participation of the phenolic groups of the
antioxidant. Oxidative transformations of SO-3 [reac-
tion (3)] yield sulfone IX, incapable of inactivating
additional hydroperoxide molecule; therefore, SO-3
is less effective as inhibitor.

EXPERIMENTAL

Oxidation of Vaseline oil was performed in a gas-
ometric unit similar to that described in [11], at ox-

ygen pressure of 1 atm. The total oil volume was
5 ml; the concentrations of antioxidants were 1.25
and 2.5 �mol per gram of oil. The oxidation was
performed at 180�C. The kinetic curves were plotted
(see figure), and the induction period � was deter-
mined graphically as the intersection point of the tan-
gents to the initial and final portions of the kinetic
curves. Three or four replicate runs were performed;
the average induction periods (deviations �3%) are
listed in Tables 1 and 2.

Ionol and �-TP were purchased from Acros Organ-
ics; TMP, from Lancaster; 3-(3,5-dialkyl-4-hydroxy-
phenyl)-1-propanols II�IV were prepared at the Novo-
sibirsk Institute of Organic Chemistry, Siberian Divi-
sion, Russian Academy of Sciences); and the other
antioxidants were synthesized as described in [12].
The main substance content in the antioxidants was no
less than 97�99%.

CONCLUSIONS

(1) Mixtures of 2,4,6-trialkylphenols with dodecyl
sulfide show a pronounced synergistic effect in inhibi-
tion of Vaseline oil oxidation; the extent of this effect
depends on the molar ratio of the components and the
structure of the phenolic component.

(2) The sulfur-containing phenolic antioxidants
surpass in the inhibiting activity the mixtures of struc-
turally related 2,4,6-trialkylphenols with dodecyl sul-
fide, suggesting the occurrence of intramolecular syn-
ergism. The extent of intramolecular synergism de-
pends on the structure of the o-alkyl substituents and
relative content of sulfur in the inhibitor molecule.

(3) The results of the experiments performed can
be used for development of new high-performance
sulfur-containing phenolic antioxidants with pro-
nounced intramolecular synergism.
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Abstract�Amines containing amido and hydroxy groups were prepared. Their surface activity was studied,
and the possibility of their use as cotton fiber modifiers was examined.

Surface-active amines (SAAs) containing various
functional groups are used in various branches of
industry [1], in particular, in production and dyeing
of fibers [2, 3].

Usually, cotton and cellulose fibers cannot be dyed
with acid dyes suitable for wool. For dyeing viscose
fibers, small amounts of agents containing basic func-
tional groups, e.g., synthetic resins or amino com-
pounds modifying the fiber surface, are added to vis-
cose spinning solution. Therefore, molecules con-
taining amino, amido, hydroxy, and other functional
groups exhibiting affinity for various types of dyes
(direct, acid, active) may also be effective as modifi-
ers improving the dyeability of cotton and cellulose
fibers.

In this study, we prepared, following the procedure
described in [4, 5], new nonionic SAAs I�V contain-
ing amino, amido, and hydroxy groups:

CH2=CHC
||
O

NHC(CH2OH)3 + R1R2NH

�� R1R2NCH2CH2C
||
O

NHC(CH2OH)3,

where (R1 + R2) = (CH2)5 (I), (CH2)2O(CH2)2 (II);
R1 = R2 = C2H5 (III), C3H7 (IV); R1 = H, R2 =
C6H13 (V).

We studied the colloidal-chemical properties of
these compounds and their modifying effect on cotton
fibers in the course of dyeing.

The SAAs were identified by 1H NMR spectros-
copy (Bruker ACG 250 spectrometer, D2O, internal
reference TMS) and mass spectrometry (TUEL 1MS-
DX 300 device).

The SAAs were prepared as follows. A mixture of
equimolar amounts of the amine and N-[tri(hydroxy-
methyl)methyl]acrylamide in water was kept at 293 K
until the reaction was complete. The surface-active
amines were separated from water by lyophilic drying
and dried at room temperature.

3-Piperidinopropanoic acid N-[tri(hydroxymeth-
yl)-methyl]amide I. M = 260; m / z = 261; [M + H]+.
1H NMR spectrum, �, ppm: 3.5 s (6H, CH2OH),
2.25 t (2H, CH2C=O), 2.55 t (2H, NCH2), 2.45 t
[4H, (CH2)2N], 1.5 m [6H, (CH2)3], 8.05 s (NH),
4.05 s (3H, OH).

3-Morpholinopropanoic acid N-[tri(hydroxy-
methyl)methyl]amide II. M = 262; m/z = 263,
[M + H]+. 1H NMR spectrum, �, ppm: 3.5 s (6H,
CH2OH), 2.25 t (2H, CH2C=O), 2.5 t (2H, NCH2),
2.4 t [4H, (CH2)2N], 3.55 t [4H, O(CH2)2], 7.9 s
(NH), 4.05 s (3H, OH).

3-(Diethylamino)propanoic acid N-[tri(hydroxy-
methyl)methyl]amide III. M = 248; m/z = 249,
[M + H]+. 1H NMR spectrum, �, ppm: 3.5 s (6H,
CH2OH), 2.2 t (2H, CH2C=O), 2.6 t (2H, NCH2),
2.5 t [4H, (CH2)2N], 0.95 t (6H, CH3), 7.85 s (NH),
3.85 s (3H, OH).

3-(Dipropylamino)propanoic acid N-[tri(hy-
droxymethyl)methyl]amide IV. M = 276; m/z = 277,
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Properties of surface-active amines I�V
������������������������������������������������������������������������������������

SAA
�

Yield,
� Found, % �

Formula
� Calculated, % �

�CMC,*
�

CMC � 102,
� ��������������������� ��������������������� �
�

%
� C � H � N � � C � H � N �

dyne cm�1
�

M

������������������������������������������������������������������������������������
I � 98 � 55.45 � 9.35 � 10.91 � C12H24N2O4 � 55.38 � 9.23 � 10.77 � 57 � 15.40
II � 100 � 50.52 � 8.45 � 10.80 � C11H22N2O5 � 50.38 � 8.37 � 10.69 � 52 � 11.40
III � 97 � 53.10 � 9.58 � 11.20 � C11H24N2O4 � 53.27 � 9.68 � 11.29 � 68 � 0.95
IV � 96 � 56.40 � 10.2 � 10.0 � C13H28N2O4 � 56.52 � 10.14 � 10.14 � 55 � 0.36
V � 98 � 56.35 � 10.0 � 10.0 � C13H28N2O4 � 56.52 � 10.14 � 10.14 � 36 � 0.16
������������������������������������������������������������������������������������
* (�CMC) Surface tension at CMC.

[M + H]+. 1H NMR spectrum, �, ppm: 3.5 s (6H,
CH2OH), 2.2 t (2H, CH2C=O), 2.6 t (2H, NCH2),
2.4 m [4H, (CH2)2N], 1.4 m (4H, CH2CH3), 0.85 t
(6H, CH3), 7.65 s (NH), 4.05 s (3H, OH).

3-(Hexylamino)propanoic acid N-[tri(hydroxy-
methyl)methyl]amide V. M = 276; m/z = 276, [M +
H]+. 1H NMR spectrum, �, ppm: 3.5 s (6H, CH2OH),
2.2 t (2H, CH2C=O), 2.6 t (2H, NCH2), 2.5 t (2H,
CH2N), 0.9 t (3H, CH3), 1.3 m [8H, CH3(CH2)4],
7.6 s (2H, NH), 4.05 s (3H, OH).

The critical micelle concentration, CMC (M), of
SAAs was determined from the isotherms of electrical
conductivity (S m�1) and surface tension � (dyne cm�1).
The surface tension of aqueous SAA solutions was
measured by the method of the maximum bubble pres-
sure on a Rebinder device [6], and the electrical con-
ductivity, as described in [7]. The measurement tem-
perature was 303�0.1 K.

The foaming power was evaluated by determining
the foam stability of 1% aqueous SAA solutions from
the ratio of the foam column height measured 5 min
after foaming to its initial height [1].

Colloidal-chemical studies showed that the amines
synthesized are micelle-forming surfactants (see table).
As expected (see table, figure), the CMC and � decrease
with increasing length of the alkyl groups in SAA
molecules (� of water at 303 K is 71.18 dyne cm�1).

The SAAs examined show no foam stability, which
is significant for modifiers of cotton and cellulose
fibers. Taking into account the structures of SAAs
and their � values, we chose compounds II and V as
modifiers of cotton tricot fabrics.

Two modification procedures were used. In the
first procedure, tricot fabrics (bath ratio 50) were
treated for 20�30 min at 353�363 K with 5�10%
aqueous solutions of II and V. After treatment, the

fabric was gently squeezed, washed with two portions
of water, and dried in air. In the second procedure,
to enhance the effect of SAAs, dimethylolurea was
added at the end of treatment performed according to
the first procedure. After that, the fabric was squeezed
without washing and dried in air. For cross-linking
and fixation of the modifier on the fibers, the fabrics
were heat-treated for 5 min. Then the modified fabrics
were dyed with a 3 g l�1 aqueous solution of Acid
Blue anthraquinone dye for 30�40 min at 358�363 K
(bath ratio 30). The fabrics dyed were washed with
water and dried.

The tests showed that the tricot fabrics modified by
the first procedure are dyed to moderate tints; with V,
the tints are lighter than with II. It should be noted
that the second procedure makes it possible to obtain
darker tints fairly resistant to wet treatment.

Thus, amine-containing acid amides improve the
dyeability of cotton fibers with acid dyes.

Isotherms of specific electrical conductivity � of SAAs
in water at 303 K. (cSAA) SAA concentration. SAA: (1) I,
(2) III, (3) IV, (4) II, and (5) V.
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CONCLUSIONS

(1) Amines containing amido and hydroxy groups
were prepared; they exhibit micelle-forming power
and are poor foaming agents.

(2) The surface-active amines synthesized are
active modifiers of cotton fibers in their dyeing with
acid dyes.
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Abstract�Optimal conditions for condensation of coal humic acids with formaldehyde in alkaline medium
were determined. The conversion of formaldehyde as influenced by temperature, reaction time, component
ratio, and catalyst content was studied.

Humic acids (HAs) and products based on them are
extensively studied today, because they contain var-
ious functional groups and can be used as environ-
mentally safe and available raw materials for produc-
tion of ion-exchange materials, soil structuring agents,
etc.

However, low mechanical strength, strong swell-
ability in water and aqueous acidic solutions, and
complete dissolution in alkaline solutions hinder wide
use of humic acids. Modification of HAs can enhance
their reactivity, thermal and chemical resistance, and
sorption properties and can affect their solubility
[1, 2]. It was found that the modified products surpass
HAs in some respects and show promise for industrial
use.

In particular, HAs can be modified with formal-
dehyde (FA) and urea. However, if it is assumed that,
in the case of FA, the reaction mechanism is similar
to that by which phenol-formaldehyde oligomer is
formed {schemes (1) and (2) [3]}, then, for the sub-
sequent condensation with urea, the intermediate hy-
droxymethyl derivatives should be preserved to the
maximum possible extent [scheme (1)]:

ArH + CH2O = ArCH2OH, (1)

ArCH2OH + ArH = ArCH2Ar + H2O. (2)

If curing by the resol type is intended, then the
highest content of FA is possible and desirable.

The aim of this study was to find the optimal con-
ditions of polycondensation of HAs and FA in alka-
line medium and to determine the effect of modifica-
tion on the ion-exchange properties of the reaction
products.

EXPERIMENTAL

We studied condensation as influenced by tem-
perature (x1), reaction time (x2), molar component
ratio (x3), and catalyst content (x4). Alkali was taken
in a minimal amount required for complete conversion
of the acid into salt, and only in this case, the reaction
proceeds in aqueous solution under the homogeneous
conditions; in neutral and acidic solutions, HAs are
insoluble.

The process was optimized using the mathemati-
cal experimental design [4] based on a 4 � 5 matrix.
The experimental results were obtained, and partial
dependences yi = f (xi ) for the above process param-
eters (Fig. 1) plotted, in accordance with the spec-

Fig. 1. Conversion � of FA in reaction with HAs vs. tem-
perature x1, reaction time x2, HA : FA molar ratio x3, and
weight fraction of catalyst x4. (1) Experimental and (2) cal-
culated data.
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Table 1. Levels of the parameters studied
����������������������������������������

Parameter
� Level
������������������������������
� 1 � 2 � 3 � 4 � 5

����������������������������������������
x1, K � 303 � 318 � 333 � 348 � 363
x2, h � 0.5 � 1.0 � 1.5 � 2.0 � 2.5
x3, HA : FA � 1 : 1 � 1 : 2 � 1 : 3 � 1 : 4 � 1 : 5
x4, % relative � 0 � 0.5 � 1.0 � 1.5 � 2.0
to mHA � � � � �
����������������������������������������

ified conditions (Table 1). The reaction course was
monitored by FA conversion.

The partial dependences of FA conversion yi on
parameters xi were approximated with the following
functions:

y1 = 0.049exp(�16.73/x1), (3)

y2 = 0.38 + 0.74x2 � 0.28x2
2, (4)

y3 = 0.224 + 2.54x3 � 2.19x3
2, (5)

y4 = 0.74exp(0.266x4). (6)

The generalized equation in terms of optimization
parameters [4] is as follows:

y = y1 y2 y3 y4 � 0.69�4. (7)

The maximal FA conversion is observed under the
following conditions: HA : FA molar ratio 1 : 3, 75�C,
reaction time 1 h, and concentration of base catalyst
2% relative to the HA weight.

The kinetic curves of formation of hydroxymethyl
derivatives are shown in Fig. 2; the highest yield is
observed in the first 10�30 min, depending on the ini-

Fig. 2. Variation with time of the content of the acid
groups � at 333 K and HA : FA molar ratio of (1) 1 : 1,
(2) 1 : 2, and (3) 1 : 3. (x2) Reaction time.

Table 2. Properties of the initial and modified compounds
����������������������������������������

Com-
�

SEC(Ca2+),
� Content of � � pH of

� � acid groups, � pKi � aqueous
pound

�
mg-equiv g�1

� mg-equiv g�1 � �suspension
����������������������������������������
Initial � 0.27 � 2.93 � � � 5.4
coal � � � �
HA � 0.88 � 4.35 � 4.50 � 3.8
HFP-1 � 1.40 � 5.48 � 4.54 � 3.3
HFP-2 � 1.39 � 5.87 � 4.51 � 2.9
����������������������������������������

tial component ratio. In all the cases, the maximal
content of the hydroxymethyl groups is constant and
equal to 5.9 mg-equiv g�1, or about 25% of the initial
content of the acid groups. The increase in the FA
content only makes earlier the onset of condensation.
Hence, to obtain the highest content of the hydroxy-
methyl derivatives at HA : FA molar ratio 1 : 3, cat-
alyst weight fraction 2%, and 60�C, the reaction time
can be decreased to 10 min.

Since an increase in the complexity of the polymeric
chain can affect the sorption capacity of the ion ex-
changer, it was necessary to compare the polyelectro-
lytic and sorption properties of the modified products
with those of the initial HAs. For this purpose, we de-
termined the ionization constants (pKi ) and static ex-
change capacities (SEC) for calcium cations of the ini-
tial compound and two modified humic-formaldehyde
polymers (HFPs) differing in the preparation condi-
tions, namely, in the component molar ratio and reac-
tion time [1 : 1 and 60 min for HFP-1; 1 : 2 and 15 min
for HFP-2).

Addition of FA may cause redistribution of the
electron density in the condensed HA system, enhanc-
ing the acid properties of weak acid groups and thus
increasing the SEC. However, nearly similar pKi
values for the compounds in question suggest that this
is hardly the case, and SEC is more probably deter-
mined by the content of the acid groups.

As seen from Table 2, the sorption capacity of the
modified products increases by nearly a factor of 2,
and the decrease in the reaction time does not affect
noticeably the sorption capacity. This is probably due
to the fact that the steric environment of the hydroxy-
methyl groups sorbing calcium cations hinders their
participation in condensation. Thus, hydroxymethyl
derivatives, as well as the condensation products, can
be used as sorbents or soil-structuring agents. How-
ever, preparation of HFP-2 type products is preferable
for the subsequent curing, because formation of meth-
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ylene bridges from hydroxymethyl groups allows pre-
paration of partially cross-linked polymers with higher
molecular weight. As a result, the mechanical strength
of these compounds increases, whereas their solubility
in alkaline medium decreases, which expands the range
of application of the modified polymers.

Humic acids were prepared from oxidized coal of
the Oikaragaiskoe field; first the coal was treated with
alkali and then humic acids were precipitated from
aqueous solution with hydrochloric acid. Formaldehyde
was used as 33% aqueous solution; the content of FA
was monitored potentiometrically by oximation [5].

The resulting products were precipitated with 2 M
hydrochloric acid; the precipitates were filtered off
and washed to negative reaction of the filtrate with sil-
ver nitrate. The content of the acid groups in the prod-
ucts was determined by conductometry [6]. The exper-
imental results were processed using the QUATTRO
PRO 4.0 software.

The exchange capacity was determined under static
conditions, using the ion exchangers in the H+ form.
Weighed portions of the samples (�0.4 g) were equi-
librated with 50 ml of a 0.02 M calcium chloride solu-
tion. The concentration of metal cations in the equi-
librium solutions was determined by complexomeric
titration [7].

The averaged apparent ionization constants were
evaluated graphically from potentiometric titration
curves, for which purpose weighed portions of the
samples (�0.4 g) were placed in 30 ml 1 M NaCl so-
lution and titrated with 0.1 M NaOH solution.

CONCLUSIONS

(1) The optimal conditions for polycondensation
of humic acids with formaldehyde are as follows:

molar ratio of reagents molar ratio 1 : 3, 60�C, reac-
tion time 60 min, catalyst weight 2% relative to that
of humic acids.

(2) The maximal amount of the intermediate prod-
ucts is formed in the first 10�30 min, depending on
the reagent ratio, but the magnitude of the maximum
is independent of this ratio.

(3) Modification of humic acids with formaldehyde
increases the sorption capacity for calcium cations,
with the average ionization constant remaining un-
changed.
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Abstract�Specific features of fast polymerization processes necessitate use of new highly productive com-
pact plug-flow tubular turbulent reactors. Theoretical examination of turbulent mixing in the reaction zone
is made, allowing control of fast polymerization in polymer synthesis.

It has been demonstrated in studying liquid-phase
synthesis of macromolecular compounds that many
of such reactions are very fast (characteristic reac-
tion time �ch < 0.1�0.01 s). In this case, even very
slow delivery of a polymerization initiator, use of
dilute reagent solutions, and vigorous stirring cannot
ensure isothermal polymerization. Chemical reactions
of this type start long before the reagents delivered
to the reaction zone are mixed. These reactions are
diffusion controlled, being limited by reagent mix-
ing kinetics, primarily, by the turbulence level in
the reaction space, since the reagent mixing time is
mostly longer than the characteristic reaction time
(�mix > �ch).

This essentially new class of chemical reactions
including syntheses of many polymeric products ap-
pears to be virtually not understood [1]. Among them
are electrophilic polymerization of isobutylene, sty-
rene, p-chlorostyrene, and cyclopentadiene; ionic po-
lymerization of formaldehyde; irreversible polycon-
densation; copolymerization of isobutylene with iso-
prene and styrene; synthesis of chlorobutyl rubber;
cationic polymerization of piperylene; formation of
growth centers with Ziegler�Natta catalytic systems;
initiation, particularly, in syntheses of stereoregular
isoprene and butadiene rubbers and ethylenepropylene
elastomers.

It has been demonstrated in a simple experiment
modeling fast electrophilic polymerization of iso-

butylene in the presence of AlCl3 (243 K) that the re-
action proceeds essentially (to 80�95 wt %) locally,
i.e., directly in the catalyst delivery zone [2]. In this
case, the reaction mass temperature is not the same
in different zones of the apparatus, depending on the
local monomer and catalyst concentrations. Topo-
chemically, fast polymerization is brush flame-like,
with typical gradients of temperature, reagent con-
centrations (Figs. 1c, 1d), and product along the re-
action zone. In this case, the reaction zone resembles
a combustion front. In performing fast polymerization
in bulk mixer apparatus, it is virtually impossible to
achieve isothermal conditions in the reaction zone, so
that, in actual processes, the temperature in the bulk
of the reactor may rise by tens of degrees and no
adequate modeling of the kinetic parameters can be
made by the classical methods. As a result, among
the specific features of fast polymerization are non-
uniform molecular structure of the resulting polymeric
products and, therefore, their performance character-
istics, scatter of molecular characteristics of the po-
lymer (molecular weight MW and molecular-weight
distribution MWD), and, finally, irreproducibility of
experiments.

An important result obtained analyzing exper-
imental data and solving the inverse problem for
the case of cationic polymerization of isobutylene, as
an example of fast polymerization, was the establish-
ment of the possibility of attaining a macroscopic
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quasiideal plug-flow mode in turbulent flows con-
fined by an impermeable cylindrical wall, having no
match in the present-day technology. This mode pro-
vides quasi-isothermal reaction conditions by virtue
of formation of a plane front of reagent concentrations
and temperature over the interval confined by strictly
fixed radii Rmax and Rmin of the jet reaction zone
(Figs. 1a and 1b). Also, this mode ensures highly ef-
ficient mixing of the reagents and, as a result, leads to
uniform radial distribution of the reagent concentra-
tions and temperature throughout the reaction zone.
Taking into account the longitudinal turbulent mixing
of reagents distinguishes this mode from the known
ideal plug-flow mode in laminar flows.

The quasi-ideal plug-flow mode is achieved at
reagent flow velocity V in the reaction zone suffi-
ciently high to provide high turbulence level. In this
case, important factors influencing the reagent mix-
ing time �mix and molecular-weight characteristics
of the resulting polymeric products (MW and MWD)
are the geometry and design of the reaction volume.
Conditions of establishment of the quasi-ideal plug-
flow turbulent mode (planar reaction front) in fast
polymerization are determined by the relationship
�mix = R2/Dturb < �ch = 1/kt (Figs. 1a and 1b), where
Dturb is the turbulent diffusion coefficient (m2 s�1) and
kt, chain termination rate constant (s�1). Therefore,
there exists a critical radius Rcr corresponding to transi-
tion from the quasi-ideal plug-flow mode to the brush
flame mode:

Dturb/kt .Rcr =
�����

� (1)

With decreasing reaction mixture velocity V within
the turbulent mode limits, the �erosion� of the tem-
perature front in the reaction zone through longitu-
dinal turbulent diffusion and heat transfer in the direc-
tion opposite to that of flow motion results in that
the temperature is virtually constant throughout the
reaction volume (quasi-isothermal mode). This is
the basic distinction from the ideal plug-flow mode.
Making Dturb higher by raising V or changing design
of the reaction zone leads to the corresponding in-
crease in the reagent conversion. In this case, the res-
idence time of the reagents in the reaction zone, �r,
decreases, and the reaction zone itself becomes more
compact (Fig. 2). Furthermore the temperature fluctua-
tions in the reaction zone are smoothed, regardless of
the fact that the total product yield and heat liberation
increase [2].

The establishment of the possibility of attaining
the quasi-ideal plug-flow mode described by Eq. (1)

Fig. 1. (a, c) Temperature fields and (b, d) concentration
fields of growth centers A* and monomer M formed
in fast polymerization of isobutylene in a flow with R =
0.08 (a, b) and 0.25 m (c, d). Conversion of monomer
(wt %): (a, b) 99.3 and (c, d) 65.0. �T (K): (a, b) 28 and
(c, d) 22. cM = 1 M, cAl = 4.5 mM, Dturb = 0.025 m2 s�1,
kp = 105 l mol�1 s�1, kt = 20 s�1, and T0 = 300 K.
(x) Coordinate. (a, b) Planar front of the reaction controlling
the quasi-isothermal regime in the reaction zone and
(c, d) brush flame-like process.

Fig. 2. Poly(isobutylene) yield � vs. (1) reaction mix-
ture velocity V and (2) characteristic reaction time L/V.
L = 2 m, cM = 2 M, cAl = 4.5 mM, R = 0.25 m, and
T0 = 300 K.

in the reaction zone allowed development of a new
class of chemical apparatus, based on tubular turbu-
lent reactors (Fig. 3) [3, 4]. The use of such compact
highly productive power- and resource-saving re-
actors operating in the quasi-ideal plug-flow mode
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Fig. 3. Schematics of tubular turbulent reactors: (a) con-
stant diameter of the reaction zone, (b) shell-and-tube
design (c) divergent-convergent design, and (d) zonal re-
actor: (1) reaction zone and (2) cooling zone.

Fig. 4. Distribution of the turbulent diffusion coefficient
Dturb in the reaction zone of (a) cylindrical and (b) diver-
gent-convergent reactors. Re = 2 � 105, Rcr = 0.025 m,
V = 4 m s�1, and � = 1000 kg m�3. (r, z) Radial and longi-
tudinal coordinates.

(Fig. 3) is the optimal solution of the problem of fast
polymerization.

This new type of apparatus combines the advan-
tages of plug-flow tubular reactors and stirred con-
tinuous reactors, also demonstrating its own dis-
tinctive features and technological advantages such
as (a) possibility of achieving high turbulence level
along the anture length of a divergent-convergent
apparatus (Fig. 4) [5]; (b) effect of the kinetic and
hydrodynamic parameters of the process on the op-
timal size of the reaction zone [2]; (c) influence of
the reaction zone geometry on the yield and composi-
tion of the product (Fig. 2); (d) possibility of attain-
ing the ideal plug-flow turbulent mode at �ch � �mix,
which is of great importance, allowing the process
to be performed under quasi-isothermal conditions;
(e) possibility of obtaining self-similar flows at
Reynolds number Re � 800/ f, where f = 0.117 +
0.0488� � 0.0012�2 + 1.374 � 10�5�3 � 5.9 � 10�8�4

and � is the diffuser divergence angle, specifically, at
� = 30�80� and Re � 950 	 50 [6]; (f) possibility
of controlling fast polymerization by, e.g., varying
the reaction zone geometry (d, L) and hydrodynamic
parameters in the reactor (V, Dturb) [7].

Previously we obtained for divergent-convergent
tubular turbulent reactors operating in the self-similar
flow mode relationships for the mean turbulent dif-
fusion coefficient Dturb, specific kinetic energy K of
turbulence and its dissipation 
, and also for the char-
acteristic times of turbulent (�turb), micro- (�micro), and
mesomixing (�meso), which allow optimization of
the reactor design and operation mode [7]:

Dturb = 0.012 f Vc dc, K = 0.048 f 2Vc
2, � = 0.021 f 3Vc

3/dc,

�turb = 80.65 l2/f Vc dc, �micro = 119.4[�dc /( f 3Vc
3)]0.5,

�meso = 3.62(l2/dc )1/3/( f Vc). (2)

Here Vc is the reagent flow velocity in the confuser
(m s�1), dc, the diameter of the narrow section of the
reaction zone (m); �, the kinematic viscosity (m2 s�1);
l, the reaction zone length (m).

Comparison of the characteristic times can reveal
the mechanism controlling the smoothing of the re-
agent concentration fields in the reaction zone, which,
in its turn, allows control of the mass transfer and
optimization of the reactor design.

Performing fast polymerization in plug-flow tur-
bulent tubular reactors (planar reaction front) allowed
development of a new method for estimating some
kinetic parameters, particularly, the chain propagation
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and termination rate constants kp and kt for cationic
polymerization of isobutylene [2]. It is typical
of the plug-flow mode that the effective time of re-
agent residence in the reaction zone, �r = (L /V )ef ,
controlling the reaction zone length L at which the po-
lymer yield amounts to 90%, is related to with kinetic
parameters of the process by

L
V
�
�

�
�� = 	� ln 1 + ����� ln 0.1 + 0.9exp �����1

k t

 kp [A*]0

k t�
�



��

�
�
�

kp [A*]0

k t

�
�

��
� �
�

� �
, (3)

where [A*]0 is the initial catalyst concentration.

A study of the polymer yield as a function of L
or V at various catalyst concentrations and Rcr > R
allowed experimental determination of the rate con-
stants for certain elementary reactions occurring in
fast polymerization of isobutylene. For example, at
243 K, kp and kt were estimated to be 106 l mol�1 s�1

and 17.5 	 5 s�1. Note that the experimental kp is, in
general, consistent with published data, and kt was
estimated for the first time.

From the experimental characteristic residence time
�r we estimated the rate constant of chlorination of
butyl rubber with chlorine (k � 150 	 50 l mol�1 s�1

[8, 9]). This polymer-analogous reaction was carried
out in a divergent-convergent tubular turbulent reactor
(diffuser radius Rd = 0.025 m, confuser radius Rc =
Rd /2, L = 2 m, reactor volume �0.004 m3) filled with
special Teflon packing. Based on the results obtained,
the indicated reaction was related to a new class of
fast chemical reactions [1], and it was concluded
that it is advisable to perform this reaction in tubular
turbulent reactors.

In many cases, polymer synthesis among them,
the major stages of the process are slow themselves,
but are preceded by some primary fast reactions. For
example, this is the case in polymer synthesis with
Ziegler�Natta catalytic systems.

With the use of such systems as V�Al, Ti�Al,
Nd�Al, etc. for synthesis of, e.g., ethylene�pro-
pylene, cis-1,4-isoprene, trans-1,4-isoprene, and cis-
1,4-butadiene rubbers, the characteristic time of chain
propagation is about 102 s or more. At the same time,
the rate of initiation to give growth centers is faster
by many orders of magnitude, i.e., it is a fast reac-
tion controlled by reagent mixing. As a result, when
a catalyst and a co-catalyst are delivered directly to
a mixing vessel, the resulting distribution of the form-
ing growth centers is nonuniform at both micro- and
macrolevels. This leads also to a nonuniform mono-
mer distribution throughout the reactor, which de-

Characteristics of ethylene	propylene	ethylidenenorbor-
nene terpolymer rubbers obtained without and with diver-
gent-convergent pre-reactor
����������������������������������������

� Flow chart
�������������������

Characteristic �without stage� with stage
� separation � separation

����������������������������������������
Content of monomeric � �
units, %: � �

ethylidenenorbornene � 28 � 29
terminal vinylidene � 0.29 � 0.19

Content of blocks of ethylene � �
units, % � �

long � 0.17 � 0.06
short � 1.1 � 0.9

Fraction of propylene units � 1.9 � 2.6
in long blocks, % � �
Degree of branching, % � 0.29 � 0.17
����������������������������������������

teriorates molecular characteristics of the resulting
polymers and, therefore, their quality.

It appeared expedient to separate the fast stage of
growth center formation from the slow stage of co-
polymerization of olefins and dienes on Ziegler�Natta
catalysts. It was demonstrated that, for each of these
stages, it is possible to provide ideal or practically
ideal conditions. For the first, fast stage, this can
be done using a divergent-convergent tubular turbu-
lent pre-reactor [4], and for the second, slow stage,
with a stirred continuous reactor. With the use of
a divergent-convergent tubular turbulent pre-reactor,
the reagent mixing time �mix is always shorter than
the reaction mixture residence time �r. This guarantees
that all the potential growth centers of polymeriza-
tion enter the continuous polymerizer in the already
formed state, and the ideal mixing model appears to
be valid in this case.

Such measures as optimization of the V�Al cata-
lytic system composition and homogenization of flows
going to the polymerizer (including separation of
the fast stage of formation of growth centers and slow
stage of copolymerization of ethylene and propylene
using a divergent-convergent tubular turbulent pre-
reactor) remarkably improved the quality of ethylene-
propylene rubbers (see table) and reduced the amount
of off-grade products and wastes [10].

In manufacturing ethylene-propylene rubbers, the
presence of a gas�liquid interface result in that the
diffusion limitations and reaction mixture separation
into components (diluent, monomers, hydrogen, etc.)
occur upon delivery of the initial flows directly in
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Fig. 5. Distribution of the volume fraction of the dispersed
phase, �2, across the radius of the tubular reactor, r, in
(1, 2) diffuser and (3, 4) confuser parts. dd = 0.08 m, dc =
0.05 m, Ldc = 0.27 m, and V = 16 m s�1. Continuous phase
density �1 (kg m�3): (1, 3) 6.93, (2) 1111, and (4) 998.2.
Dispersed phase density �2 (kg m�3): (1, 3) 640, (2) 0.689,
and (4) 1111.

stirred continuous reactor are responsible for forma-
tion of the compositionally inhomogeneous copolymer
both in a single polymerizer and in reactors connected
in parallel. The use of divergent-convergent tubular
turbulent pre-reactor allows efficient saturation of
a hydrocarbon diluent with gaseous monomers and
hydrogen and continuous supply of a homogeneous
gas�liquid mixture to continuous polymerizers con-
nected in parallel. In this case, the multiphase flow in
the tubular channels of the divergent-convergent re-
actor is characterized by the occurrence of some cir-
culation zones. Near an impermeable wall, the par-
ticles start to move in the direction opposite to the
main flow under the action of a pressure gradient. In
this region, the liquid flow is in rotatory motion,
which results in an unexpected phenomenon: under
the action of the centrifugal force, phase separation
starts, depending primarily on the density of com-
ponents involved in dispersion [11]. With remarkable
difference between the densities of the continuous (
1)
and dispersed phases (
2) and at 
1 < 
2, in the pe-
ripheral parts of the reactor, the volume fraction of
the dispersed phase �2 decreases by virtue of rejection
of particles toward the impermeable wall or reactor
periphery under the action of the centrifugal force
(Fig. 5). In the case of 
1 > 
2, �2 in the circulation
zone increases. However, a uniform two-phase flow
characterized by a homogeneous distribution of �2
throughout the reactor section is formed in the nar-
row section of the reactor, i.e., in the confuser (Fig. 5).

Based on a numerical solution of the equations
of two-phase flow motion with the corresponding

boundary condition with respect to the geometrical
parameters of the mixing zone and physical and dy-
namic parameters of the disperse system, Takhavut-
dinov et al. [12] derived a relation for the specific
interfacial area, i.e., for the size of dispersed inclu-
sions [12]:

�
�

�
�� = 0.625 ����� 1 + �����

fE f 3V 3

dc
�
�

�




�

�
�

�U1 + U2

U2 � ���
�

�

2 �
�

�

�1

�2
�
�

�

�0.3�

�
� , (4)

d2 = 0.099(�/�1)0.6 �0.4, (5)

fE = 	0.221 + 0.362(dd/dc) 	 0.186(dd/dc)
2 	 0.031(dd/dc)

3

	 0.048(Ldc /dd) 	 7.92 � 10�3(dd /dc)(Ldc /dd)

	 3.08 � 10�3(Ldc /dd)(dd /dc)
2 	 0.015(Ldc /dd)2

+ 5.15 � 10�3(dd /dc)(Ldc /dd)2,

where U1 and U2 are the flow rates of, respective-
ly, continuous and dispersed phases (m3 s�1); Ldc,
the length of the diffuser-confuser unit (m); �, the sur-
face tension (mPa s).

The results obtained allow optimization of the op-
erational parameters of a divergent-convergent tubular
turbulent pre-reactor with account taken of the effects
of phase separation and inhomogeneous distribution
of components in the disperse system. For example,
such an optimization has been done for the case of
full-scale copolymerization of ethylene with propylene
on Ziegler�Natta catalysts [10].

In synthesis of stereoregular cis-1,4-isoprene rub-
bers on Ti�Al (SKI-3) and Nd�Al catalytic systems
(SKI-5), the above-described separation of the stages
of formation of growth centers and polymerization
with the use of a tubular turbulent pre-reactor also
allows improvement of molecular characteristics of
the resulting products [13, 14]. In the standard process,
a catalyst and a monomer are introduced in the first
reactor of the cascade of stirred continuous polymer-
izers. In this case, mixing of the reagents and forma-
tion of a catalytic system are inefficient.

Installing a divergent-convergent pre-reactor before
the cascade of stirred continuous polymerizers provid-
ed an increase in the cis-1,4-units in the macromol-
ecules of stereoregular polyisoprene and also improve-
ment in the product homogeneity [15]. This ensured
for the first time a correlation between the plasticity of
the industrial product and its Mooney viscosity. As
a result, it became possible to improve the product
quality to the theoretical level and to obtain SKI-5
stereoregular 1,4-isoprene rubber of various grades in
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the same apparatus, which could not be done with
the existing stirred continuous reactors. Furthermore,
in synthesis of SKI-5, the process output increased
from 34 	 1 to 40 	 1 t h�1, the amount of the Nd�Al
catalyst was reduced by a factor of 2�4, and the rate
of skin formation on the inner walls of process equip-
ment decreased by about an order of magnitude. Also,
the efficiency of the chain-transfer agent, diisobutyl
aluminum hydride, increased. It was demonstrated in
laboratory experiments that, in performing the stages
of formation of growth centers and initiation of iso-
prene polymerization with the Ti�Al catalytic system,
use of divergent-convergent tubular turbulent reactors
ensures an increase in the molecular weight of the
resulting polymers (Fig. 6).

Polymeric products synthesized on Ziegler�Natta
catalysts mostly demonstrate wide MW distribution.
One of the reasons is the occurrence of several types
of growth centers with different kinetic activities.

Solution of the inverse MWD problem allows de-
rivation of growth center activity distribution functions
(Fig. 7). Each maximum in the distribution curve cor-
responds to at least one type of growth centers char-
acterized by certain chain termination probability. The
curves �(ln �)� = �2� (�) � ln M, where � is the re-
ciprocal of the mean degree of polymerization Mp char-
acterizing the chain termination probability and equal
to (1/m)(r0 /rp ) (rp is the chain propagation rate, r0,
integral termination rate, and m, molecular weight
of the monomer), allow estimation of the number and
relative contribution of each type of growth centers
separately, using normal distribution functions [16].

A study of the growth center activity distribution
for the case of isoprene polymerization on Ti�Al cat-
alytic systems revealed that, with reactive turbulent
mixing instead of standard mixing used in synthesis
of isoprene rubber in the growth center formation and
initiation stages, the active centers responsibe for
formation of the low-molecular-weight fraction dis-
appear (Fig. 7), allowing production of polymers with
higher MW and narrow MWD [17].

Finally, performing the fast stage (growth center
formation and initiation) in tubular turbulent jet re-
actors and the slow stage (copolymerization olefins
and dienes), in stirred continuous reactors, with the
resulting considerable increase in the turbulence level
in the first stage, allows a significant improvement of
the molecular-weight characteristics of the polymeric
products obtained, control over the number of growth
centers, and decrease in catalyst consumption in in-
dustrial processes.

Fig. 6. Intrinsic viscosity [	] vs. the polymerization time 
p
in polymerization of isoprene on the TiCl4�Al(i-C4H9)3�
piperylene catalytic system. cTi = 3.2 mM, cM = 1.5 M,
Ti : Al : piperylene = 1 : 0.83 : 4. (1) Without stage separa-
tion and (2) with stage separation using a tubular turbulent
pre-reactor; the same for Fig. 7.

Fig. 7. Growth center activity distribution for the TiCl4�
Al(i-C4H9)3�piperylene catalytic system in polymerization
of isoprene in toluene. cM = 1.5 M, cTi = 7 mM, Ti : Al :
piperylene = 1 : 1.02 : 4. (M) Degree of polymerization.

CONCLUSIONS

(1) The specific features of fast polymerization
processes make it expedient to use compact tubular
turbulent reactors in industrial synthesis of polymers.

(2) Slackening of the diffusion limitations in poly-
mer synthesis by virtue of intensification of turbulent
mixing in the reaction zone allows estimation of ki-
netic parameters of polymerization and polymer-anal-
ogous reactions, optimization of the molecular-weight
characteristics of the resulting polymeric products,
and, finally, control of the process as a whole.
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Abstract�Copolymerization of styrene and methyl methacrylate with various unsaturated �-diketones was
studied. The influence exerted by the reaction temperature, structure of �-diketone, and its content in the co-
monomer mixture on the kinetic parameters of copolymerization and molecular weights of the products was
examined.

In the past decades, there has been a great deal of
interest in synthesis and application of polymers con-
taining various functional groups in the pendant chains
[1, 2]. Functional polymers are prepared by poly-
mer-analogous transformations, polycondensation, or
homo- and copolymerization of appropriate monomers.
The last procedure seems to be more efficient; how-
ever, it has been studied relatively poorly because
the initial monomers are difficultly accessible.

�-Diketones are well-known chelating agents. How-
ever, there have been only few reports of polymers
prepared from unsaturated �-diketones. Homo- and co-
polymerization of methacryloylacetone (MAC) [3, 4]
and its derivatives [5] have been studied fairly well.
Polymeric ligands and metal complexes derived from
p-vinylbenzoylacetophenone have been prepared [6].
�-Diketone monomers suitable for preparing function-
al polymers have been reported [7, 8].

Our goal was to carry out a kinetic study of co-
polymerization of various unsaturated �-diketones
with styrene or methyl methacrylate (MMA).

EXPERIMENTAL

In the experiments, we used linear

���������������H2C
R

O O���������������H2C
R

O O

{R = CH3 [7-octene-2,4-dione (lin.CH3)], CF3 [1,1,1-
trifluoro-7-octene-2,4-dione (lin.CF3)], C6H5 [1-phen-
yl-6-heptene-1,3-dione (lin.C6H5)]} and branched �-di-
ketones:

������������
R

O O

���H3C
CH2

������������
R

O O

���H3C
CH2

{R = CH3 [3-allylpentane-2,4-dione (br.CH3)], CF3
[3-allyl-1,1,1-trifluoropentane-2,4-dione (br.CF3)],
C6H5 [2-allyl-1-phenylbutane-1,3-dione (br.C6H5)].

For comparison, we also tested MAC. The mono-
mers were prepared, purified, and identified according
to [3, 9, 10].

All the unsaturated �-diketonates synthesized, ex-
cept MAC, undergo no radical homopolymerization in
the presence of initiators [benzoyl peroxide, BP; azo-
bis(isobutyronitrile), AIBN] at temperatures of up to
90�C. This may be due to steric hindrance and also to
appreciable resonance stabilization of the monomers.
These factors apparently govern the reactivity in poly-
merization for all the unsaturated �-diketonates syn-
thesized. However, such monomers as MAC and the
�-diketones synthesized, according to the existing
concepts, must readily enter copolymerization. Fur-
thermore, the C�C bond linking two different units
in the backbone will be stronger if the substituents in
the units have different electronegativities [11]. The
electronegativity of monomers can be evaluated using
the Alfrey�Price Q�e scheme which quantitatively
relates the reactivity (Q factor) and polarity (e factor)
of the monomers. The e factor is +0.57 for MAC and
�0.80 for styrene [4], which suggests a high stability
of MAC�styrene copolymers.

We have studied bulk copolymerization of all the
unsaturated �-diketones synthesized with styrene and
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Table 1. Molecular weights of copolymers and kinetic parameters of copolymerization of unsaturated �-diketones with
styrene at various comonomer ratios* (BP initiator, cin = 0.01 M, 80�C; the same for Tables 2�4)
������������������������������������������������������������������������������������

�-Diketone
�

�-Diketone : styrene
�

vin
pol,

� Molecular weight M � 10�5

� � ��������������������������������������������
�

volume ratio
�

% min�1
� Mn � Mw � Ms � Mw /Mn � Ms / Mw

������������������������������������������������������������������������������������
Lin.CH3 � 1 : 2 � 0.09 � 0.254 � 0.544 � 0.47 � 2.14 � 1.74

� 1 : 10 � 0.13 � 0.420 � 0.953 � 1.61 � 2.27 � 1.69
Lin.CF3 � 1 : 2 � 0.12 � 0.299 � 0.647 � 1.12 � 2.16 � 1.73

� 1 : 10 � 0.13 � 0.584 � 1.270 � 2.11 � 2.17 � 1.66
Lin.C6H5 � 1 : 2 � 0.11 � 0.377 � 0.852 � 1.45 � 2.26 � 1.70

� 1 : 10 � 0.18 � 0.541 � 1.300 � 2.14 � 2.40 � 1.65
Br.CH3 � 1 : 1 � 0.08 � 0.599 � 1.670 � 3.26 � 2.79 � 1.95

� 1 : 10 � 0.18 � 0.676 � 1.440 � 2.39 � 2.15 � 1.66
Br.CF3 � 1 : 1 � 0.08 � 0.222 � 0.544 � 1.02 � 2.45 � 1.88

� 1 : 10 � 0.18 � 0.582 � 1.290 � 2.16 � 2.22 � 1.67
Br.C6H5 � 1 : 2 � 0.10 � 0.364 � 0.765 � 1.33 � 2.10 � 1.74

� 1 : 10 � 0.17 � 0.632 � 1.350 � 2.25 � 2.14 � 1.67
MAC � 1 : 1 � 0.09 � 0.401 � 1.244 � 3.23 � 3.10 � 2.60

� 1 : 10 � 0.14 � 0.675 � 1.650 � 3.15 � 2.44 � 1.91
������������������������������������������������������������������������������������
* (v in

pol) Initial polymerization rate; molecular weight: (Mn) number-average, (Mw) weight-average, and (Ms) sedimentation-average;
(Mw /Mn) degree of polydispersity of the polymer; (Ms /Mw) width of molecular-weight distribution.

of some of them with MMA. Experiments were per-
formed in ampules and dilatometers at 80 and 70�C
and various volume ratios of the comonomers. The
reaction kinetics was monitored dilatometrically. Prior
to all the experiments, the ampules and dilatometers
were purged with argon to remove oxygen. The mo-
lecular weights of the copolymers were determined
by gel-permeation chromatography on a Waters-200
device calibrated using monodisperse polystyrene
references (Waters).

The kinetic parameters of copolymerization of
�-diketones with styrene, intiated by BP, and molec-
ular weights of the copolymers are listed in Table 1.
In all the cases, the polymerization rate and the mo-
lecular weight of the polymer decrease with increas-
ing concentration of monomeric �-diketone. With both
linear and branched monomers (in the latter case, to
a greater extent), the copolymerization rate tends to
decrease in the order C6H5 > CF3 > CH3.

It is interesting that both the polymerization rate
and the molecular weights of copolymers decrease
with increasing content of �-diketones. For example,
in the case of br.CF3 and br.C6H5, the polymerization
rate decreases by approximately a factor of 2.5 and
1.7, respectively, and the molecular weights of the
resulting polymers decrease to approximately the
same extent. With lin.CH3, the reaction rate decreases
by a factor of 1.5, and the molecular weight of the

copolymer, by a factor of 1.7; with lin.C6H5, these
factors are 1.7 and 1.5, respectively. With increasing
content of the unsaturated �-diketone in the initial
mixture (for branched �-diketones and MAC), the
degree of polydispersity of the copolymers, Mw / Mn,
grows (Table 1), this ratio being the highest for MAC
copolymers.

These trends might be due to decreased activity of
the radicals generated from the �-diketones, which
could result in slower chain propagation and hence in
slower polymerization and lower molecular weight of
the product. Indeed, in polymerization of MAC, the
propagating radical is conjugated with the quasiaro-
matic ring, being therefore less reactive. However,
in the other monomers, there is no such conjugation.
Nevertheless, the general pattern is similar with all
the monomers.

For example, the parameters characterizing copoly-
merization of MAC, except the molecular weights of
the products, are very similar to those obtained with
lin.CH3 (Figs. 1a, 1b). Thus, specifically the quasi-
aromatic chelating ring in the �-diketone molecules,
rather than the decreased activity of the radicals and
position of the double bond (in MAC and in the linear
and branched monomers it is different) is the major
factor responsible for the features observed.

Burnett et al. [12] have shown that diethyl malonate
forms very stable complexes with nitroxyl radicals
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owing to strong interaction of the unpaired electron
with two carbonyl groups. In homo- and copolymeri-
zation of unsaturated �-diketones, the propagating
radicals apparently form similar complexes. Complex-
ation of the radicals makes them incapable of being
involved in chain propagation, and polymerization
occurs with only the �free� radicals. The system be-
haves as if the monomer had lower reactivity, but
actually decreased is the steady-state concentration of
the propagating radicals [13]. A similar effect will
apparently be observed with all the monomers contain-
ing the �-diketone ring; therefore, such monomers
polymerize slowly, yielding polymers with lowered
molecular weight. A similar effect has been observed
with the metal complexes; in this case, the radicals
were scavenged by metal ions [14]. We showed in this
study that such an effect is also characteristic of met-
al-free �-diketones. Complexes with radicals are also
formed by simpler electron-rich compounds (alkenes,
aldehydes, ketones), but these complexes have consid-
erably lower stability constants [15]. The compounds
containing developed � systems (�-diketones, porphy-
rins) form very stable complexes with radicals. It is
interesting that the complexation of monomers con-
taining a heteroatom with radicals involves the lone
electron pairs of heteroatoms [13], rather than � elec-
trons of the double bond.

Shapiro et al. [16] have studied by 1H NMR spec-
troscopy the complexation of radicals with metal por-
phyrins and with their metal-free analogs. In the latter
case, ��p�(�) complexes involving the porphyrin �
system and the p electrons of the monomer are formed.
Gridnev and Nechvolodova [17] obtained, when study-
ing polymerization of vinylpyrrolidone, direct evidence
of termination of propagating radicals on the porphy-
rin macroring. Depending on the structure of the por-
phyrin (presence of meso substituents), the propagat-
ing radicals add either at the meso-position or at the
�- or �-position of the pyrrole rings; one porphyrin
molecule can terminate two radicals. A similar effect
was observed in polymerization of other monomers:
acrylic acid, vinyltriazole, 4-vinylpyridine, etc. For-
mation of peroxy radicals in these experiments was
fully excluded, since these radicals decompose por-
phyrins so that the Soret band disappears. If polymeri-
zation is performed in the presence of a metal porphy-
rin, the polymeric radicals are scavenged by metal
atoms [18], similarly to polymerization in the presence
of metal �-diketonates. In the process, an adduct con-
taining the Co�C bond is formed, and the nature of the
monomer from which the radical has been generated
plays a decisive role in the complexation. For exam-
ple, in polymerization of styrene, a secondary radical
is generated, which readily forms a complex with

Fig. 1. Extent of polymerization S vs. time �. BP initiator,
cin = 0.01 M, 80�C. (a) MAC, (b) lin.CH3, (c) br.CH3, and
(d) br.CF3. �-Diketone : styrene volume ratio: (1) 1 : 10,
(2) 1 : 5, (3) 1 : 1, and (4) 5 : 1.

Co(II), whereas tertiary radicals generated from MMA
form no adducts because of steric hindrance.

The kinetic parameters of copolymerization of
branched �-diketones with styrene in a wide range of
comonomer concentrations are given in Table 2 and
in Figs. 1c and 1d. At low concentrations of �-dike-
tones, the polymerization rates are close for all the
monomers. At the comonomer ratios of 1 : 1 and
especially 5 : 1, the polymerization rates drastically
decrease, and the rates become different for different

Table 2. Kinetic parameters of copolymerization of
unsaturated �-diketones with styrene at various ratios of
comonomers (BP initiator, cin = 0.01 M, 80�C)
����������������������������������������

�-Di-
��-Diketone : sty-�

�,
�Copoly-� vm

pol
* � v in

pol
� � � ����������� rene � � mer �

ketone
� volume ratio �

min
�yield, %� % min�1

����������������������������������������
Br.CH3 � 1 : 10 � 235 � 32.6 �0.14 �0.18

� 1 : 5 � 295 � 23.4 �0.08 �0.12
� 1 : 1 � 600 � 9.5 �0.02 �0.08
� 5 : 1 � 690 � 2.7 �0.004�0.008

Br.CF3 � 1 : 10 � 201 � 29.7 �0.15 �0.18
� 1 : 5 � 246 � 25.5 �0.10 �0.12
� 1 : 1 � 540 � 24.5 �0.05 �0.08
� 5 : 1 � 490 � 6.5 �0.01 �0.02

Br.C6H5� 1 : 10 � 230 � 34.2 �0.15 �0.17
� 1 : 5 � 232 � 31.5 �0.14 �0.16
� 1 : 2 � 340 � 30.0 �0.09 �0.10
� 1 : 1 � 360 � 22.2 �0.06 �0.08

����������������������������������������
* (vm

pol ) Mean polymerization rate.
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Table 3. Kinetic parameters of copolymerization of
lin.C6H5 with styrene at various temperatures (BP initiator,
cin = 0.01 M)
����������������������������������������
Lin.C6H5 : sty-� T, � �, � Copo- � vm

pol � v in
pol �

� � � �����������rene � � � lymer � �
volume ratio � �C � min �yield, %� % min�1 �
����������������������������������������

1 : 10 � 70 � 460 � 38.4 � 0.08 � 0.09 �� � � � � � 69� 80 � 260 � 38.8 � 0.15 � 0.18 �
1 : 5 � 70 � 490 � 34.1 � 0.07 � 0.08 �� � � � � � 69� 80 � 260 � 33.7 � 0.13 � 0.16 �
1 : 2 � 70 � 510 � 26.7 � 0.05 � 0.06 �� � � � � � 58� 80 � 280 � 25.8 � 0.09 � 0.11 �

����������������������������������������

Table 4. Kinetic parameters of copolymerization of
unsaturated �-diketones with MMA at various ratios of
comonomers (BP initiator, cin = 0.05 M, 80�C)
����������������������������������������

�-Dike- � �-Dike- �
�, � Copo- � vm

pol,
tone � tone : MMA � � lymer �

� volume ratio � min �yield, %� % min

����������������������������������������
Lin.CH3 � 1 : 2 � 360 � 54.2 � 0.15

� 1 : 5 � 360 � 60.1 � 0.17
Lin.C6H5 � 1 : 1 � 420 � 54.1 � 0.13

� 1 : 2 � 420 � 66.6 � 0.16
� 1 : 5 � 420 � 78.0 � 0.19

Lin.CF3 � 1 : 2 � 360 � 66.6 � 0.18
� 1 : 5 � 360 � 87.0 � 0.24

����������������������������������������

monomers. The kinetic curves virtually level off, in-
dicating that the polymerization ceases.

The temperature dependence of the copolymeri-
zation rate was studied with lin.C6H5 as example
(Table 3). The calculated effective activation energy
Ea is 69 kJ mol�1 at low �-diketone concentrations;
at higher concentrations, it decreases to 58 kJ mol�1.
Comparison of this value with the activation energy
of homopolymerization of MAC (0.12 M in ethanol),
Ea = 58 kJ mol�1 [19], shows that they closely coin-
cide. The results of copolymerization of some �-di-
ketonate monomers with MMA are listed in Table 4.
With MMA, compared to styrene, an increase in
the �-diketone concentration has a weaker effect on
the mean copolymerization rate.

CONCLUSIONS

(1) Copolymerization of unsaturated �-diketones
of various structures with styrene or methyl methac-
rylate yields copolymers containing �-diketone units.

(2) The copolymerization rate and molecular
weight of the copolymers decrease, and the polydis-

persity grows as the content of unsaturated �-diketone
in the polymerizing mixture is increased. This may be
due to complexation of the propagationg radicals with
the quasiaromatic �-diketonate ring.
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Abstract�Water-soluble branched N-vinylpyrrolidone�crotonic acid�2-hydroxyethyl methacrylate terpoly-
mers containing labile interchain urethane cross-links were prepared. Their molecular-weight characteristics
were determined, and the hydrolytic stability under conditions close to those in a living body was evaluated.
Polymeric salts of gentamicin were prepared from linear and branched chemodegradable N-vinylpyrrolidone
terpolymers.

Chemodegradable polymers based on N-vinylpyr-
rolidone (VP) and containing labile interchain cross-
links readily hydrolyzable in a living body show much
promise as carriers for biologically active substances
(BASs). Owing to degradability, the molecular weight
of such (co)polymers can exceed the limit of 40 000
determined by the possibility of elimination through
kidneys. In a living body, such polymers will undergo
gradual hydrolysis (biodegradation) to low-molecular-
weight fragments that can be removed by kidney fil-
tration. Previously, we prepared branched chemode-
gradable copolymers of VP with allylamine, contain-
ing �CH=N� cross-links which are readily hydrolyzed
under conditions close to those in a living body [1].
Another chemically labile fragment is the urethane
fragment �O�C�NH���

O

[2, 3].

The goal of this study was to prepare branched
chemodegradable polymers containing interchain ure-
thane cross-links, to analyze their molecular-weight
characteristics, to evaluate the rate of their hydrolysis
in saline at 37�C, and to test them as carriers for gen-
tamicin antibiotic.

As the initial linear copolymers, we chose previ-
ously prepared [4] VP�crotonic acid (CA)�2-hydroxy-
ethyl methacrylate (HEMA) terpolymers I:
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N
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C=OH C
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I

m1 + m2 + m3 = 100 mol %.

These water-soluble terpolymers, biocompatible
with a living body, have been successfully used as car-
riers for two BASs with different mechanisms of the
biological effect [5]. The presence of primary hydroxy
groups in terpolymers I enabled their cross-linking
with hexamethylene diisocyanate (HMDIC), which
yielded chemodegradable branched terpolymers II
with urethane cross-links:
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CH3

C�O
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The presence of carboxy groups allowed incorpora-
tion into II of an aminoglycoside antibiotic, genta-
micin, via an ionic bond. The properties of the initial
terpolymers I and conditions of their reaction with
HMDIC are listed in Table 1. It is seen that terpoly-
mers I have low molecular weights (22 000�28 000)
and relatively low content of functional hydroxy and
carboxy groups (11.8�20.7 mol %).

The reaction of terpolymers I with HMDIC was
performed in DMF at 130�C in an inert atmosphere,

i.e., under the conditions of synthesis of linear poly-
urethanes [6�8]. We varied the copolymer concentra-
tion, [HMDIC] : [OH] molar ratio, and reaction time
�. With the other conditions being the same, increased
[HMDIC] : [OH] molar ratio resulted in higher in-
trinsic viscosity of the product (Table 1, terpolymers
IIc and IId). Upon the reaction with the diisocyanate,
the intrinsic viscosity of I and its molecular weight
(Table 2) increased by a factor of approximately 2,
suggesting the formation of interchain urethane cross-
links. We determined the conditions under which the

Table 1. Reaction of VP�CA�HEMA terpolymers with HMDIC in DMF at 130
C in an argon atmosphere
������������������������������������������������������������������������������������

Ter- � m1 � m2 � m3 � [�]in, � ccop, � [HMDIC] : [OH] � � Reaction � Yield, � [�],
������������������� � � � � � �poly- � � � � � �, h � � �

mer � mol % � dl g�1, � wt % � molar ratio � � product � % � dl g�1

������������������������������������������������������������������������������������
Ia � 62.7 � 20.7 � 16.6 � 0.08* � 9.9 � 1 : 1 � 8 � IIa � 92.9 � 0.13

� 62.7 � 20.7 � 16.6 � 0.08* � 12.3 � 2 : 1 � 6 � IIb � 74.1 � 0.16
Ib � 72.4 � 15.8 � 11.8 � 0.10** � 14.0 � 1 : 1 � 0.5 � IIc � 61.1 � 0.15

� 72.4 � 15.8 � 11.8 � 0.10** � 14.0 � 2 : 1 � 0.5 � IId � 93.7 � 0.19
� 72.4 � 15.8 � 11.8 � 0.10** � 14.0 � 1.5 : 1 � 3 � IIe � 81.8 � 0.20

������������������������������������������������������������������������������������
* MSD = 22 000. ** MSD = 28 000.

Table 2. Hydrodynamic characteristics of linear and branched VP�CA�HEMA terpolymers
���������������������������	���������������������������	����������������������������
Terpo- �S
1013, � D 
 107, �

MSD

Terpo-�S
1013, � D 
 107, �

MSD

 Terpo- �S
1013, � D 
 107, �

MSDlymer � Sv � cm2 s�1 � 
 lymer � Sv � cm2 s�1 � 
 lymer � Sv � cm2 s�1 �
������������������������������������������������������������������������������������

Ib � 2.0 � 7.5 � 28 000 
 IIb � 2.3 � 6.7 � 36 000 
 IIe � 2.7 � 4.3 � 67 000
������������������������������������������������������������������������������������



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 2 2003

SYNTHESIS OF WATER-SOLUBLE CHEMODEGRADABLE � TERPOLYMERS 277

reaction of I with HMDIC was not accompanied by
gelation. The sedimentation and diffusion coefficients
of the initial terpolymer Ib and branched terpolymers
IIb and IIe and their molecular weights MSD obtained
by a combination of the sedimentation and diffusion
methods are listed in Table 2. The molecular weight
MSD of IIb is 36 000, and that of IIe, 67 000.

The structure of product IIb obtained by the reac-
tion of linear terpolymer Ia with HMDIC was con-
firmed by its 1H NMR spectrum (Fig. 1a). Upfield
signals at 0.5�1.2 ppm (solvent dimethylacetamide-d9)
belong to the protons of the HEMA and CA units,
and the signals at 1.2�1.5 ppm, to backbone methyl-
ene protons of the HEMA units, backbone CH proton
of the CA units, and four methylene groups of the
cross-linking units. The signal at about 3.3 ppm be-
longs to the NCH2 protons in the vinylpyrrolidone
units and cross-links. The signal at about 3.7 ppm
is due to the proton of the vinylpyrrolidone NCH
group involved in the backbone (�CH��

N��
�fragment).

Taking into account the composition of the initial
terpolymer, contribution of the CA and HEMA meth-
ylene groups to the total integral signal intensity of
3.00 units (Fig. 1b), and contributions of two methyl-
ene protons of the HEMA units, one proton of the CA
unit, and four methylene protons of the cross-linking
unit to the total integral signal intensity of 2.16 units
we calculated the composition of branched terpoly-
mer IIb. The calculation showed that about 40% of
HEMA units (about 6.6 mol %) are cross-linked by

Fig. 1. 1H NMR spectrum of copolymer IIb in dimethyl-
acetamide-d9: (a) total spectrum and (b) upfield region.
(�) Chemical shift. The residual proton signals of the sol-
vent are denoted by asteriscs.

HMDIC; hence, the content of unchanged HEMA
units is about 10 mol %.

Actually the content of interchain cross-links is
lower than 6.6 mol %, since a part of the cross-linking
agent is consumed for formation of intrachain (intra-
molecular) urethane cross-links:
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As for the selectivity of hydrolysis of bonds in
interchain cross-links in terpolymers II, it may be
assumed that the urethane groups are hydrolyzed first.
According to [9], CO2 evolution is observed on keep-
ing polyurethane samples in model solutions (pH 7.0,
37�C). THe degradation of polyurethane in model so-
lutions involves cleavage of C�O bonds in the ure-
thane group and formation of carbamic acid and al-

cohol. Carbamic acid decomposes with the release of
CO2 and formation of the primary amine:

R�NH�C�OR� �	 R�NH�C�OH + HO�R�,
H2O

����
O

����
O

R�NH�C�OH 	 CO2 + NH2R.����
O
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Fig. 2. Kinetics of IIe hydrolysis in physiological saline
at 37�C. ccop = 10 mg ml�1. (Qh) Degree of hydrolysis and
(�) time.

Hydrolysis of ester bonds in HEMA units is hin-
dered because of the steric effect of the backbone.

Hydrolysis of branched terpolymer IIe (MSD =
67 000) in physiological saline (pH 7.0) at 37�C was
studied viscometrically. We found (Fig. 2) that ter-
polymer IIe is hydrolyzed under these mild conditions
to 96% in 31 days. The high hydrolysis rate is due to
the lability of the interchain urethane cross-links and
relatively low molecular weight of the terpolymer.

Table 3. Polymeric salts of gentamicin
����������������������������������������
Poly- � � � Content of genta- �
meric � Salt � Yield, � micin base, % � MSC,*

car- � � % � ��g ml�1� � �����������������
rier � � � calculated � found �

����������������������������������������
Ib � IIIa � 72.9 � 10 � 9.5 � 0.50

� IIIb � 72.8 � 20 � 20.2 � 0.25
IId � IIIc � 93.7 � 10 � 9.6 � 0.50

� IIId � 93.8 � 20 � 20.8 � 0.25
Gentamicin base � 100 � 0.25
����������������������������������������
* (MSC) Minimal suppressing concentration with respect

to Staphylococcus aureus, strain 38, in terms of the antibi-
otic content in the preparation.

Table 4. Hydrolysis of polymeric gentamicin salts in
physiological saline at 25
C
����������������������������������������

� Elimination of antibiotic from polymeric

Salt � carrier, %, in indicated time, h
�����������������������������������
� 1 � 2 � 3 � 4 � 5 � 6 � 24

����������������������������������������
IIIa � 2.8 � 5.6 � 8.9 � 10.0 � 11.2 � 12.3 � 28.0
IIIb � 1.6 � 3.6 � 5.3 � 6.7 � 8.1 � 9.2 � 20.1
IIIc � 2.9 � 4.5 � 5.6 � 6.7 � 7.5 � 8.1 � 19.2
����������������������������������������

From terpolymers Ib and IId, we prepared genta-
micin salts by the reaction of gentamicin base with
the carboxy groups of the terpolymers, following the
procedure described in [10]. Polymeric gentamicin
salts III (Table 3) were obtained in 73�94% yield;
they contained 10�20 wt % bound antibiotic and
showed high acitvity against staphylococcus.

We have studied the rate of elimination of genta-
micin base from the polymeric carrier (salts IIIa�IIIc)
in physiological saline at 25�C by dialysis through
a semipermeable cellophane membrane. We found that
19�28% of the antibiotic is eliminated in 1 day (Ta-
ble 4). These data show that the antimicrobial activity
of gentamicin incorporated in polymeric salts can be
prolonged. It is remarkable that the antibiotic is elim-
inated from branched terpolymer IId more slowly
than from linear terpolymer Ib.

EXPERIMENTAL

Terpolymers I were prepared and analyzed accord-
ing to [4].

The reaction of Ib with HMDIC was performed
as follows. A 0.5-g portion of Ib was dissolved in
3.23 ml of DMF, and 18.72 �l of distilled HMDIC
was added. The mixture was transferred into a 50-ml
ampule which was purged with argon and placed in
an oil bath heated to 130�5�C. After 3 h, the ampule
was cooled and opened; the viscous solution in the
ampule was diluted with 0.5 ml of ethanol. The reac-
tion product was precipitated into diethyl ether, col-
lected on a glass frit, and vacuum-dried. Yield of
branched terpolymer IIe 408.8 mg (81.8%), intrinsic
viscosity 0.20 dl g�1.

The intrinsic viscosity of terpolymers I and II was
measured in an Ubbelohde viscometer (0.1 N aqueous
sodium acetate, 25�C).

The hydrodynamic studies of terpolymers I and II
(solutions in DMF) were performed by diffusion�sedi-
mentation analysis. High-speed sedimentation experi-
ments were performed with an MOM 3180 analytical
ultracentrifuge with a Philpott�Svensson refractometric
optical system at a rotor rotation rate of 45 000 rpm in
a cell with artificial formation of the sedimentation
boundary at 21.0�C. The forward diffusion was stud-
ied in a polarization diffusometer [11]; the concentra-
tion gradient was recorded with a Lebedev polariza-
tion�interferometric system.

The molecular weights MSD were determined by
the Svedberg formula [11] allowing calculation of the
molecular weight of a macromolecule without consid-
ering its structure and conformation:
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MSD =��D
S0����

1 � v�
RT ,

0

where S0 is the sedimentation constant; D, the forward
diffusion coefficient; R, the universal gas constant;
and T, temperature. The floatability factor (1 � v�0)
was taken from [12].

The resulting MSD values are nicely consistent with
the molecular weights MS� determined by sedimenta-
tion-viscometric analysis with the formula [13]

���
�M =S�
�
�
�
�

NA
3/2���

�
��

1 � v�0
��
�

3/2
[�]

1/2
,

�0S0

where � is the hydrodynamic invariant taken equal to
the mean experimental value for flexible-chain poly-
mers, � = 2.3 � 106 [13]; NA is the Avogadro number.

Hydrolysis of branched chemodegradable terpoly-
mer IIe in physiological saline at 37�C was monitored
by a decrease in time of the reduced viscosity of
the terpolymer solution (initial concentration of IIe
10 mg ml�1). The degree of hydrolysis of IIe was
calculated by the formula given in [1].

Polymeric gentamicin salts IIIa and IIIb were pre-
pared from Ib, and salts IIIc and IIId, from IId, fol-
lowing the procedure described in [10]. The content of
gentamicin base in the polymeric salts was determined
by complexation with trinitrobenzenesulfonic acid
[14]. The rate of gentamicin release from salts III was
evaluated according to [10].

The antimicrobial activity of polymeric gentamicin
salts III against Staphylococcus aureus, strain 38,
was studied by the method of twofold serial dilutions
in a liquid culture medium [15].

CONCLUSIONS

(1) Water-soluble branched terpolymers containing
interchain urethane cross-links were prepared by reac-
tion of N-vinylpyrrolidone�crotonic acid�2-hydroxy-
ethyl methacrylate terpolymers with hexamethylene
diisocyanate.

(2) The hydrodynamic characteristics of the result-
ing branched terpolymers were studied, and the rate of
their hydrolysis in physiological saline at 37�C was
evaluated.

(3) Polymeric gentamicin salts exhibiting high
antimicrobial activity were prepared from the linear
and branched terpolymers. The kinetics of gentamicin
elimination from the polymeric carrier was studied.
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Abstract�The kinetic features of nonisothermal polymerization of acrylamide in aqueous, mixed aqueous�
dimethyl sulfoxide, and DMSO solutions in the presence of potassium persulfate as initiator and sodium
acetate as complexing agent were studied by differential thermal analysis.

Radical polymerization of acrylamide (AA) in con-
centrated solutions under nonisothermal conditions is
a promising procedure for production of water-soluble
high-molecular-weight polyacrylamide (PAA) [1]. In
this case, polymerization can proceed at a high rate
and to a high degree of conversion [2�6]. In addition,
as the reaction temperature grows owing to the heat
released in polymerization, the viscosity of the reac-
tion mixture decreases and the flexibility of macro-
radicals increases, so that they more efficiently sup-
press intermolecular imidization yielding the water-
insoluble polymer. Synthesis of PAA under noniso-
thermal conditions has not been studied adequately,
and data on the influence of the complexing power of
CH3COONa (SA) on polymerization of AA are scarce
[7�10]. Here, we report on the main features of non-
isothermal radical polymerization of AA in concen-
trated solutions in water, mixtures of water with di-
methyl sulfoxide (DMSO), and straight DMSO in
the presence of SA.

EXPERIMENTAL

The substances and experimental procedure are
similar to those described previously [9, 10]. The po-
lymerization kinetics were studied by differential
thermal analysis. Polymerization was carried out in
15-cm3 cylindrical glass ampules. A solution of AA
and SA was charged into an ampule and the ampule
blown with helium for 30 min and hermetically sealed
with a rubber stopper. A solution of the initiator,
K2S2O8 (PPS), was introduced into the ampule by
a syringe through the rubber stopper, and the ampule
was placed in a heating furnace. All the experiments
were carried out at the initial temperature of 25�C,

and then the temperature in the furnace was raised
at a constant rate of 1.8 deg min�1 with a heater used
in differential thermal analysis. In the course of po-
lymerization, we recorded the variation of the tem-
perature difference between the reaction mixture and
ethanol (reference) with time.

After the polymerization was complete, the solu-
tion was diluted with water and the polymer was pre-
cipitated into acetone. Then, the polymer was filtered,
washed with acetone, and dried under reduced pres-
sure at room temperature to constant weight.

The intrinsic viscosity of PAA [�] was measured
with an Ubbelohde viscometer (d = 0.56 mm) in
0.5 M NaCl at 25�C. The viscosity-average molecular
weight of PAA M

�
� was evaluated by the formula [11]

[�] = 7.19 � 10�3 M
�

�
0.77.

The experimental data on nonisothermal polymer-
ization were processed under the following assump-
tions: the total polymerization heat is expended for
heating of the reaction mixture, the heat capacities of
the monomer and polymer are the same, and evapora-
tion of the solvent is neglected. In this case, the rela-
tion between the rate of variation of the reaction mix-
ture temperature, dT/dt, in the course of polymeriza-
tion and the rate of monomer consumption, �d[AA]/dt,
is described by the simplified equation [3, 12]

dT/dt = (��H/C )(�d[AA]/dt ),

where �H is the polymerization heat and C is the heat
capacity of the reaction mixture.
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Parameters of AA polymerization in various media
������������������������������������������������������������������������������������

Water : DMSO,
�

Molar ratio
�

v,
� � Reaction order �

� � � ������������������������������������ � � kp/kt
1/2 � � M

�

� � 10�6
vol % : vol %

�
([SA]/[AA]) � 102

�
deg s�1

� � with respect to AA � with respect to PPS �
������������������������������������������������������������������������������������

100 : 0 � 0 � 0.42* � 3.30 � 1.25 � 0.50 � �

100 : 0 � 0.40 � 3.50* � 4.52 � 1.38 � 0.78 � �

80 : 20 � 0 � 0.62 � � � � � � � �

80 : 20 � 1.34 � 1.51 � � � � � � � 2.65
60 : 40 � 0 � 0.46 � � � � � � � �

60 : 40 � 1.34 � 1.25 � � � � � � � 1.90
50 : 50 � 0 � 0.40 � 1.25 � 1.25 � � � �

50 : 50 � 1.34 � 1.20 � 1.35 � 1.35 � � � �

40 : 60 � 1.34 � 1.14 � � � � � � � 1.25
20 : 80 � 1.34 � 1.04 � � � � � � � 0.70
0 : 100 � 0 � � � 0.79 � 0.94 � 0.47 � �

0 : 100 � 1.34 � 1.00 � 1.36 � 1.02 � � � 0.25
0 : 100 � 2.01 � � � � � 1.37 � 0.60 � �

������������������������������������������������������������������������������������
* Values for v � 104, mol l�1 s�1.

The initial polymerization rate v = dT/dt was de-
termined from variation of the temperature of the re-
action mixture with time. The results are listed in
the table. Based on the experimental linear depen-
dences log v = f (log [AA]) and log v = f (log [PPS]),
we determined the reaction orders with respect to
the monomer and initiator in the absence and in
the presence of SA (see table). The positive values
of the reaction orders in polymerization in aqueous
solutions, in a 1 : 1 water�DMSO mixture, and in
DMSO show that v grows with increasing initial con-
centrations of the monomer and initiator. In all the
systems studied, with increasing concentration of AA
in the initial mixture, the M

�
� values for PAA vary

in parallel with v (Fig. 1), in good agreement with
the general pattern of radical polymerization. The in-
creased reaction orders with respect to AA and PPS,
found in polymerization in the presence of SA, sug-
gest a complicated mechanism of polymerization of
AA in the presence of the complexing agent. The in-
crease in the reaction order with respect to the mo-
nomer, observed on adding SA, is caused by par-
ticipation of AA in the complexation with SA. The in-
crease in the reaction order with respect to the initiator
suggests an increase in the contribution of mono-
molecular termination to the total balance of chain
termination reactions.

Deviation of the reaction orders with respect to the
monomer and initiator from 1.0 and 0.5, respectively,
did not allow determination of the individual rate con-
stants of chain propagation, kp, and termination, kt.
Therefore, we found the kp /kt

1/2 values determined from

the dependence of 1/P
�

on v/[AA]2, where P
�

is the av-
erage degree of polymerization. The resulting kp /kt

1/2

values are listed in the table. It is seen that v grows
upon addition of SA as a result of an increase in the
kp /kt

1/2 ratio, which can be assigned to increased kp .

According to IR, 1H NMR [13], and NMR [14]
data, the effect of SA on polymerization of AA is
caused by complexation of SA with amide groups
of the propagating radical. As a result of the com-

Fig. 1. M
�

� of PAA vs. AA concentration in polymerization
in (1) aqueous solutions, (2, 3) mixture water : DMSO =
1 : 1, and (4, 5) DMSO (1, 2, 4) in the absence and (3, 5) in
the presence of 0.034 M SA. [PPS] = 0.82 � 10�3 M.
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Fig. 2. Relative rate of AA polymerization, v / v0 , in
(1) aqueous solution, (2) 1 : 1 water�DMSO mixture,
and (3) DMSO solution vs. the molar ratio [SA]/[AA].
[AA] = 1.41 and [PPS] = 0.82 � 10�3 M. v0: (1) 0.42 �
10�4 mol l�1 s�1; (2) 0.4 and (3) 1.17 deg s�1.

Fig. 3. Reduced viscosity of the solutions, �sp /c, vs. con-
centration c of PAA (M

�

� = 2.1 � 106) in (1) aqueous
solution and in the water�DMSO mixtures: (2) 4 : 1,
(3) 3 : 2, and (4) 1 : 1.

plexation, changes in the conjugation energy and
polarity of the macroradical enhanced its reactivity in
the events of chain propagation and promoted the in-
crease in the kp /kt

1/2 ratio observed in the experiments.

The influence of SA concentration on the relative
rate of AA polymerization, v/v0 in aqueous solutions,
in the 1 : 1 water�DMSO mixture, and in DMSO so-
lutions is shown in Fig. 2. It is evident that, in all the
media, the v/v0 values grow with increasing concen-
tration of SA and, after passing through a maximum,
decrease. The observed v/v0 = f [SA] dependence with
a maximum is due to the dual function of SA as a com-

plexing agent and a salt additive affecting the confor-
mation of macroradicals in solution. Addition of small
amounts of SA leads to higher v and, evidently, when
the concentration of macroradicals that form complexes
reaches a maximum, the highest v values are observed.
The subsequent decrease of the v values in the pres-
ence of SA can be assigned to a decrease of root-mean-
square sizes of molecular globules (r

� 2)1/2 as a result of
deterioration of the solvent quality owing to addition
of large amounts of SA. A similar decrease of (r

� 2)1/2

in solutions of lithium bromate was accompanied by
a decrease in the rate of AA polymerization [15].

Data presented in the table and Fig. 1 suggest that,
in polymerization of AA in the presence of SA, v and
M
�
� grow in parallel with increasing water content in

the mixed water�DMSO solvent. The v values in
aqueous�DMSO media in the absence of SA vary in
a similar manner (see table), in good agree-
ment with the results of isothermal polymerization of
AA [16, 17]. The observed decrease in v in the series
water > water : DMSO = 1 : 1 > DMSO is caused by
the increase in the kp /kt

1/2 ratio and in the reaction
order with respect to the monomer. According to pub-
lished data for isothermal polymerization of AA in
aqueous�DMSO media [17], the variation of kp /kt

1/2

is caused by rise in kp owing to an increase in the ac-
tivation energy of reaction.

The above kinetic effects are mainly due to varia-
tion of the reactivity of the reacting species as a result
of complexation (H-bonding) of propagating rad-
icals and monomer with the solvent [18]. According
to NMR data [19], an increase in the polarity of
the medium on adding water (� = 80) to less polar
DMSO (� = 46.6) enhances the capability of the sol-
vent to form intermolecular H-bonds. Formation of
H-complexes between the C=O group of AA and water
decreases the electron density at the CH2= group
and increases v. In addition, complexation between
the C=O group of AA and S=O group of DMSO may
also exert a certain effect on v [20]. This effect
becomes more pronounced with increasing content of
DMSO in the solvent; it affects the activity of AA
during polymerization. One more reason for the above
rise in v is an increase in (r

� 2 )1/2 values with growing
content of water in the mixed solvent water�DMSO.
In this study, the rise in (r

� 2 )1/2 was judged from
the increased reduced viscosity of PAA solutions
�sp /c at c = const (Fig. 3, passing from curve 4 to
curve 1), since, as a first approximation, we can as-
sume that (�sp /c) � (r

� 2)1/2 [21]. It is evident that a rise
in (r

� 2 )1/2 with increasing water content in the solvent
leads to higher local concentration of the monomer
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in the area of active centers and to higher rate of AA
polymerization.

The increase in M
�
� on adding water to DMSO can

be caused by decreased contribution of chain trans-
fer involving mobile hydrogen atoms of the methyl
groups of DMSO.

CONCLUSIONS

(1) With increasing concentration of the monomer
and initiator, v grows and the dependence of v on
the concentration of CH3COONa passes through an
extremum. The v values, the kp /kt

1/2 ratio, and the re-
action order with respect to the monomer increase
on adding CH3COONa and in the order DMSO <
water : DMSO = 1 : 1 < water.

(2) The M
�
� grows with increasing concentration

of acrylamide and water content in the binary solvent
water�DMSO.

(3) The influence of CH3COONa on v is due to
complexation of CH3COONa with the propagating
radical, and the influence of the composition of the
water�DMSO mixture on v is due to complexation
of the propagating radicals with the solvent owing to
formation of H-bonds and also to variation of the con-
formational state of macroradicals.
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Abstract�The kinetic parameters of radical emulsion copolymerization of zinc-containing copolymers with
esters of acrylic and methacrylic acids were studied. The effective relative activities of the monomers were
calculated from experimental data and the properties of the metal-containing copolymers were assessed as
influenced by the structure of the organic monomers.

Thanks to their biocidal, thermal, and physico-
mechanical properties, zinc-containing polymers are of
much interest for preparing special-purpose materials
[1]; such polymers can find application as polymer
materials with wide biocidal spectrum. Zinc-contain-
ing copolymers based on acrylates and methacrylates
exhibit enhanced heat resistance and high adhesion to
various materials (metal, wood, concrete, etc.), which
allows their use for preparing heat-resistant coatings.

It has been found [2�4] that physicomechanical,
thermal, and biological properties of zinc-containing
polymers and colloidal-chemical characteristics of
their latexes are determined by the ligand environment
of the zinc atom and by its concentration in the initial
monomeric mixture and in the resulting copolymer.

Moreover, synthesis of polymers from zinc-con-
taining monomers is of particular interest because
they involve metal atoms able to interact both with
the monomer and with the growing macroradical.
Similarly to metal halides (Lewis acids) [5, 6], or-
ganometallic monomers can directly affect the ele-
mentary stages of macromolecule synthesis, including
polymeric chain growth.

In this study, we analyzed the reactivity of zinc
methacrylate acetate (ZMA) in reactions of emulsion
polymerization with esters of acrylic and methacrylic
acids.

EXPERIMENTAL

Zinc methacrylate acetate was prepared by the
known procedure [1]. Latexes of ZMA copolymers

with methyl methacrylate (MMA), ethyl methacrylate
(EMA), butyl methacrylate (BMA), and butyl acrylate
(BA) were prepared by emulsion polymerization [2].

The size of the latex particles was determined by
turbidimetry [7]. To prepare latex films, a required
amount of latex was cast on a Teflon plate and dried
in air for 5 days at 20 � 2�C.

The content of zinc-containing polymers in the sol�
gel fraction were determined by extraction (in the
course of 1 month) in a Soxhlet apparatus, using or-
ganic solvents with different dielectric constants [8].

The molecular weight of the internodal chain sec-
tions (Mc), characterizing the degree of polymer cross-
linking, was determined by the Flory�Rener meth-
od [9].

The effective relative activities of monomers
(r1 and r2) were evaluated by the Fineman�Ross
procedure [10].

We studied the features of emulsion polymerization
of ZMA with monomers of the methacrylate (MMA,
EMA, BMA) and acrylate (BA) series. It was found
that a stable latex is formed in a wide concentration
range only in copolymerization of ZMA with BMA
(Table 1). No zinc-containing copolymer is formed in
the reactions of ZMA with MMA and EMA. It was
demonstrated that, under the conditions studied, homo-
polymerization of MMA and EMA occurs in relatively
low yields (38.3 and 61.3%, respectively); the reaction
mixture separates into two phases and no stable latex
is formed. Our experimental results are in good agree-
ment with data on emulsion homopolymerization of
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Table 1. Properties of ZMA copolymers with (meth)acrylate monomers*

������������������������������������������������������������������������������������
Monomer � cZn, wt % � Mc, g mol�1 � g, wt % � �/�0 � 1 � R, nm � �, wt % h�1

������������������������������������������������������������������������������������
BMA � 0 � 0 � 0 � 0.4 � 112 � �

� 2.19 � 41000 � 63.0 � 5.3 � 132 � �

� 2.64 � 31000 � 60.0 � 6.5 � 138 � �

� 4.53 � 18000 � 70.2 � 4.5 � 150 � �

� 5.76 � 17000 � 76.7 � 3.7 � 155 � �

� 7.03 � 15000 � 82.2 � 2.1 � 162 � �

BA � 0 � � � � � 0.63 � 95 � �

� 1.9 � � � � � 0.71 � 106 � �

� 2.5 � � � 24.3 � 0.73 � 110 � �

� 3.6 � 13500 � 25.0 � 1.23 � 122 � �

� 5.4 � � � 28.0 � 2.81 � >170 � �

� 7.1 � 1457 � 30.2 � � � � � �

� 10.7 � 731 � 40.0 � � � � � �

� 14.3 � 667 � 55.4 � � � � � �

MMA � 0 � � � � � � � � � 38.3
� 0.7 � � � 51.4 � � � � � �

� 1.0 � 400 � 55.65 � � � � � �

� 3.19 � 400 � 99.0 � � � � � 81.4
� 6.05 � 400 � � � � � � � �

� 11.0 � 400 � � � � � � � �

� 18.6 � 400 � 100 � � � � � �

EMA � 0 � � � � � � � � � 61.5
� 3.1 � 12500 � 62.0 � � � � � 98.0
� 6.2 � 8200 � 82.2 � � � � � �

� 8.3 � � � 98.0 � � � � � �

� 15.5 � 2035 � 97.9 � � � � � �

� 24.8 � � � 100 � � � � � �

������������������������������������������������������������������������������������
* (g) Content of insoluble gel fraction and (�) conversion of organic monomer.

lower methacrylates in the presence of oxyethylated
alkylphenols as emulsifiers [11].

It was found that, with the concentration of ZMA in
the reaction mixture increasing to 3.2 wt %, the con-
version of the organic comonomer grows appreciably
from 38.3 and 61.5 to 81.4 and 98.0 wt % for MMA
and EMA, respectively. This is probably due to com-
plexation of zinc atoms with the growing macrorad-
ical, which accelerates polymerization and, thus, in-
creases the polymer yield.

The ZMA�BMA copolymer has a cross-linked
structure [2, 3], which can be quantitatively charac-
terized by the internodal molecular weight Mc and
content of insoluble gel fraction, g.

Using extraction with butyl acetate, we separated
the ZMA�BMA copolymers into gel and sol fractions;
their washed and dried samples were analyzed. It was
found that, in ZMA�MMA copolymers containing

from 0.7 to 18.6 wt % zinc, zinc occurs almost ex-
clusively (up to 98%) in the gel fraction.

The gel fraction of ZMA�MMA copolymers was
used to determine the internodal molecular weight,
which characterizes the network density. For copoly-
mers containing 0.7 to 18.6 wt % zinc, Mc constitutes
�400, which is the lowest value attainable for both
acrylate and methacrylate monomers. It should be
noted that a slightly lower value was only obtained
for rigidly cross-linked polyurethanes [12]. It was
found that this value is independent of the conversion
of the organic monomer. For example, for ZMA�

MMA copolymer containing 3.19 wt % zinc, Mc is
constant beginning from 30% conversion of the or-
ganic monomer up to its complete exhaustion.

The internodal molecular weight Mc (Fig. 1) in
the concentration range studied can be described by
the following equations:
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Fig. 1. Internodal molecular weight Mc vs. zinc content
c in the monomer mixture for copolymers (1) ZMA�BMA,
(2) ZMA�BA, (3) ZMA�MMA, and (4) ZMA�EMA.

Mc(MMA) = 400 � 50,

Mc(EMA) = 39 134[Zn]�1 + 425,

Mc(BMA) = 81 033[Zn]�1 + 2164,

Mc(BA) = 6573[Zn]�1 � 5394.

A rather abrupt decrease in the internodal molecular
weight Mc, characterizing strengthening of the poly-
mer cross-linking on passing from BMA to BA [e.g.,
at 7-wt % content of zinc in copolymer it constitutes
15 000 and 1500 g mol�1, respectively (Table 1)], is
probably due to steric hindrance in copolymerization
of ZMA with methacrylate monomers (BMA) as com-
pared with acrylates (BA).

The content of the gel fraction at zinc content in
copolymer of up to 10 wt % can be described by
the following expressions:

g(MMA) = 19.1[Zn] + 38,

g(EMA) = 7.0[Zn] + 40,

g(BMA) = 5.9[Zn] + 65,

g(BA) = 2.45[Zn] + 16.8.

It should be noted that, in copolymerization of
ZMA with methacrylates (MMA, EMA, and BMA)

Fig. 2. Composition of copolymers F1 vs. the composi-
tion of the initial monomer mixture f1 for copolymers
(1) ZMA�BMA, (2) ZMA�BA, and (3) ZMA�MMA.

the content of the gel fraction grows with increas-
ing degree of cross-linking (Table 1). The internodal
molecular weight Mc and the content of gel fraction
g in the copolymer increase in the order BMA <
EMA < MMA.

By analogy with the emulsion polymerization of
styrene involving metal-containing monomers [13],
we suggest that copolymerization of ZMA with MMA
and EMA involves formation of a rigidly cross-linked
core in the initial stage. Free MMA and EMA are
probably linked as blocks to give an unstable coarse
dispersion.

As shown previously, a similar polymerization
mechanism has been observed by Wojnarowski and
coworkers in emulsion polymerization of styrene with
disubstituted acrylates and methacrylates of Group I
and II metals. In this case, it is assumed that the co-
polymer blocks grow in different phases [13, 14].

Using the data on the emulsion copolymerization
of ZMA with MMA, BMA, and BA, we plotted the
dependences of the copolymer compositions on the
composition of the initial monomer mixture (Fig. 2)
and calculated the effective relative activities of mono-
mers r1 and r2 for the above monomer pairs. The alter-
nation of the monomer units in the copolymers was
determined (Table 2). As seen from a comparison of

Table 2. Effective relative activities and parameters Q and e for (meth)acrylate monomers in copolymerization with
ZMA (M2)
������������������������������������������������������������������������������������

M1 � r1 � r2 � Q1 � e1 � r1r2 � �e
������������������������������������������������������������������������������������
MMA � 0.10 � 0.01 � 0.20 � 0.05 � 0.74 � 0.40 � 0.020 � 2.10
EMA � � � � � 0.56 � 0.17 � � � 1.87
BMA � 0.36 � 0.05 � 0.31 � 0.05 � 0.72 � �0.23 � 0.112 � 1.47
BA � 0.06 � 0.01 � 0.90 � 0.10 � 0.50 � 1.06 � 0.054 � 2.76
������������������������������������������������������������������������������������
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different methacrylate monomers (MMA and MBA),
the strongest tendency toward alternation is observed
for the ZMA�MMA monomer pair, for which the co-
polymer composition is constant in a wide concentra-
tion range (Fig. 2, curve 1, plateau). Moreover, the
product of the effective relative activities of monomers
r1 r2 is minimal and close to zero (Table 2). A sim-
ilar trend is found for the ZMA-BMA monomer pair
(Fig. 2, curve 2). However, in this case, the alternation
of the monomer units is less pronounced than in ZMA�

MMA copolymer. It should be noted that, on passing
from ZMA�MMA to ZMA�BMA pairs, the effective
cross-linking density increases to a lesser extent.

We found that (Table 1), at equal content of zinc,
the ZMA�BA copolymers have lower internodal mo-
lecular weight as compared with ZMA�BMA copoly-
mers. For example, at a zinc content in the copolymer
of 7 wt %, Mc of ZMA�BMA copolymer is close to
15 000, whereas for ZMA�BA copolymer it is an or-
der of magnitude lower (�1500). At the same time,
the product of the relative activities of the monomers
(r1 r2 = 0.054) in ZMA�BA copolymer is smaller than
in the case of ZMA�BMA copolymer (r1 r2 = 0.11)
(Table 2).

It is known [15] that the electron-acceptor prop-
erties of a monomer in the Q�e Alfrey�Price scheme
are characterized by the electronegativity parameter
e. For the monomers studied (Table 2) this value
increases in the order BMA < EMA < MMA and
BMA < BA. The alternation of the monomer units
in the copolymer and the degree of polymer cross-
linking increase in the same order.

According to the Alfrey�Price scheme [14], the
alternation of the monomer units in the copolymer
becomes more pronounced with increasing difference
in the e parameter between the copolymerizing mono-
mers. In particular, the most regular alternation is
observed for typical donors and acceptors.

Previous studies of the copolymerization of ZMA
with MMA and BMA have revealed the electron-donor
nature of MMA (Q = 3.0 � 0.3, e = �1.7 � 0.2) [3].

We found that the particle size of latexes of ZMA�

BMA and ZMA�BA copolymers grows with increas-
ing effective density of cross-linking in accordance
with the following equations (Fig. 3):

R(BMA) = 6.95[Zn] + 116,

R(BA) = 7.27[Zn] + 94.

The specific viscosity of latexes of ZMA�BA copo-
lymers is lower as compared with ZMA�BMA (Fig. 4).

Fig. 3. Size R of copolymer latex particles vs. the zinc
content c in copolymers (1) ZMA�BMA and (2) ZMA�BA.

Fig. 4. Specific viscosity �/�0 � 1 of latexes of copolymers
(1) ZMA�BMA and (2) ZMA�BA vs. the zinc content in
the mixture c.

As is known [16], the latex viscosity is determined by
the interaction of functional groups present on the
particle surface. With increasing effective degree of
cross-linking, the amount of these groups must de-
crease. As a result, the viscosity of the latexes of more
cross-linked polymers is smaller than that of latexes
of ZMA�BMA copolymers at equal zinc content in
the copolymer.

CONCLUSIONS

(1) In copolymerization of zinc methacrylate acetate
with (meth)acrylate monomers, stable latexes are
formed only with butyl methacrylate and butyl ac-
rylate. The initial stage of polymerization involves
formation of a rigidly cross-linked core. In the case of
methyl methacrylate and ethyl methacrylate, the free
(meth)acrylate monomer is linked as a block with the
formation of a coarse dispersion.

(2) The effective relative activities of monomers
in polymerization of zinc methacrylate acetate with
methyl methacrylate, ethyl methacrylate, and butyl
methacrylate show that the alternation of the mono-
meric units in the copolymers becomes more pro-
nounced in the order ethyl methacrylate < butyl meth-
acrylate < methyl methacrylate, i.e., with increasing
electron-acceptor properties of the organic monomer.
With increasing degree of cross-linking of zinc meth-
acrylate acetate copolymers with methacrylate and
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acrylate monomers, the tendency toward alternation of
the monomer units is enhanced.

(3) The colloidal-chemical properties of latexes of
zinc methacrylate acetate copolymers with (meth)-
acrylate monomers depend on the parameters of cross-
linking of these copolymers, which are determined by
the nature of the organic monomer.
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Abstract�Modification of commercial polyolefins with binary mixtures of isocyanates and epoxides was
studied; the influence of the order of adding components on the performance of the modifying system was
examined.

Under the impact of severe external factors, poly-
meric materials undergo irreversible transformations
causing changes in the degree of crystallinity, molecu-
lar mobility, strength, and other parameters. This re-
sults in partial or complete loss of the main properties
determining the wide use of polymeric materials in
modern engineering. Stabilization of polymers is
aimed at suppressing undesirable changes, improving
the quality, and prolonging the service life of finished
polymeric products. Antioxidative stabilization of
polymers [1] can be provided by introducing individu-
al reactive compounds containing functional groups
(e.g., epoxy, isocyanato) or synergistic mixtures in
which combination of different types of antioxidants
ensures considerable enhancement of the stabilizing
effect. The second alternative shows much promise.

In this study, we assessed the performance of syn-
ergistic mixtures based in isocyanates (ISs) and epox-
ides (EPs) in chemical modification of polyolefins
(POs) and examined regular trends in the effect of
these antioxidants. Our goal was to improve the pro-
cessing and service characteristics of the polymeric
products, in particular, to make them less expensive
and prolong their service life by retarding aging and
reducing the loss of stabilizers due to exudation.

The approach to choosing and formulating effective
synergistic mixtures is based on studying the effect of
the components taken separately and in combination.
The choice of ISs and EPs was governed by the fact
that the effect of these compounds, taken separately,
on the PO properties has been studied in sufficient
detail. The thermostabilizing effect of ISs and EPs,
taken separately or in combination, is due to the reac-

tion of their functional groups with terminal unsaturat-
ed bonds of POs [2�4], which, being potentially active
centers of macromolecule degradation, negatively
affect the whole set of properties of commercial POs
(Table 1). Deactivation of such centers by reactions
with isocyanato and epoxy groups ensures strong
stabilizing effect, and the use of ISs and EPs in com-
bination may result in nonadditive enhancement of
various properties. The use of binary modifying sys-
tems instead of mechanical blending allows incorpora-

Table 1. Effect of the modification of polypropylene
(PP) with toluene-2,4-diisocyanate (TDI) and ED-20 ep-
oxy�4,4�-isopropylidenediphenol resin on the content of
terminal vinylene units and heat resistance of the polymer*

����������������������������������������
Mod- � log I888

� Ton.ox � Tox
0 �T

�m = 5% � T
�m = 50%

� ��������������������������ifier, � ������ �
wt % � log I1380 � �C

����������������������������������������
� � 1.277 � 291 � 353 � 262 � 370

TDI: � � � � �
0.67 � 1.069 � 308 � 369 � 268 � 384
1.3 � 0.919 � 318 � 373 � 274 � 400

ED-20: � � � � �
0.67 � 1.115 � 326 � 373 � 274 � 398
1.33 � � � 316 � 351 � 279 � 388

����������������������������������������
* (I888, I1380) Intensities I of the absorption bands at 888 (out-

of-plane bending vibrations of terminal vinylidene groups)
and 1380 cm�1 (symmetric bending vibrations of the methyl
groups), respectively; (Ton.ox) temperature of oxidation onset;
(T 0

ox) equilibrium oxidation temperature; (T
�m = 5%, T

�m = 50%)
temperatures of 5 and 50% weight loss, respectively.
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Fig. 1. Isolines of (a, c) oxidation temperature and (b) in-
duction period of oxidation. System: (a, b) PP + TDI +
ED-20 and (c) PP + TDI + ECH. Figures in parentheses
denote the content of the corresponding compounds (wt %);
the same for Fig. 4.

Fig. 2. Autooxidation kinetic curves for the system LDPE�
TDI�ECH. (�PO2

) Oxygen uptake measured as pressure
change and (�) time. (1) Initial LDPE, (2) LDPE + ECH
(2 wt %), (3) LDPE + ECH (1.33 wt %), (4) LDPE +
ECH (1.33 wt %) + TDI (0.67 wt %), (5) LDPE + TDI
(0.67 wt %), (6) LDPE + ECH (0.67 wt %) + TDI
(0.67 wt %), and (7) LDPE + TDI (1.33 wt %).

tion of active molecular groups directly into the poly-
mer chain; in this way, the process for introducing a
stabilizer is simplified and the ideal molecular distri-
bution is attained; furthermore, exudation and evapor-
ation of the stabilizers are excluded.

A study of the heat resistance of PP modified with
IS�EP mixtures revealed synergistic effects at certain
component ratios. For example, the equilibrium tem-
perature of PP oxidation considerably increases (by
41�C, Fig. 1a), and the induction period becomes
40 min longer (Fig. 1b), on adding a mixture of
0.67 wt % TDI and 0.67 wt % ED-20. Still stronger
effects are observed with epichlorohydrin (ECH) used
instead of ED-20: T 0

ox increases by 55�C (Fig. 1c),
and Ton.ox, by 79�C, compared with the unmodified
PP. This stabilizing system also retards oxidation of
low-density polyethylene (LDPE, Fig. 2).

We also examined how the order of adding the com-
ponents of the stabilizing mixture affects the stability
of POs. Four addition modes were tested: (I) IS was
added to PO melt first, and, after rolling for 5 min,
EP was added; (II) EP was added first, and IS, 5 min
later; (III) IS and EP were added simultaneously;
(IV) IS and EP were preliminarily copolymerized for
2 h and then added to the PO melt. As seen from
Table 2, the highest Ton.ox and the longest induc-
tion period of autooxidation �ind are observed when
the components are preliminarily copolymerized.

It should be noted that the copolymerization time
� (h) of the components of the modifying mixture
PP + 0.67 wt % ED-20 + 0.67 wt % additive (MDI or
SKU-PFL) appreciably affects the induction period
�ind of PP autooxidation (Table 3); the strongest ef-
fects were attained in the case when the preliminary
copolymerization was performed for 1�2 h. As the co-
polymerization time is increased further, the stabiliz-
ing effect monotonically decreases and, finally, fully
disappears. This effect is due to initial formation of
a more active species in which the centers capable of
reacting with PO unsaturated bonds are preserved;
at higher conversions, the content of these centers
decreases, and the thermostabilizing effect becomes
weaker.

Our assumption is confirmed by an increase, fol-
lowing the hyperbolic law, in the viscosity of the TDI�
ECH system in the course of polymerization at 50�C
and by changes in the thermal stability of the products
formed in model reactions of copolymerization of
1-hexene, TDI, and ECH added in different modes
(Table 4). Mode I: An equimolar amount of ECH was
added to 1-hexene, then a catalyst (tertiary amine) was
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Table 2. Influence of the mode of component addition on the efficiency of PP stabilization (modifier: 0.67 wt % ED-20 +
0.67 wt % additive)
������������������������������������������������������������������������������������

� Mode of component addition
����������������������������������������������������������������������������

Additive* � I 	 II 	 III 	 IV
�������������������
������������������
������������������
������������������
� �ind, min � Ton.ox, �C 	 �ind, min � Ton.ox, �C 	 �ind, min � Ton.ox, �C 	 �ind, min � Ton.ox, �C

���������������������������
������������������
������������������
������������������
MDI � 58 � 283 	 56 � 311 	 47 � 274 	 57 � 245
SKU�PFL � 36 � 275 	 52 � 309 	 � � 290 	 77 � 354
TDI � 53 � 305 	 25 � 394 	 31 � 372 	 62 � 396
������������������������������������������������������������������������������������
* (MDI) Diphenylmethane-4,4�-diisocyanate and (SKU�PFL) product of reaction of polyoxymethylene glycol with TDI.

introduced, the mixture was heated at 60�C for 1 h,
after which an equimolar amount (with respect to the
other components) of TDI was added, and the reaction
was continued for an additional 1 h. Mode II: The same
except that TDI was added to 1-hexene first. Mode III:
all the three components taken in equimolar ratio were
mixed, and the mixture was heated at 60�C for 1 h.

The reaction products were transparent solids dif-
fering in color (from white to yellow) and insolu-
ble in organic solvents; in view of the functionality
of the chosen IS, this fact suggests formation of cross-
linked three-dimensional (3D) structures.

The sample prepared using mode II showed the
highest thermal degradation temperature. In this case,
first the copolymerization of EP with 1-hexene oc-
curred, after which IS was added. This fact confirms
that ether fragments grafted to the PO macromolecule
are more stable than amide fragments.

Analysis of the temperatures corresponding to the
first step of the weight loss (apparently, due to ev-
aporation of unchanged 1-hexene) also gives interest-
ing results. In all the three samples, the weight loss
starts at about 50�55�C, which corresponds to the
boiling point of 1-hexene, and is complete at different
temperatures, with the highest temperature being ob-
served in the case of mode II. This may be due to
formation in this case of a more densely cross-linked
3D structure hindering evaporation of the unchanged
monomer. Evaporation of 1-hexene is complete only
with the onset of degradation.

As shown above, the chemical reactions of ISs and
EPs with PP yield grafted amide and ether structures.
Also, as known from the literature [5] and shown by
analysis of model reactions of ISs and EPs, reactions
of bi- and polyfunctional compounds yield 3D cross-
linked products insoluble in organic solvents. After

performing the reaction in the TDI�ED-20�1-hexene
system for 4 h with the temperature gradually raised
from 50 to 100�C, the IS and EP taken in equimolar
ratio are fully exhausted, and approximately 30% of
the olefin remains unchanged.

Table 3. Thermostabilizing effect of the modifying mixture
at varied time � of copolymerization of the components
����������������������������������������

Additive
� �ind (min) at indicated �, h
��������������������������������
� 0 � 1 � 2 � 3 � 4

����������������������������������������
MDI � 46 � 72 � 58 � 47 � �

SKU�PFL � 37 � 59 � 78 � 40 � 18
����������������������������������������

Table 4. Heat resistance of copolymerization products of
1-hexene, ECH, and TDI as influenced by the mode of
the component addition (DTA data)*

����������������������������������������

Addition mode
� Tt � T

�m = 5% � T1
�����������������������������
� �C

����������������������������������������
I � 426 � 98 � 53�95
II � 512 � 116 � 54�239
III � 440 � 68 � 52�147

����������������������������������������
* (Tt ) Temperature of thermal degradation and (T1) temperature

range of the first step of the weight loss.

Table 5. Rate constants of the reaction at equimolar IS : EP
ratio
����������������������������������������

T, �C � Initial IS � k � 102,
� concentration, M � l mol�1 min�1

����������������������������������������
20 � 0.27 � 8.85
30 � 0.29 � 10.0
40 � 0.30 � 14.21

����������������������������������������
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Fig. 3. Concentration of isocyanate groups, cIS, vs. co-
polymerization time �. (a) TDI : ECH molar ratio 1 : 1;
copolymerization temperature, �C: (1) 20, (2) 30, and
(3) 40. (b) Copolymerization temperature 30�C; TDI : ECH
molar ratio: (1) 2 : 1, (2) 1 : 1, and (3) 1 : 2.

Fig. 4. Isolines of relative elongation for the system
PP + TDI + ED-20: (a) modifiers added simultaneously,
(b) TDI added first, and (c) ED-20 added first.

Thus, the synergistic effect of IS�EP mixtures
(with ECH as example) may be due to formation of
a more active stabilizer in the reaction between the
initial monomers and can be enhanced by concurrent
grafting of the IS�EP reaction product to residual
unsaturated bonds of a PO:

R�N=C=O + ClCH2�CH�CH2 N C�CH2�CH,�
��

O
�

|
R

_ ||
O

|
O

_

|
ClCH2

(1)

� �C�CH2�N�C�CH2�CH,
| |
R O

||
O

|
ClCH2

_

�C�CH2 + N�C�CH2�CH
| |
R O

_ ||
O

|
ClCH2

_

(2)

�C�CH2�N�C�CH2�CH + H +

| |
R O

||
O

|
ClCH2

_

� �C�CH2�N�C�CH2�CH,
| |
R

||
O

|
ClCH2

OH

(3)

where (1) is the stage of dianion formation; (2), reac-
tion of the dianion with the �-olefin; (3), chain ter-
mination.

A kinetic study of the reaction (Figs. 3a, 3b;
Table 5) showed that it obeys a second-order equation

���� = k cIS cEP ,
dcIS

dt

where k is the second-order rate constant; cIS and cEP
are the IS and EP concentrations, respectively.

Presumably, such reactions occur in POs, yielding
fairly large fragments grafted to the polymer macro-
molecule; these fragments may form a separate phase
in the polymeric matrix, thus affecting the heat resis-
tance, processability, and service characteristics of the
polymer. For example, only on adding the modifiers
in combination, the relative elongation increases by
an order of magnitude (Figs. 4a�4c), with the break-
ing stress growing too.

The considerable rise in the relative elongation on
adding TDI and ED-20 to polypropylene may be due
to modification of the amorphous phase by lengthy
fragments grafted to the PO macromolecule; these
fragments must impart rubber-like properties to PO.
The contribution of the elastic component to the total
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Fig. 5. Melt flow index MFI and intrinsic viscosity 	 of PP modified with TDI and ED-20 vs. the content of TDI (cTDI) and
ED-20 (cED-20): (1) initial PP, (2) ED-20 added first, (3) TDI added first, and (4) both modifiers added simultaneously.

deformation increases by a factor of 2�4 on adding
mixtures of modifiers to PP, compared with the un-
modified polymer (Table 6). The elastic deformation
grows at the expense of the viscous component.

The stress�strain curves also show that modifica-
tion of PP with IS�EP mixtures enhances its hyper-
elastic properties. Whereas the stress�strain curve for
the unmodified samples is typical of crystalline POs,
addition of binary mixtures makes this curve similar
to that obtained for rubbers. In modified samples, no
decrease in the stress is observed at the instant of
necking; similarly to rubbers, the stress grows with
the strain; and the plateau characteristic of crystalline
POs is less pronounced.

Formation of grafted 3D structures in the course of
PO modification with IS�EP mixtures affects the
rheological parameters: The viscosity of solutions and
melts grows, the resistance of PO to fivefold extrusion
is enhanced, and the melt flow index (MFI) decreases
(Fig. 5). Its decrease to the level characteristic of
the control sample does not impair the processability
of the modified formulations.

Table 6. Contributions of the elastic, viscoelastic, and
viscous deformations in the system PP + TDI + ED-20
(modifier: 1.33 wt % TDI + 0.67 wt % ED-20)
����������������������������������������

Mode of modifier � Deformation, %
���������������������������

addition*
� elastic � viscoelastic � viscous

����������������������������������������
Initial PP � 2.8 � 2.4 � 94.8

I � 10.5 � 1.1 � 88.4
II � 4.6 � 2.1 � 93.3
III � 9.2 � 1.8 � 89.0

����������������������������������������
* (I) TDI added first, (II) ED-20 added first, and (III) both

components added simultaneously.

Thus, modification of POs with mixtures of epoxy
compounds and isocyanates leads, at certain ratios of
the components, to manifestation of the synergistic ef-
fect not only in the heat resistance, but also in service
properties.

CONCLUSIONS

(1) Copolymerization of isocyanates with epoxy
compounds and olefins was studied. Introduction of
binary mixtures based on isocyanates and epoxides
into crystalline polyolefins enhances their heat resis-
tance and certain physicomechanical properties, with
the synergistic effects observed. The modification ef-
ficiency was studied in relation to the order of adding
components.

(2) The synergistic effect is accounted for by the
formation of a more active species upon introduction
of the components of the binary mixture into poly-
olefins.
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Abstract�The concentration dependences of the relative viscosity of epoxy-4,4�-isopropylidenediphenol
(Epikot 1009, E-05) and phenol-formaldehyde (DFFr) resins in Cellosolve solutions in the concentration range
c = 5�60%, as well as the kinetics of thermal precondensation of a mixture of E-05 and DPFr resins in solu-
tion at molar ratios N1/N2 = 0.6�1.5, were studied by the method of capillary viscometry. The cluster struc-
ture of the surface of coatings on the metal sheet formed by cross-linked epoxy-phenol polymer in various
kinetic stages of precondensation of the mixture of E-05 and DFFr resins in solution was studied by electron
microscopy with gold decoration. The optimal concentrations of resins in solution and the precondensation
kinetics of oligomer mixtures essential for formulating the compounds were calculated.

In preparing coatings of epoxy-phenol polymers,
account should be taken [1] of the fact that the com-
patibility of epoxy-4,4�-isopropylidenediphenol and
phenol-formaldehyde resins in solution is determined
by the nature of intermolecular interactions of the
oligomers in various kinetic stages of thermal pre-
condensation. Markevich et al. [1] showed that mol-
ecules of epoxy-4,4�-isopropylidenediphenol and phen-
ol-formaldehyde oligomers (EOs and POs, respective-
ly) are associated in solution. It was found later [2�6]
that the size and structure of the EO and PO associates
are determined by the molecular weight (MW) of the
oligomers, composition of the mixture, and thermal
history of the solution. The viscosity of the EO�PO
mixture in solutions is determined by the time of
thermal precondensation of resins and passes through
an extremum, which is due to changes in the size and
structure of mixed associates [5, 6].

As shown previously [2�4], the degree of poly-
merization (DP) of EP and the solvent polarity de-
termine the shape of the concentration dependences
of the relative viscosity �rel on c of EO in solutions.
These dependences are described by the expression

(1)ln �rel = ([�]0c)a,

Here, [�] is the intrinsic viscosity, and c is the con-
centration [7].

In EO solutions (DP = 2�4) in chloroform, the
�rel�c curves for oligomer molecules whose size does
not exceed that of the Kuhn statistic segment (27 �,
DP � 5 [8]) satisfy the condition [�]c > [�], where
[�]c = dln�rel/dc (c > 0) is the running intrinsic vis-
cosity [9]. In this case, the power index a in expres-
sion (1) is over unity. For EO with DP > 5, the �rel�c
curves are characterized by the conditions [�]c < [�]
and a < 1 [9]. According to [1, 3, 8], stable hetero-
complexes are formed in solutions of the EO�PO mix-
ture in Cellosolve (C) via of intermolecular hydrogen
bonding between these oligomers.

Studies of the structure of cross-linked epoxy-
phenol polymers [10, 11] have shown that a uniform
chemical network is formed on the polymer coating
surface at EO-to-PO molecular weight ratios close
to 4 : 1, the optimal Mn(EO) being close to 3500.
Markevich et al. [1, 8] believe that thermal precon-
densation of a resin mixture in solution is required for
increasing the compatibility between EO and PO and
for the subsequent formation of a uniform chemical
network upon thermal curing of EO and PO. This con-
clusion has been confirmed in studies of the mechan-
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ical properties of epoxy-phenol polymer films and
the protective characteristics of a coating in various
kinetic stages of precondensation of the EO�PO mix-
ture in solution at 393 K [8, 12].

Nizhnik et al. [12] studied the precondensates (pre-
condensation time 2 h at 393 K [12]) based on a mix-
ture of epoxy-4,4�-isopropylidenediphenol (E-05) and
phenol-formaldehyde (FPF-1) resins in a C solution
for a set of 15 E-05 samples differing in molecular
weight. A uniform correlation was established be-
tween the relative elongation �/� of the films of cross-
linked epoxy-phenol polymer and the ultimate rupture
stress � (Fig. 1). For films prepared by cold mixing
of EO and PO in solution, there is no correlation be-
tween �/� and �. It can be suggested that association
of oligomers in solution is governed by a uniform
mechanism predetermining the precondensation ki-
netics of the mixture and the structure of the cross-
linking sites in the chemical network of the cross-
linked polymer in the coating.

The structural changes in various kinetic stages of
precondensation of resin mixture in solution must
affect the densities of the aggregates (or associates)
of oligomers, as well as the degree of association of
the molecules, s. It is highly probable that, during
precondensation of the resin mixture, the EO and PO
aggregates break down to give mixed aggregates of
oligomers and an infinite cluster. Specifically in this
case, the viscosity of the oligomer mixture in solu-
tion and the protective properties of coatings based
on cross-linked epoxy-phenol polymers must be de-
termined by the kinetic modes of precondensation.

It is known [13] that the correlations between the
parameters of the oligomer aggregates in solutions, as
well as those between the characteristics of clusters of
macromolecules constituting the network of the cross-
linked epoxy-phenol polymer, can be studied using
the fractal cluster model [13, 14]. This model predicts
how the density of aggregates in solution and clusters
of macromolecules on the surface of the cross-linked
epoxy-phenol polymer varies in different stages of
precondensation of resin mixtures. We have shown
previously [11] that the distribution and the topology
of the cross-linking sites of the chemical network
of the cross-linked polymer vary with the molecular
weight of EO. At Mn(EO) = 2100, the coating surface
contains discrete clusters of macromolecules (�lattice
animals	) constituting the nonuniform chemical net-
work of a cross-linked polymer, and a single uniform
network of the cross-linked polymer corresponds to
Mn(EO) � 3400 [11]. At the same time, the funda-
mental aspects of aggregation of oligomers in various

Fig. 1. Relative elongation �/� of the films of cross-linked
epoxy-phenol polymer vs. the ultimate rupture stress �

for precondensates of (1) epoxy-4,4�-isopropylidenediphe-
nol E-05 and phenol-formaldehyde FPF-1 resins prepared
at 393 K within 2 h for a set of 15 samples of the E-05
resin and (2) cold mixtures of these resins [12].

stages of precondensation of EO and PO in solution
and in formation of the chemical network of the cross-
linked epoxy-phenol polymer still remain to be under-
stood [1].

The aim of this study was to optimize EO�PO
formulations and the kinetic modes of precondensa-
tion of a mixture of resins in solution to ensure for-
mation of a uniform chemical network of the cross-
linked epoxy-phenol polymer. We studied the hydro-
dynamic behavior and aggregation of EO and PO
molecules and their mixtures in solutions in various
kinetic stages of thermal precondensation. Also, we
analyzed the cluster structure of the network of the
cross-linked polymer based on EO and PO.

EXPERIMENTAL

We studied the concentration dependences of the
relative viscosity of epoxy-4,4�-isopropylidenediphe-
nol resins Epikot 1009 (Shell Corporation) and E-05
(Pigment Research and Production Company) and
phenol-formaldehyde resin DFFr based on diphenyl-
olpropane and formaldehyde (Pigment Research and
Production Company) in C solutions in the concentra-
tion range c = 5�60 wt %, as well as that of a mix-
ture of E-05 and DFFr resins in solution with mass
ratio varied from 1.5 : 1 to 4 : 1 [15].

The molecular-weight distribution in sample nos.
1�3 (Table 1) was determined by gel-permeation
chromatography (Shodex KF-803 columns, solvent
tetrahydrofuran, sample volume 5�10 
l, eluent flow
rate 1 ml min�1, spectrophotometric detector, � =
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Table 1. Characterization of oligomer samples at 298 K
������������������������������������������������������������������������������������
Sample no. � Oligomer � EN,* % � [�], cm3 g�1 � PD � Mn � 10% � Mw /Mn � nD

20 � 0.0005
������������������������������������������������������������������������������������

1 � Epikote 1009 � 1.2 � 0.140 � 13�35 � 3600 � 2.65 � �
� � � � � � � (1.438)**

2 � E-05 � 1.8 � 0.134 � 10�17 � 2850 � 2.70 � 1.555 (1.485)
3 � DFF � � � 0.061 � 2�5 � 1030 � 3.85 � 1.484 (1.512)

������������������������������������������������������������������������������������
* EN is the epoxide number.

** Figures in parentheses are the refractive indices nD
20 for solutions of sample nos. 1�3 in C at c 42 (no. 1), 38 (no. 2), and 60.2%

(no. 3), respectively; nD
20(C) = 1.4062.

250 nm) [16]. The relative viscosity �rel = �/�0 (� is
the solution viscosity and �0 is the C viscosity) was
measured on a Ubbelohde viscometer (capillary thick-
ness 0.6 mm, shear rate 300 s�1, C flow time 89 s,
298 K) (Figs. 2, 3, 4a). The refractive indices of the
solutions were measured on a URL-1 refractometer
(Fig. 4b). The intrinsic viscosity [�] was determined
by the procedure described in [7], and the running

Fig. 2. Relative viscosity �rel of sample nos. 1�3 vs. the
concentration c in the C solution in the ln�rel� [�]c co-
ordinates at 298 K. Figures at curves correspond to sample
nos.; the same for Fig. 6.

Fig. 3. Relative viscosity �rel of the precondensates of epoxy-
4,4�-isopropylidenediphenol and phenol-formaldehyde resins
in C solution vs. the concentration c of the resin mixture in
the ln�rel�c coordinates at 298 K. N1(EO)/N2(PO) molar
ratio: (1) 0.7, (2) 0.8, (3) 0.9, and (4) 1.5.

intrinsic viscosity [�]c at c > 0 and the power index
a in Eq. (1), by the expression

[�]c = dln�rel/dc = a[�]([�]c)a � 1 = aln�rel/c, (2)

[�]c/ln�rel = ([�]c)1 � a. (3)

The parameters a and [�]c were calculated to with-
in 7% (Tables 2, 3).

Fig. 4. Kinetic curves of (a) the relative viscosity �rel and
(b) refractive index nD

20 of a mixture of E-05 and DPFr
resins in a EC solution vs. the precondensation time t at
298 K. N1/N2 molar ratio: (1) 0.6, (2) 0.8, and (3) 1.5.
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Table 2. Parameters of aggregates of oligomer molecules* (sample nos. 1�3) in C solutions at 298 K [oligomer radius
R 3.2 (sample no. 1), 3.0 (sample no. 2), and 1.5 nm (sample no. 3)]
������������������������������������������������������������������������������������

Sample no. � c, g dl�1 � [�]c � 0.1 � a � 0.03 � D � 0.05 � s � 0.2 � cs, g dl�1 � � � 0.02 � �R�/R � 7%
������������������������������������������������������������������������������������

1** � 4.25 � 0.59 � 1.04 � 1.47 � 14.9 � 0.29 � 0.95 � 6.3
� 12.0 � 1.68 � 1.04 � 1.47 � 43.5 � 0.28 � 0.36 � 13.0
� 29.6 � 4.14 � 0.64 � 1.83 � 554 � 0.05 � 0.63 � 73.5
� 31.4 � 4.39 � 0.25 � 2.4 � � � � � 0.64 � �� � � � � � � �

2 � 2.8 � 0.37 � 1.05 � 1.46 � 26.8 � 0.10 � 0.98 � 12.9
� 6.5 � 1.00 � 1.05 � 1.46 � 60.8 � 0.11 � 0.64 � 22.7
� 12.3 � 1.65 � 0.92 � 1.56 � 91.8 � 0.13 � 0.42 � 24.2
� 26.7 � 3.58 � 0.64 � 1.83 � 341 � 0.08 � 0.53 � 31.0
� 33.4 � 4.48 � 0.64 � 1.83 � � � � � � � �� � � � � � � �

3 � 6.6 � 0.40 � 1.14 � 1.40 � 1.12 � 5.9 � 0.53 � 1.49
� 17.3 � 1.00 � 1.14 � 1.34 � 2.02 � 8.56 � 0.24 � 1.34
� 26.4 � 1.61 � 1.24 � 1.34 � 3.05 � 8.65 � 0.20 � 3.21
� 34.6 � 2.11 � 1.40 � 1.25 � 3.45 � 10.2 � 0.146 � 3.62
� 45.0 � 2.75 � 1.40 � 1.25 � 4.56 � 9.86 � 0.105 � 3.65

������������������������������������������������������������������������������������
* D is the fractal dimension; cs, is the concentration of clusters; 	R 
, the radius of the aggregates.

** For sample no. 1 in solution, the transition to a continuous fluctuation network of intermolecular contacts corresponds to
c > 29.6 g dl�1.

Table 3. Parameters of mixed aggregates in C solutions of EO and PO [precondensation time t = 1.5 h, N1/N2 0.7
(sample no. 1) and 1.5 (sample no. 2), 298 K. [�] 0.115 (sample no. 1) and 0.154 dl g�1 (sample no. 2), radius of
a 	unit
 mixed aggregate of EO and PO 3.1 nm]
������������������������������������������������������������������������������������

Sample no. � c, g dl�1 � [�]c � 0.1 � a � 0.03 � D � 0.05 � s � 7% � � � 0.02 � �R�/R � 7% � �R� � nm
������������������������������������������������������������������������������������

1 � 21.4 � 2.46 � 1.08 � 1.44 � 1.7 � 0.57 � 1.43 � 4.1
� 35.6 � 4.06 � 0.90 � 1.58 � 2.3 � 0.36 � 1.67 � 5.2
� 37.1 � 4.26 � 0.90 � 1.58 � 2.4 � 0.64 � 1.72 � 5.3
� 40.0* � 4.60 � 0.52 � 2.0 � 193 � 0.76 � 13.9 � 43
� 50.0 � 5.75 � 0.52 � 2.0 � 303 � 0.77 � 17.4 � 54� � � � � � � �

2 � 5.2 � 0.80 � 1.04 � 1.47 � 2.8 � 0.80 � 2.0 � 6.2
� 10.7 � 1.65 � 1.04 � 1.47 � 5.8 � 0.42 � 3.3 � 10.2
� 17.7 � 2.72 � 0.90 � 1.58 � 27.8 � 0.41 � 8.2 � 25.4
� 29.1 � 4.48 � 0.90 � 1.58 � 34.1 � 0.58 � 9.9 � 30.7
� 35.5* � 5.47 � 0.48 � 2.1 � 116 � 0.64 � 11.9 � 36.9
� 37.5 � 5.78 � 0.48 � 2.1 � 180 � 0.69 � 12.6 � 39.1
� 43.4 � 6.68 � 0.48 � 2.1 � 330 � 0.73 � 17.0 � 52.0

������������������������������������������������������������������������������������
* In the vicinity of the threshold concentration c *, the aggregate radius 	R 
 is close to the correlation radius � [11, 17].

The formulations corresponded to EP-547 varnish
[15] based on E-05 and DFFr resin containing 5.6% but-
oxy groups. Precondensation of the resin mixture was
carried out in a C solution at 393 K; the N1(EO)/N2(PO)
molar ratio was varied from 0.6 to 1.5. Precondensation
time t = 0.4�4 h. The first sample for measuring the
viscosity and refractive index nD

20 for the resin mixture

in solution was taken 30 min after mixing the resins;
further samples were taken during precondensation of
the resins at 30-min intervals after the temperature of
393 K was attained (Figs. 4, 5). A catalyst in the form
of 25% H3PO4 solution in C in amount of 0.24�0.26%
of the oligomer mixture content was introduced after
thermal precondensation was complete [15].
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Fig. 5. Electron micrographs of the decorating gold particles on the surface of cross-linked epoxy-phenol polymer based on
sample nos. 2 and 3 at N1/N2 = 0.7. Magnification: (a) 30 000 and (b, c) 60 000. Time, h, of precondensation of the coating
on canning sheet metal: (a) 0.25, (b) 0.5, and (c) 2.0.

Coatings with thickness of 4�6 
m were pre-
pared by casting 20% solution of the precondensate
in C, also containing 0.79% organosilicon oligomer
KO-815 [15], on tin-plated sheet metal (surface con-
centration of tin 8.4 g m�2) and cured in air at 452�
483 K for 15 min [18, 19]. The chemical stability
of the cured coatings was tested in model media;
these included 3% aqueous solutions of NaCl and
acetic acid, 2% aqueous solution of tartaric acid, and
distilled water at 120 atm (393 K) for 1 h [18, 19].
Cured coatings corresponding to the precondensation
time t = 2.5 h exhibit satisfactory chemical stability
in the model systems studied.

The cluster structure of the samples of cross-linked
epoxy-phenol polymer coatings was studied by elec-
tron microscopy with gold decoration. The coating
surface was preactivated with an aqueous solution
of silver nitrate, which was followed by thermal sput-
tering of gold at 1.33 � 10�3 Pa to effective layer
thickness of 0.4 nm. The coating surface activation
consisted in partial reduction of AgNO3 by quinone-
methide groups of the polymer, yielded by thermal re-
duction of the secondary hydroxy groups of phenol-
formaldehyde resin [20], and subsequent nucleation

Fig. 6. f ([�]c) curves for sample nos. 1�3 in C solution,
plotted in the ln f� ln x coordinates.

of silver nanoparticles, which act as nucleation cen-
ters for the decorating gold particles. Carbon rep-
licas with decorating gold particles were prepared by
the procedure from [21] and examined with an EVM
100 L electron microscope. The electron micrographs
of the surface of cross-linked epoxy-phenol coatings
(Fig. 5) obtained for precondensates of a mixture of
E-05 and DFFr resins at a molar ratio N1/N2 = 0.6
were processed on a PC using the cluster lattice model
[11, 17].

When plotted in the ln �rel�[�]c coordinates,
the concentration dependences of the relative viscosi-
ty, �rel�c, of the EO samples in C solution lie under
the bisector of the angle at [�]c = VN = 1�6, where
V = [�]M is the hydrodynamic volume of the oligo-
mer molecules (M is molecular weight), N = c/MNA
is the number of moles, and NA is the Avogadro num-
ber [7]. The �rel�c curve plotted in these coordi-
nates for sample no. 3 in C solution in the [�]c < 3
region lies above the bisector of the angle, since
[�]c/[�] > 1 (Fig. 2). For the precondensates studied
[N1(EO)/N2(PO) = 0.6�1.5], the �rel�c curves lie
under the angle bisector (Fig. 3).

The �rel� t kinetic curves of the resin mixture vis-
cosity exhibit extrema in the course of thermal pre-
condensation of oligomers for all the N1/N2 parame-
ters studied (Fig. 4a). With increasing precondensation
time t, the refractive index nD

20 of the resin mixtures
in solution tends to grow, with the dependence level-
ing off at t 
 3 h (Fig. 4b), which suggests changes
in the density of the EO and PO aggregates [9].

To estimate the threshold concentration c* corre-
sponding to sharp changes in both the [�]c parameter
and the effective hydrodynamic volume �V � of the
EO and PO aggregates in solution [11], we calculated
the dependences of the f (x) = [�]c / ln �rel ratio on
the parameter x = [�]c (Figs. 6, 7). The f (x) curve
plotted in the ln f� ln x coordinates for EO solution
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in C (Table 1, sample no. 2) consists of three linear
portions (Fig. 6, Table 2). A similar curve was ob-
tained for sample no. 1. In the case of the C solution
of sample no. 3, the f (x) dependence exhibits a de-
crease in f (x) in the [�]c = 0.1�2 range and, when
plotted in the logarithmic coordinates, it consists of
three linear portions.

According to the cluster model [14], the density �
of the fractal aggregate tends to decrease with increas-
ing hydrodynamic volume �V �

� = sV/�V � = w(D � 3)/D(�R �/R)(D � 3)/D. (4)

Here, s = w(�R �/R)D is the degree of aggregation;
D is the fractal dimension; R and �R � are the radii of
the oligomer and oligomer aggregate, respectively;
w = 0.637 is the coefficient of random packing of
rigid spheres [13].

To a first approximation, we have for relative vis-
cosity �rel of macromolecules in solution

ln�rel = VNs (�V �/Vs ) = VNs /� = [�]c /�s = ([�]c)a. (5)

Here, Ns = c /MsNA is the number of moles of
the aggregates of particles, and a = (3 � D)/D [11, 22].

Equations (2)�(5) give

�s = x /ln �rel = x1 � a, (6)

� = (a[�]/[�]c)a /(a � 1) = wa (x / ln �rel)
a /(a � 1). (7)

Figure 6 shows that the three portions in the f (x)
curve for EO solutions in C are due to a successive
transitions from isolated oligomer molecules with
D1 = 1.46 (c < 7.2 g dl�1) to aggregates of particles
with D2 = 1.56 (c = 7.2�13.9 g dl�1) and D3 = 1.83
(c = 14�26.7 g dl�1). For sample no. 2, a transition to
a continuous network of intermolecular contacts of
macromolecules in the vicinity of c* � 27 g dl�1 is
characterized by D4 � 1.8 (Table 2). For sample no. 1,
the f (x) curve also consists of three portions, namely,
those with D1 = 1.47 (c < 29 g dl�1), D2 = 1.83 (c =
29�31 g dl�1), and D3 = 2.4 (c > 31 g dl�1). In the case
of PO solutions in C, the three portions of the f (x)
curve are due to fractal transitions from D1 = 1.4 (c <
17.3 g dl�1) to D2 = 1.34 (c = 17.3�26.4 g dl�1) and
D3 = 1.25 (c > 26 g dl�1, Table 2). Our data show that
the degree of aggregation of EO in C solution at c �
c* (s > 500 sample no. 1) significantly exceeds that
of PO at c � 26 g dl�1 (s � 3, sample no. 3).

The f (x) curves for EO�PO precondensates, plotted
in the ln f�ln x coordinates, exhibit three linear por-
tions with D1 = 1.47 (c < 12 g dl�1), D2 = 1.54 (c =

Fig. 7. f ([�]c) curves for EO�PO precondensates in the C
solution plotted in the ln f� ln x coordinates. N1(EO)/N2(PO)
molar ratio: (1) 1.5, (2) 0.7, and (3) 0.9.

Fig. 8. Density of oligomer aggregates in solution � vs.
[�]c at 298 K. (1�3) Sample nos.; (4) precondensate of
a resin mixture obtained at the molar ratio N1/N2 = 1.5 in
sample nos. 2 and 3.

12�36 g dl�1), and D3 = 2.2 (c > 36 g dl�1) (Fig. 7). In
the first two portions, the degree of aggregation s of
the EO and PO molecules is lower than that of solu-
tions of EO in C, though beeng significantly higher
than that of solutions of PO (Tables 2, 3).

The density of the aggregates of EO molecules and
mixed EO�PO aggregates varies nonmonotonically
with increasing concentration c of the oligomers in
solution (Fig. 8). The minimum of the density � of the
aggregates in solution for sample no. 1 corresponds
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Table 4. Parameters of the cluster structure of cross-
linking sites of the chemical network of cross-linked ep-
oxy-phenol polymer in various stages of precondensation
of the EO�PO mixture in C solution at N1/N2 = 0.6
����������������������������������������
t, h ��latt � 0.01 � D � 0.03 � � , nm � m* � 0.03
����������������������������������������
0.25 � 0.86 � 1.92 � 250 � 3.4
0.5 � 0.64 � 1.73 � 80 � 2.8

� � � (235)** �
0.8 � 0.50 � 1.7 � 40 � 3.2

� � � (42) �
2.0 � 0.84 � 1.94 � 50 � 3.1

� � � (38) �
����������������������������������������

* m is the coordination number.
** Figures in parentheses are the parameters of the clusters

corresponding to the fraction of large gold particles formed
on the silver metal nuclei through reduction with quino-
nemethide groups of PO.

to [�]c = 2.4, and that for the EO � PO precondensate,
to [�]c � 2. Near the threshold concentration c*, cor-
responding to the formation of a physical network of
intermolecular contacts, � asymptotically approaches
� � 0.69 characteristic of percolation of self-simi-
lar particles (or clusters of oligomer molecules) in
a simple cubic lattice [13] (Table 3).

The radius of the aggregates �R � was calculated
by the expression

�R � / R = w�1/D(x / ln �rel )
1/(2D � 3). (8)

Near the threshold concentration c*, the radius
of the EO aggregates sharply grows with increasing
molecular weight of the oligomer. For sample no. 1 at
c* = 29.6 g dl�1, �R � = 235 nm, and for sample no. 2
at c* = 26.7 g dl�1, �R � = 93 nm (Table 2), which is
consistent with the Rayleigh scattering data for the
EO solutions in C [6]. For example, according to [6],

Fig. 9. Lattice density �latt of clusters vs. the radius R of
the circle circumscribed about the cluster. Coatings on
the sheet metal of cross-linked epoxy-phenol polymer,
N1/N2 = 0.6. Precondensation time, h: (1) 0.5, (2) 0.8, and
(3) 2.0.

the ratio of the rms radii of the aggregates of oligo-
mers is 2.8 for two EO samples (Mn 5310 and 4954)
and 2.5 for sample nos. 1 and 2 (Mn 3600 and 2850).

Figure 6 presents the electron micrographs of car-
bon replicas with gold decorating particles, corre-
sponding to samples of cross-linked epoxy-phenol
polymer coatings for various precondensation times
t of the resin mixture. In analyzing the micrographs,
the space-correlated groups of the gold particles were
represented clusters of macromolecules on a two-
dimensional lattice [13]. In the coatings corresponding
to precondensation times of 0.25, 0.5, and 0.8 h, we
revealed two regions where two fractions of particles
of different size were localized, as well as two cluster
types of different densities and topologies. The frac-
tion of large particles corresponds to the most active
centers of gold crystallization on the nuclei of silver
metal reduced by quinonemethide groups of the PO
units of the cross-linked epoxy-phenol polymer. Large
gold particles occur as isolated inclusions in voids
of an infinite cluster [11, 13] built from small gold
particles corresponding to the EO aggregates.

With increasing precondensation time t, the density
of two types of clusters is redistributed. For the coat-
ing sample corresponding to t = 0.8 h, we revealed
a minimum of the lattice density �l of the infinite
cluster (Table 4). The fraction of the surface occupied
by the PO molecule clusters decreases, which suggests
formation of mixed aggregates containing EO and PO.
A completely uniform continuous chemical network
of a cross-linked polymer whose cross-linking sites
contain EO and PO units is formed at t = 2 h. Within
t = 0.8�2.0 h, the lattice density �latt and the fractal
dimension D of the clusters tend to increase (Fig. 9),
and the correlation radius � asymptotically approaches
� = 50 nm. These data evidence the formation of
an infinite cluster of EO and PO.

The concentration dependences of the relative vis-
cosity �rel�c of EO in C solutions evidence a transi-
tion to the continuous fluctuation network of inter-
molecular contacts at c* (EO) � 27 g dl�1 (Table 2,
sample no. 2). The degree of aggregation for EO sig-
nificantly exceeds that for EO (�340 against �3 at
c � 26 g dl�1). In the case of the EO�PO preconden-
sate [molar ratio N1(EO)/N2(PO) = 1.5, preconden-
sation time 2.5 h], the transition from discrete mixed-
type EO�PO aggregates (D = 1.58) to infinite cluster
(D � 2.1) occurs at c* � 35%, Table 3).

The extrema in the kinetic curves of the relative
viscosity �rel� t for EO�PO mixtures in C solutions
(Fig. 4a) suggest, above all, breakdown of the EO
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aggregates. The rate of breakdown of the EO aggre-
gates into �simple	 particles depends on the degree
of aggregation, s, of oligomers. The run of the �rel� t
curves is determined by the N1/N2 ratio. A minimum
in these curves is due to excess PO molecules in the
mixture, and a maximum, to excess EO molecules.
For example, breakdown of the EO aggregates in the
EO�PO mixture in solution at N1/N2 = 1.5 is complete
in the kinetic stage of precondensation corresponding
to the viscosity maximum at t � 1.5 h. Formation of
mixed EO�PO aggregates corresponds to the kinetic
stage of the decline in viscosity, �rel� t at t � 3 h
(Fig. 4a, curve 1). Similarly, a viscosity minimum for
the EO�PO mixture in solution (N1/N2 = 0.6) at t =
0.25 h is due to breakdown of the EO and PO ag-
gregates. Formation of mixed aggregates is complete
at t > 4 h (Fig. 4a, curve 3).

Electron-microscopic data suggest that the uniform
chemical network of the cross-linked epoxy-phenol
polymer corresponds to the precondensation time t =
1.5�2 h (N1/N2 = 0.6). In this case, the correlation
radius � of the clusters of macromolecules is 50 nm,
D = 1.94 (Table 4). In the initial (t = 0.25 h) and
intermediate (t = 0.8 h) stages of precondensation
of the resin mixture, EO and PO do not form a single
network. With precondensation time increasing from
0.4 to 2.5 h, the correlation radius � passes through
a minimum: It first decreases from ca. 250 to 50 nm
and then increases to 500 nm at t > 2 h, which is con-
sistent with the run of the �rel� t curves (Fig. 4a) and
with the Rayleigh scattering data for EO � PO solu-
tions [6].

Thus, in various kinetic stages of precondensation
of the mixture of EO and PO resins in solution, and
on the surface of the cross-linked epoxy-phenol poly-
mer, we revealed a cluster structure of the oligomer
aggregates and of the cross-linking sites of the chem-
ical network. Thermal precondensation of the resin
mixture in solution involves structural evolution of
the aggregates, namely, breakdown of the EO and
PO aggregates and formation of mixed EO�PO ag-
gregates and of an infinite cluster.

CONCLUSIONS

(1) The cluster mechanism of aggregation of the
particles in solution determines the kinetics of thermal
precondensation of resin mixtures and the structure of
the chemical network of the cross-linked epoxyphenol
polymer. This mechanism accounts for the formation
of self-similar mixed-type aggregates of epoxy-4,4�-
isopropylidenediphenol and phenol-formaldehyde

oligomers from aggregates of the corresponding oligo-
mers in solution, which differ in density and degree
of particle aggregation. A uniform network of cross-
linked epoxy-phenol polymer is formed when the
density of the aggregates of epoxy-4,4�-isopropyl-
idenediphenol and phenol-formaldehyde oligomers
approaches that of an infinite cluster in the vicinity
of the threshold concentration of particles in solution.

(2) The cluster model of aggregation and distribu-
tion of the cross-linking sites of the chemical network
on the surface of the cross-linked epoxy-phenol poly-
mer obtained by thermal precondensation of epoxy-
4,4�-isopropylidenediphenol and formaldehyde oligo-
mers in solution accounts for the dependence of the
relative elongation of polymer films (for a set of
samples of epoxy-4,4�-isopropylidenediphenol oligo-
mers with different molecular weights) on the ultimate
rupture stress. In this case, the film strength depends
on the density of the cross-linking sites, which, in
turn, depends on the parameter N1/N2. Films prepared
by cold mixing of oligomers in solution do not show
a uniform chemical network of cross-linked polymer,
since mixed-type aggregates and an infinite cluster
are not formed.
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Abstract�Butadiene-styrene and acrylate latexes were studied as matrices for preparing colloidal silver.
Colloidal-chemical and strength properties of the modified latexes and Primal E1950 latex films were studied.
The heat resistance of these materials was determined.

Development of processes for producing new ma-
terials for electronics and medicine (e.g., antiseptic
applicators containing finely divided particles) is of
great scientific and practical importance [1�3]. The
published data on formation of colloidal metals in
a latex matrix are scarce [4, 5].

Since metal-containing elastomeric nanocomposites
cannot be prepared by direct mixing of a macromo-
lecular binder with finely divided metals, preparation
of these materials by a procedure involving generation
of colloidal metal in aqueous solution and coagulation
of latex rubber is a topical problem.

In this work we studied colloidal-chemical and
physicomechanical properties of latexes and latex films
modified with colloidal silver. This study was orga-
nized as follows: first we chose a procedure for pre-
paring finely divided metal in an aqueous solution,
then we performed this reaction in rubber latex, and
finally we determined colloidal-chemical, physico-
chemical, and thermal parameters of the composites.

Colloidal silver in a latex matrix was prepared by
a photochemical procedure that allows control of the
metal reduction in a matrix of any rigidity by varying
the irradiation time [6, 7].

The photolytes were prepared using AgNO3 as the
electrolyte.

To choose the latex matrix, we analyzed the prop-
erties, first of all the colloidal-chemical behavior,
of various polymer dispersions. Special attention was
paid to the distribution of polymer particles in the dis-
persion medium.

We studied latexes of acrylate [Primal E1950
(Room & Haas), Acronal 271 (BASF), DMMA (Voro-
nezhsintezkauchuk)], butadiene-styrene [SB-278, SB-
139G, SB-852 (RHODIA), BS-75 (Voronezhsintez-
kauchuk)], and styrene-acrylate [GB-016, DL-430,
DS-910 (RHODIA)] polymers. All latexes were pre-
pared using anionic emulsifiers, presumably RSO3Na
or ROSO3Na, where R = C10�C16.

Since the system can be destabilized at high AgNO3
concentrations [8], the amount of AgNO3 introduced
into the latexes ranged from 0.17 to 1.7 wt %.

To prepare colloids in an aqueous medium, latex
(8 wt %) was mixed with an electrolyte (2 wt %)
with a definite AgNO3 concentration. A latex film was
obtained from the resulting solution by the surface
renewal method [9]. All the components of the system
were concentrated during drying and formation of the
film.

The surface tension of the latex modified with the
electrolyte was determined with a Du-Nouy tensiom-
eter; the acidity of the dispersions, with a pH-154
pH meter; their viscosity, on a V3-4 orifice [10];
the tensile strength of the films, on an RMI-5 tensile-
testing machine [11].

Dry modified films were irradiated with 254- and
365-nm light of UFO-254 and DRT-375 mercury
lamps. Formation of colloidal silver was deter-
mined spectrophotometrically (SF-46) from the rise
in the characteristic plasmon absorption in the range
300�800 nm.

Parameters of thermal oxidative degradation of
the polymers (temperature range of thermolysis, ac-
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Fig. 1. Surface tension � of Primal E1950 latex vs. the
electrolyte content c.

Fig. 2. Kinetic curve of photochemical formation of sil-
ver colloid in the latex. (D) Optical density of modified
latex and (�) irradiation time. Wavelength �exc (nm):
(1) 254 and (2) 365.

Fig. 3. Absorption spectra of colloidal silver in the matrix
of modified latex (0.17 wt % AgNO3) irradiated with
365-nm light for (1) 5, (2) 10, (3) 20, and (4) 60 min.
(D) Optical density and (�) wavelength.

tivation energy of thermolysis) were determined on
a Thermophlex differential scanning calorimeter (Per-
kin�Elmer).

We observed coagulation of the latex dispersions
after introduction of AgNO3 solutions in concentra-

tion higher than 0.85 wt % [12]. This is presumably
due to reaction of the electrolyte with the surfactant
introduced into the latex during its polymerization.
This assumption was confirmed by a model experi-
ment in which an anion-active surfactant, C9H19SO3N,
was reacted with AgNO3.

AgNO3 + C9H19SO3Na � C9H19SO3Ag� + NaNO3.

This reaction decreases the surfactant concentration
[8], thus decreasing the thickness of the electrical
double layer. As a result, the dispersion coagulates.

We found that only Primal E1950 latex was stable
at electrolyte concentrations higher than 0.85 wt %,
since it probably contained nonionic surfactants. La-
texes stabilized with nonionic surfactants do not obey
the Deryagin�Landau�Verwey�Overbeek (DLVO) law
[8] since they are coated with relatively thick hydra-
tion shell preventing formation of the electrical double
layer at the interface. We used this latex as the optimal
matrix for preparing colloidal silver.

An increase in the surface tension after introducing
an AgNO3 solution of a prescribed concentration into
the latex (Fig. 1) is due to partial binding of the an-
ionic surfactant [13]. The pH (5) and the relative vis-
cosity of the dispersion (17 s) remained the same.

In some experiments, silver alkylsulfonate was ir-
radiated for 1 h. The white precipitate turned cherry-
red, which points to the presence of silver nanopar-
ticles. Similar processes were observed in a latex film.
Probably, the structure of polymeric particles is trans-
formed into hexagonal packing under the action of cap-
illary forces, and silver alkylsulfonate present between
these particles initiates formation of silver clusters.

A kinetic study of silver reduction showed (Fig. 2)
that the rate-determining step of the photosynthesis is
that preceding cluster formation and initiated by silver
alkylsulfonate. Subsequent growth of silver particles
occurs mainly by the photocatalytic mechanism. As
determined by UV spectroscopy (Fig. 3, curve 1), an
ill-resolved band of metastable clusters and particles
of subcritical size is formed in the first steps of UV
irradiation of a latex film containing silver cations.
Upon longer exposure to UV radiation (Fig. 3, cur-
ves 3, 4) a strong plasmon band appears at 480 nm.
The location of this band remains the same on further
irradiation. This indicates the formation of silver nano-
particles of the same size governed by the structure of
the latex matrix [14].

Since we failed to determine the final silver con-
centration in the film by common procedures, we give
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Kinetic parameters of thermolysis of Primal E1950 latex modified with AgNO3
������������������������������������������������������������������������������������

AgNO3 � � � � AgNO3 � � � � AgNO3 � � �
concentra- � �T, �C � � � concentra- � �T, �C � � � concentra- � �T, �C � �
tion, wt % � � � � tion, wt % � � � � tion, wt % � � �
������������������������������������������������������������������������������������
0 (initial � � � � � 369�424** � 257 � 40 � � 370�419 � 334 � 54

� 366�424 � 263 � 42 � 0.17 � ������� � � � 0.85 � ������ � �
latex) � � � � � 367�417 � 262 � 42 � � 374�419 � 457 � 77
���������	��������	����	���
���������	��������	����	���
���������	��������	����	����

* K0 is the rate constant of polymer thermolysis.
** Data for unirradiated and irradiated films are given in the numerator and denominator, respectively.

in all the dependences the silver concentration in the
initial solution.

The strength of the irradiated film of the initial
latex (0.270 MPa) is higher than that of the unirra-
diated film (0.164 MPa). The onset temperature �T
and the activation energy Ea of thermal degradation
of the polymer increases after irradiation (see table).
This is probably due to additional intermolecular
cross-linking under exposure to UV light [15]. The
strength of the irradiated films decreases up to elec-
trolyte concentration of 0.17 wt % (Fig. 4) and then
increases up to a concentration of 0.5 wt %. The de-
crease in the film strength at low concentrations of
AgNO3 is possibly due to the structural nonuniformity
at the molecular and supramolecular levels and micro-
cracking of the modified latex film upon exposure to
UV light [13]. With the electrolyte concentration in-
creasing from 0.17 to 0.5 wt %, the film becomes
more rigid. Further increase in the electrolyte concen-
tration to 1.7 wt % has no effect on the rigidity. This
complex dependence may be due to the fact that silver
nanoparticles are formed only in the definite concen-
tration range of the electrolyte.

The heat resistance of the modified film also grows
with the electrolyte concentration increasing from
0.17 to 0.85 wt %.

Fig. 4. Tensile strength P of (1) unirradiated and (2) ir-
radiated Primal E1950 latex films vs. the electrolyte con-
tent in the latex, c.

CONCLUSIONS

(1) Silver nanoparticles were prepared by photo-
chemical reduction of Ag+ in a latex film. The best
matrix for preparing silver nanoparticles is Primal
E1950 latex.

(2) The formation of colloidal silver in the la-
tex�AgNO3 system is initiated by silver alkylsul-
fonate.

(3) Modification of Primal E1950 latex film with
colloidal silver enhances its strength and heat resis-
tance.
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Abstract�The influence of trace amounts of cyclohexanol, cyclohexanone, and cyclohexanone oxime on
the quality and stability of caprolactam melt was considered.

Caprolactam is the main raw material for produc-
tion of polycaproamide fibers. It is well known that
caprolactam is stable to heat treatment in an inert
medium; however, even trace amounts of impurities
make it unstable [1]. The presence of concomitant im-
purities, such as cyclohexanol, cyclohexanone, and
cyclohexanone oxime, is inevitable and is caused by
the process conditions.

Under conditions of caprolactam melting, these
impurities are oxidized under the action of minor
amounts of oxygen present in the inert gas or adsorbed
on crystalline caprolactam, which can affect its char-
acteristics.

The influence of impurities on the particular char-
acteristics of caprolactam was considered previously
[2�5]; however, more specific information on the
maximum permissible concentrations of each impurity
was not given.

Previously [6], we found that trace amounts of cy-
clohexanol, cyclohexanone, and cyclohexanone oxime
inhibit polymerization and cause formation of a poly-
mer with cross-linked structure and high polydisper-
sity. Up to now, these processes have not been studied
adequately.

We found no published data on thermal oxidation
processes in melting of impure caprolactam and its
storage in the liquid state.

To study the effect of trace impurities, cyclohex-
anol, cyclohexanone, and cyclohexanone oxime in
the amount of 10�3

�10�1 wt % (the amounts of these
impurities in commercial caprolactam are usually
smaller) were added to crystalline caprolactam con-

taining 99.9553% main substance. Caprolactam sam-
ples with impurities were preliminarily homogenized.
The samples were melted at 85�C in hermetically
sealed glass ampules. Before sealing, the ampules
filled with caprolactam and additives were blown with
nitrogen for a long time. The main characteristics
of caprolactam were determined by the procedures
described previously [7].

The dependences of the main quality characteristics
of caprolactam and the degree of oxidation on the type
and amount of impurities (wt % relative to caprolac-
tam) are shown in Fig. 1.

Determination of permanganate extinction number
(PEN) involves determination of the optical density
of a caprolactam solution in sulfuric acid 10 min after
addition of a definite amount of a KMnO4 solution.

Figure 1a shows that the presence of cyclohexanone
oxime in caprolactam affects PEN insignificantly.
Cyclohexanol and cyclohexanone appeared to be more
active in this case, with their effect strongly depend-
ing on their concentrations. The PEN value noticeably
decreases at the content of cyclohexanol and cyclo-
hexanone exceeding 10�1 wt % and becomes lower
than that prescribed by the standard. Previously [4]
it has been established that aniline has the strongest
effect on PEN.

The optical density A290 of a 50% aqueous solution
of caprolactam was determined on a spectrophotome-
ter at a wavelength � = 390 nm. The color expressed
in Hasen degrees X390 was determined from the optical
density of 50% aqueous solution of caprolactam at
wavelength � = 390 nm.
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Fig. 1. Dependences of (a) permanganate extinction number
(PEN), (b) optical density of 50% aqueous solution of cap-
rolactam at � = 290 nm A290, (c) coloration of 50% aque-
ous solution of caprolactam at � = 390 nm X390, (d) content
of volatile bases VBs, (e) alkalinity of caprolactam cOH�,
and (f) content of carbonyl compounds CCs on the impurity
content c. Impurity: (1) cyclohexanol, (2) cyclohexanone,
and (3) cyclohexanone oxime. (I) Level prescibed by BDS
(Bulgarian State Standard) 10 780�88 and (II) value for
the initial caprolactam sample.

In studying the variation of the optical density A290
and coloration X390 of caprolactam, it was found that
the concentration dependences of these characteristics
are similar (Figs. 1b, 1c). As expected, in comparison
with the other impurities, a significant influence is ex-
erted by cyclohexanone, whose carbonyl group gives
a peak in the UV range at a wavelength of 290 nm. In
parallel, the cyclohexanone impurity increases the in-
tegral absorption in a wide UV range. Thus, at the cy-
clohexanone concentration higher than 10�2 wt %,
the optical density exceeds the value prescribed by
the standard. A similar concentration dependence
is observed in the presence of cyclohexanone oxime;
however, the optical density reaches the value pre-
scribed by the standard at its concentration exceeding
10�1 wt %. The concentration dependence in the pres-
ence of cyclohexanol is not shown in Fig. 1, since
aliphatic alcohols do not absorb in the near-UV range.

It is well known that, in storage of caprolactam
melt, the coloration of caprolactam increases, which
is caused by oxidation processes, mainly oxidation
of trace impurities. This assumption is based on the
fact that the coloration of caprolactam thoroughly
purified by sublimation in a vacuum remains constant
for a long time, while the coloration of caprolactam
contaminated with impurities increases steadily, es-
pecially in storage in the liquid state in the light or
under UV irradiation.

The coloration of caprolactam is governed by the
amount of cyclohexanone. It was established that in
the presence of 10�3 wt % cyclohexanone, the colora-
tion of caprolactam exceeds the value prescribed by
the standard. The amount of cyclohexanone oxime
exerts a weaker effect on the coloration of caprolac-
tam: only at concentrations higher than 10�1 wt % the
degree of its coloration exceeds the prescribed level.
At concentrations less than 10�1 wt % cyclohexanol
decreases the coloration as compared to the initial
sample of caprolactam, i.e., it inhibits oxidation pro-
cesses (Fig. 1c).

It has been established that the coloration is strong-
ly affected by the presence of nitrobenzene and Fe(III)
ions [4].

Determination of volatile bases (VBs) involves
alkali decomposition of ammonium salts and other
VB derivatives contained in caprolactam. The studies
showed that cyclohexanone contributes most signifi-
cantly to the content of VBs. As seen from Fig. 1d,
even at 10�3 wt % content of this impurity the amount
of VBs exceeds the prescribed level. Cyclohexanol af-
fects the content of VBs only slightly, and cyclohexa-
none oxime, still more weakly. It was found that only
at large amounts of cyclohexanone oxime, exceeding
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10�1 wt %, the content of VBs is higher than the value
prescribed by the standard. Aniline is the most critical
impurity with respect to the content of VBs [4].

Alkalinity or acidity was determined by titration
of aqueous solution of caprolactam with a 0.01 N so-
lution of H2SO4 or NaOH in the presence of a mixed
indicator (1.0 g of Methyl Red and 0.5 g of Methylene
Blue in 1000 cm3 of ethanol or methanol). The impu-
rities in question excert appreciably different effect
on the alkalinity of caprolactam. In this regard, the
most active impurity is cyclohexanone oxime, its ef-
fect strongly depends on its concentration. Figure 1e
shows that, at small content of cyclohexanone oxime,
the alkalinity of caprolactam decreases and becomes
lower than that of the initial caprolactam. At the cyclo-
hexanone oxime concentration exceeding 10�1 wt %,
the alkalinity becomes higher than that prescribed by
the standard and increases steeply. This influence of
cyclohexanone oxime can be accounted for by the fact
that, under the conditions of melting and in prolonged
storage in the liquid state, caprolactam undergoes
hydrolysis to give cyclohexanone and hydroxylamine.
The high reactivity of these compounds promotes
various side reactions. Hence, the total effect will
depend on the relative concentrations of its initial
form and products of chemical transformations [4].

In the case of cyclohexanone and cyclohexanol,
the pattern is the opposite. With increasing content of
the above impurities, the alkalinity of caprolactam de-
creases. In the presence of 10�3 wt % cyclohexanol,
the alkalinity of the samples is lower than that of the
initial caprolactam. With increasing content of this
impurity in the examined range, the tendency for de-
crease in the alkalinity is retained. Cyclohexanone
exerts a similar effect.

Previously [8�10] it has been established that, for
production of high-quality polycaproamide fibers,
the concentration of carbonyl compounds should not
exceed 0.15 mg-equiv g�1.

Figure 1f shows that cyclohexanol hinders thermal
oxidation processes and, to some extent, is an inhibi-
tor. This is apparently caused by the ability of cyclo-
hexanol to form complexes with free radicals arising
in thermal oxidative degradation [11]. In the presence
of cyclohexanol, caprolactam melt is characterized by
the lowest content of carbonyl compounds, virtually
independent of the amount of impurities. It is also
seen that, in the presence of cyclohexanone and cyclo-
hexanone oxime, carbonyl compounds are accumulated
in caprolactam melt. With increasing content of these
impurities, especially in the case of cyclohexanone
oxime, the amount of carbonyl compounds increases.

The increasing content of carbonyl compounds in
the presence of impurities may be due to formation
and decomposition of hydroperoxides, which are a
source of aldehyde groups [12]. In the presence of cy-
clohexanone, the amount of carbonyl compounds ac-
cumulated in caprolactam melt is smaller compared to
cyclohexanone oxime.

CONCLUSIONS

(1) A noticeable decrease in the permanganate ex-
tinction number and alkalinity of caprolactam in the
presence of 10�1 wt % cyclohexanol and cyclohex-
anone was established. The cyclohexanone oxime im-
purity affects the permanganate extinction number only
slightly and has a complex effect on the alkalinity.

(2) Cyclohexanone affects most strongly the opti-
cal density and coloration of caprolactam and also
the content of volatile bases.

(3) Cyclohexanone oxime and, to a lesser extent,
cyclohexanone promote noticeable accumulation of
carbonyl compounds in caprolactam. Cyclohexanol
inhibits thermal oxidative processes in caprolactam
during melting and prolonged storage in the molten
state.
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Abstract�The efficiency of flame retardants for wood, based on urea-formaldehyde resin with mineral
fillers is studied.

Wood is among the most widely used materials. Its
advantages are well known, as well as the major draw-
back, namely, high inflammability.

Wood and related materials are virtually equal
in fire points and specific heats of combustion [1].
Ignition of wood can occur both from open flame and
from hot objects and gases. Heat flow from the flame
initiates pyrolysis of wood materials.

Thermal decomposition of wood proceeds in two
stages. In the first stage (up to 280�C), endothermic
decomposition takes place, and the second stage is
divided into two substages, namely, combustion of
gases formed in thermal decomposition (flame burn-
ing) and combustion of charcoal formed (smoldering).

Raising the charcoal yield at the expense of com-
bustible gaseous decomposition products can con-
siderably reduce the inflammability of wood. This
can be achieved by decreasing the heating rate of the
material in order to form a layer of charcoal having
low thermal conductivity, directing pyrolysis toward
formation of incombustible gases, and providing con-
ditions for prevention of charcoal smoldering.

In practice, the methods to decrease the combus-
tibility of wood are as follows: applying flame-re-
tardant coating ensuring formation of a coke layer and
impregnation of wood and related materials or intro-
duction of dehydrating agents into their structure.

The most advanced method for flame retardation in
timber-based materials under conditions of a building
yard is to apply flame-retardant coatings. When af-
fected by a local short-term fire hazard source, flame-
retardant coatings hamper burning of wooden struc-

tures, facilitate fire extinguishing, and, in some cases,
prevent fire events.

Polymers demonstrating a tendency toward carbon-
ization are capable of retarding burning of wood. In
recent years, extensive studies of their application for
flame retardation has been carried out. For example, it
has been demonstrated that wood impregnated with
urea oligomers passes into the category of difficultly
inflammable materials [1]. However, despite the ad-
vances in science and engineering in the field of wood
preservation, no efficient method reducing the inflam-
mability of wood, suitable for mass construction ap-
plication, has been developed. The drawbacks of the
existing methods are either the complexity of fire-
proofing treatment, or in short supply of materials, or
the resulting deterioration of mechanical and decora-
tive characteristics.

In this work, we studied the effect of the composi-
tion of urea-formaldehyde resin (UFR) filled with
natural minerals on the flame-retardant efficiency of
coatings on wooden structures.

EXPERIMENTAL

As a binder for the coatings we used KF-Zh urea-
formaldehyde resin [GOST (State Standard) 14 231�
88] ensuring the desired mechanical and adhesion
characteristics. The formulations were filled with
finely crushed mica (phlogopite), mineral wool, basalt
fiber, and graphite. To reduce the combustibility, a
fire retardant (diammonium hydrogen phosphate) was
added.

The formulations were prepared as follows. First,
the fire retardant was dissolved in the resin. Then
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Table 1. Flame retardation efficiency of composites studied*

������������������������������������������������������������������������������������
� � � �Tmax��Tmax
� � � ���������� Composition, % � � �
� � � � �C

������������������������������������������������������������������������������������
1 �UFR 38, mineral wool 6, phlogopite 44, and diammonium hydrogen phosphate 12 � 3.2�300�227� 27
2 �UFR 45, graphite 10, phlogopite 12, and diammonium hydrogen phosphate 13 � 4.9�300�250� 50
3 �UFR 46, graphite 16, phlogopite 16, and diammonium hydrogen phosphate 12 � 3.2�300�260� 60
4 �UFR 45, graphite 16, phlogopite 16, basalt fiber 3, and diammonium hydrogen phosphate 12 � 1.4�300�210� 10
5 �UFR 45 and graphite 16 � 5.3�300�250� 50
6 �UFR 45, graphite 16, and diammonium hydrogen phosphate 12 � 4.8�300�280� 80
7 �UFR 100 �45 �240�290� 90

������������������������������������������������������������������������������������
* (�max) Time of attainment of the maximal temperature, (Tmax) maximal temperature in the reaction cell, and (�Tmax) maximal

temperature rise.

the fillers were added, and the resulting mixture was
thoroughly stirred, to obtain a homogeneous mass. To
optimize the composition, the contents of all the com-
ponents were varied.

Sample preparation, finishing, and testing were
carried out in conformity with the current regulations
[2, 3]. The formulations were applied on the sam-
ples of straight-grained pinewood. The side surfaces
of the samples were planed, and the ends were filed
and rubbed with emery. The samples were 30 � 60 �

150 mm in size. Before applying the flame-retardant
formulation, the samples were kept in a disiccator
over saturated Zn(NO3)2 � 6H2O solution at 23 � 5�C
to constant weight (to within 0.2 g).

The samples were coated from all sides. Each
formulation was applied on ten samples. After finish-
ing, the samples were dried to constant weight at
22�C (relative air humidity 50%).

The flame-retardant efficiency of the formulations
was determined with a �Ceramic tube� apparatus. Each
sample was held in torch flame for 5 min (initial tem-
perature of flue gases 200�C). In the course of testing,
the maximal temperature of the reaction cell and the
time at which the maximal temperature was attained
were recorded. Cooled samples were weighed, and the
weight loss P (%) was estimated as

P = ������ � 100,m1

m1 � m2P = ������ � 100,m1

m1 � m2

where m1 and m2 are the sample weights (g) before
and after testing, respectively.

For each formulation, we determined the arithmetic
mean weight loss Pm estimated for 10 parallel runs.
This parameter was used as a criterion for evaluating

the group of the flame-retardant efficiency. The for-
mulations for which the weight loss was within 9%
belong to the top group (group I).

According to COMECON S tandard 2437�80,
wooden construction materials flame retarded with
group I formulations should be tested in a torch flame
for 10 min to be classed with nonflammable materi-
als [4].

In this study, the test samples were exposed to
torch flame with venting switched on. The flue gas
temperature was measured at 30-s intervals. Also the
self-maintained burning time was measured for each
sample. After testing, we measured the length of un-
damaged pieces of the samples and their residual
weight. From these data, we estimated the extents of
damage �m (by mass) and �l (by length). These param-
eters, along with the time 	 of self-maintained burning
and flue gas temperature T, were accepted as criteria
in evaluating the combustibility of the test materials.
Flameretarded wood is classified with nonflammable
materials if the criteria given below are met.

T, �C �, s �l, % �m, %

I* Not higher than 235 30 85 80
II Not higher than 250 60 90 85
����������
* Estimated from data on three replicate tests: (I) arithmetic

mean and (II) maximal value.

From the total amount of samples studied (50), we
selected six most efficient flameretardant formula-
tions. The results are given in Table 1.

The smallest weight loss of mass and minimal rise
in temperature were observed in samples flame-re-
tarded with formulations nos. 4 and 1. Evidently,
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Table 2. Flame-retardation test results*

������������������������������������������������������������������������������������

Characteristic
� Composite no.
������������������������������������������������������
� 1 � 2 � 3 � 4 � 5 � 6

������������������������������������������������������������������������������������
� 219 � 265 � 260 � 190 � 253 � 290

Flue gas temperature, �C � ��� � ��� � ��� � ��� � ��� � ���
� 222 � 275 � 267 � 217 � 257 � 300
� 15 � 48 � 39 � 0 � 20 � 69

Self-maintained burning time, s � �� � �� � �� � � � �� � ��
� 22 � 54 � 44 � 0 � 29 � 75
� 44 � 82 � 77 � 30 � 68 � 90

Extent of damage, % (by length) � �� � �� � �� � �� � �� � ��
� 50 � 90 � 84 � 41 � 74 � 98
� 10 � 50 � 55 � 8 � 62 � 70

Extent of damage, % (by weight) � �� � �� � �� � �� � �� � ��
� 13 � 59 � 67 � 10 � 73 � 81

������������������������������������������������������������������������������������
* The numerator represents the arithmetic mean for three replicate runs, and denominator, the maximal value among them.

the flame-retardant properties of the coatings are con-
trolled essentially by the nature of filler rather than by
its content. The best protective characteristics were
demonstrated by formulation no. 4 containing lower
amount of the filler as compared to formulation no. 1.

External examination of the samples after testing
revealed no sag or cracking of protecting coating, or
wood carbonization. The samples coated with formu-
lation nos. 2 and 3 showed only slightly pronounced
evidence of peeling. The formulations obtained provide
good protection of wood against thermal decomposi-
tion; evolution of combustible gaseous products is in-
significant, and, therefore, the time of self-maintained
burning is short. In samples treated with formulation
nos. 5�7, the coatings partly peeled, and wood ex-
hibited traces of carbonization and indications of burn-
ing spread under the coating.

For these samples, the flue gas temperature ap-
proached 265�C and higher, which corresponds to the
onset of degradation of the macromolecules [5]: anhy-
drocellulose is subject to deeper degradation (thermal-
ly unstable C�C and C�O bonds within the ring are
ruptured), which is accompanied by liberation of CO2,
CO, H2O, CH4, and H2. Ignition of the gases leads
to initiation of combustion. Burning involves the fol-
lowing reactions:

2H2 + O2 � 2H2O + Q,

CH4 + 2O2 � CO2 + 2H2O + Q,

2CO + O2 � 2CO2 + Q.

The liberated heat partly goes to heating of next
sections of a sample, resulting in their pyrolysis and

inflammation. Therefore, both the time of self-main-
tained burning and flue gas temperature increase, i.e.,
the formulations under consideration do not protect
wood against thermal degradation and subsequent
burning.

Presumably, the maximal rise in temperature, ob-
served for formulation no. 6 consisting of UFR, graph-
ite, and diammonium hydrogen phosphate, can be at-
tributed to insufficient adhesion of the coating to
wood. Apparently, formulation no. 6 (UFR + graphite)
has the least adhesion. Introduction of crushed mica
(phlogopite) considerably improves the adhesion.

The results obtained allow classification of the
formulations given in Table 1 with group I in their
flame-retardant efficiency. Therefore, we conducted
additional tests, to characterize the combustibility
of wainscots finished with the flame-retardant formu-
lations. The results are summarized in Table 2.

Among the formulations studied, formulation nos. 1
and 4 meet the requirements to nonflammable ma-
terials; samples finished with formulation no. 4 did
not exhibit self-maintained burning and showed lower
flue gas temperature and extents of damage by mass
and length. Visual inspection of these samples re-
vealed that the flame-retardant coatings have good
adhesion to wood. They demonstrated no cracking or
evidence of carbonization of wood under the coating.

Finally, the best flame-retardant characteristics
were shown by the UFR-based coatings containing di-
ammonium hydrogen phosphate (10%) as a fire re-
tardant, and phlogopite with additions of basalt fiber
or mineral wool as a filler. The higher flame-retardant
characteristics of the coating containing basalt fiber
as compared to similar formulation but containing
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mineral wool can be attributed to lower thermal con-
ductivity of the former (thermal conductivity coef-
ficients of basalt fiber and mineral wool are 0.033�
0.040 and 0.15�0.19 W m�2 K�1, respectively). As
a result, considerably lower thermal conductivity of
basalt fiber ensures better protective characteristics of
the coating even at its content lower by half as com-
pared to mineral wool.

CONCLUSIONS

(1) The composition of flame-retardant coatings for
wood, based on urea-formaldehyde resin with mineral
fillers, is optimized.

(2) The flame-retardant characteristics of the for-
mulations are controlled essentially by the nature of
filler, rather than by its percentage.
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Abstract�The suitability of the contact method for drying moist finely ground product classed, according
to its properties, with pastes was considered. The rheological characteristics of microcrystalline cellulose
pastes were studied experimentally in relation their moisture content. The study was based on the Metzner
procedure with the moist product with mechanical stirrers in a mixer.

Microcrystalline cellulose (MCC), which is a finely
ground powder in the ready-for-use form, finds wide
application in various industries [1�3]. The MCC
production is expanding, and the corresponding tech-
nology is being improved. Among the most impor-
tant characteristics of ready-for-use MCC is its par-
ticle-size distribution [4�6]. For preparing MCC
with the desired particle-size distribution, it was sug-
gested to combine the MCC drying and grinding in
the framework of the contact method involving me-
chanical stirring in a horizontal twin-shaft blade mixer
[7, 8].

In the contact method of drying in the MCC produc-
tion technology, the initial moisture content is 48�
52%. Such a product yielded by filtration or centrifu-
gation is classed with pastes [9], despite its being com-
paratively friable. Designing equipment for processing
of moist MCC paste and appropriate control system re-
quires a knowledge of the rheological characteristics
of these pastes at varied moisture content. However,
there are no published data on these properties of
MCC pastes with moisture content within 5�52%.

This work was aimed at determining the rheolog-
ical characteristics of MCC pastes differing in mois-
ture content.

The rheological characteristics of pastes are largely
determined by the solid phase concentration, shape of
solid particles, size of the particles, and the nature of
interparticle binding [10, 11]. With growing concen-
tration, the paste viscosity tends to vary nonlinearly
with the deformation rate or shear stress. This is due
to the appearance of a 3D structure in the network,
which is responsible for strongly pronounced viscosity

anomaly and formation of a strong, elastic structure.
Further thickening of the suspension results in the for-
mation of a structured system.

The flow of highly concentrated suspensions and,
in particular, pastes is typically described by the Ost-
wald�de Ville power law [12�14]

� = K(dw / dx)m, (1)

where dw/dx is the shear rate, s�1; K, consistency co-
efficient; m, non-Newtonian behavior coefficient.

Theoretical description of the rheological charac-
teristics of moist MCC pastes is a complex task, which
necessitates their experimental study. Since only the
apparent viscosity of the product can be considered in
the case of MCC, we used the Metzner�Otto proce-
dure for studying its rheological properties [15, 16].
In this case, the apparent viscosity of the medium in
mixing of the mass with mechanical stirrers is deter-
mined by the equation

�app = K(dw / dx)m � 1. (2)

EXPERIMENTAL

In our studies, we employed a laboratory setup
based on a horizontal twin-shaft blade mixer (see its
schematic in Fig. 1). The working elements of the mix-
er are two Z-shaped blades. To widely vary the blade
rotation rate, the drive was equipped with a dc motor,
and the rotation rate was controlled with an autotrans-
former. The rotation rate of the driven shaft of the mix-
er was monitored with an electronic digital tachometer.
The desired temperature was maintained with a ther-
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mostat and facilities for monitoring the temperature
and varying the flow rate of the heat carrier. For con-
venience of measuring the useful power expenditure
for stirring, the measurement system was preliminarily
calibrated by creating the desired torque at the shaft
of mixer stirrers with a friction mechanism. We de-
termined the dependences of the electric power on
the mechanical power for various rotation rates of the
driving shaft of the mixer.

In [17], we studied the stirring of a non-Newtonian
medium in a mixer over a wide viscosity range, es-
tablished the criterial dependence, and determined
its constituent empirical coefficients

KN = AFrc
�Rec

�, (3)

where KN is the power criterion; Rec and Frc are the
Reynolds and Froude centrifugal criteria, respectively;
A, �, and � are empirical coefficients.

A study of the rheological characteristics of MCC
pastes involved the following assumptions: The ap-
parent viscosity of moist MCC under study is equiv-
alent to the viscosity of the Newtonian fluid employed
as the model fluid whose stirring under the same con-
ditions (at the same rotation rate of the stirrer) con-
sumes the same power; the viscosity of the Newtonian
fluid during stirring is equal to that measured with
a capillary viscometer at the same shear rate; the av-
erage shear rate in the apparatus is proportional to
the rotation rate of the stirrer.

The rheological characteristics of the MCC pastes
were studied at mixer filling coefficient of 0.8, at var-
ious rotation rates of the blades and in the following
operation modes: (1) mixer blades rotate toward each
other (�pull� operation mode) and (2) mixer blades
rotate in the opposite directions (�push� operation
mode).

Based on the data on stirring power, we determined
the corresponding Reynolds centrifugal criterion and
calculated the apparent viscosity

�app = ����
nav d2�b

Rec
, (4)

where nav is the average stirrer rotation frequency, s�1;
D is the stirrer diameter, m; �b is the bulk density of
moist MCC, kg m�3.

The shear rate in the apparatus is proportional to
the rotation rate

� = Bnav, (5)

where B is a coefficient depending on the mixer type.

Fig. 1. Schematic of the experimental setup: (1) mixer,
(2) product, (3) thermostat, (4) rectifier; (5) autotrans-
former, (TM) tachometer, (M) motor, (A) ammeter, and
(V) voltmeter.

Fig. 2. Apparent viscosity �app of the MCC pastes vs.
the shear rate � in the (a) �push� and (b) �pull� modes
of mixer blade operation modes. Moisture content W, %:
(1) 10, (2) 30, (3) 40, and (4) 50.

According to [13], for this mixer type

B = 4�. (6)

Our experimental data, namely, the dependence of
the apparent viscosity on the shear rate and moisture
content of MCC, were subjected to least-squares fitt-
ing, and the coefficients for Eq. (2) were obtained [17].

The results are shown in Figs. 2a and 2b. Solid
lines represent the least-squares fits, and points,
the experimental values.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 2 2003

316 PAVLOV et al.

Fig. 3. Consistency coefficient K vs. the moisture con-
tent W of the paste. Mixer blade rotation mode: (1) �push�
and (2) �pull�; the same for Fig. 4.

Fig. 4. Non-Newtonian behavior coefficient m vs. the mois-
ture content of the paste, W.

Figures 3 and 4 show how the consistency coeffi-
cient K and the non-Newtonian behavior coefficient
m vary with the operation mode of the mixer. The
cross-hatched region denotes the range within which
the physical structure of the MCC pastes changes [17].

Also, we studied how the effective viscosity varies
with the shear rate for MCCs differing in the mois-
ture content (Figs. 2a, 2b). We found that, unlike the
�push� mode, stirring of MCC in the �pull� mode
of blade operation is accompanied by its pressing
between the mixer blades. This was responsible for
a significantly larger power consumed in the latter
case for stirring of MCC with moisture content of
30�50%. However, for MCC with moisture content
of 5�20%, the results for the �pull� and �push� modes
proved to be comparable.

Our results show that, with increasing shear rate,
the apparent viscosity of the pastes tends to decrease.
Such an abnormal variation of the viscosity of moist
MCC pastes allows the media studied to be classed
with non-Newtonian pseudoplastic fluids. Figures 2a
and 2b show that, with increasing moisture content of
MCC, the apparent viscosity of the pastes grows, with
the shear rate remaining unchanged.

CONCLUSIONS

(1) Rheological properties of moist pastes of mi-
crocrystalline cellulose under mechanical stirring were

studied. The nature of the non-Newtonian behavior of
the pastes with varying shear rate was elucidated. The
pastes studied were classed with pseudoplastic fluids.

(2) The patterns of variation of the apparent vis-
cosity of the pastes with the shear rate and moisture
content were elucidated.
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Abstract�Rheological and magneto-rheological properties of magnetite dispersions in transformer oil were
studied as influenced by the concentration of a modifying solution of water-soluble polymers (polyvinyl al-
cohol and carboxymethyl cellulose) and by the magnetic field strength.

Fluid systems structurizing in an electric or mag-
netic field are dispersions of electro- and magneto-
sensitive materials in nonconducting or weakly con-
ducting media. When an electric or magnetic field is
applied to these liquids, their rheological properties
change significantly due to formation of anisotropic
structures via orientation of the filler particles in
the field [1�3].

Such materials can be used in robotics, mechanical
engineering, optical, instrument-making, automobile,
aircraft, and other industries in various devices such
as antivibrators (shock absorbers and buffers), com-
pressors, temperature-controlled cooling fans, valves,
clutches, polishing units, etc. The design of such
devices is determined by the function of structurizing
fluid system and by systems of application of external
fields [4�7].

To prepare materials sensitive to mechanical and
magnetic fields, we studied the rheological and mag-
neto-rheological properties of magnetite dispersions
in emulsions of water-soluble polymers [polyvinyl al-
cohol (PVA) and carboxymethyl cellulose (Na-CMC)]
in transformer oil.

EXPERIMENTAL

In our study, we used commercial magnetite (par-
ticle size <5 �m) and dehydrated transformer oil as
dispersion medium. The oil was mixed with a 0.5%
solution of NaCMC (7HOF and M31F brands) and 1%
solution of PVA (16/1 brand); the modifying agent to

transformer oil weight ratio was varied from 1 : 99 to
10 : 90. The resulting mixtures were dispersed with
a UZDM-2 ultrasonic unit (44 KHz). Then, magnetite
(5 wt %) was added to the oil�water emulsion. The
rheological measurements were performed on a Rheo-
test-2 device at 30�70�C.

The magnetite dispersion in dehydrated transformer
oil is a non-Newtonian liquid, whose viscosity strong-
ly depends on the shear stress or shear rate (Fig. 1a,
curve 1) [8]. The mode of the fluid flow in a mech-
anical field, namely, the decrease in the viscosity with
increasing shear stress (section I ) with the subsequent
attainment of a uniform flow at which the viscosity is
independent of the shear stress (section II ), indicates
that the dispersion can be easily structured and pos-
sesses a property of plasticity, i.e., filler particles can
be oriented at certain shear stresses (section I ) with
the subsequent attainment of the uniform flow mode
(section II ).

Upon modification of the transformer oil with
Na-CMC and PVA solutions, the shape of the flow
curves of magnetite dispersion changes, with the ap-
pearance of sections in which the fluid viscosity de-
creases (plasticity) or increases (dilatancy). The na-
ture of the flow curves depends on the viscosity of
Na-CMC solutions. With addition of 1 or 5 wt % high-
ly viscous Na-CMC solution (e.g., 7HOF brand), the
oil viscosity at 30�C increases to 30�45 MPa s, with
peaks at small shear stresses of 0.5�1.0 Pa (Fig. 1a,
curves 2, 3). With the content of modifying agent in-
creasing to 10 wt %, the oil viscosity increases to
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Fig. 1. Viscosity � vs. the shear stress �
�

at 30�C for
5 wt % magnetite dispersion in (1) dehydrated transformer
oil and (2�4) transformer oil containing Na-CMC and PVA
solutions. Additive: (a) 7HOF, (b) 9M31F, and (c) PVA.
Additive content, wt %: (2) 1, (3) 5, and (4) 10.

Fig. 2. Viscosity � vs. the shear stress �
�

for magnetite
dispersion in dehydrated transformer oil. Magnetic field
strength, mT: (1) 0, (2) 34, and (3) 44.

65 MPa s, with the viscosity peak shifting toward
higher shear stresses (Fig. 1, curve 4 ). On raising
the temperature to 70�C, the maxima in the oil vis-
cosity strongly shift toward higher shear stresses.
The effect of anisotropic structuring, at which the vis-
cosity is independent of the shear stress (section II ),
is observed at shear stresses of 1.5�2.0 Pa and 5 Pa
at concentration of Na-CMC polymer in the trans-
former oil of 1�5 and 10 wt %, respectively. Similar
dependences were observed upon addition of less vis-
cous Na-CMC and PVA solutions.

The effects observed are probably due to changes
in the nature of intermolecular interactions of mag-
netite particles, with molecules of water-soluble po-
lymers sorbed on their surface. In this case, first
the system of intermolecular interactions occurring
in the system changes under the effect of the mech-
anical field, with the viscosity increasing and dilat-
ancy appearing (Fig. 1, section III ); in the next step,
the filler particles are structured in the mechanical
field, giving rise to plastic properties (section I ), and
then an anisotropic solution is formed (Fig. 1, sec-
tion II ).

As seen from Fig. 2, the viscosity of magnetite
dispersions in dehydrated transformer oil increases on
applying magnetic field, without changes in the flow
curves. At the same time, the shape of the flow cur-
ves of magnetite dispersions in the transformer oil mo-
dified with water-soluble polymers gradually changes
in a magnetic field (Fig. 3). With addition of Na-CMC
solution (7HOF brand, up to 5 wt %) at the magnetic
field strength of 20�34 mT, the peaks in the flow
curves become less pronounced (Fig. 3a, curves 1�4),
and at H = 44 mT the flow curve changes, i.e., the
viscosity of the system decreases with increasing shear
strength (Fig. 3a, curve 5).

Such variations in the rheological properties ob-
served in a magnetic field are probably due to changes
in the intermolecular interactions of magnetite par-
ticles in the transformer oil modified with water-sol-
uble polymers and orientation (additional to mechan-
ical ordering) of magnetite particles in the magnetic
field. As seen from experimental data, the system
exhibits either plasticity or dilatancy, depending on
the composition of the initial medium and magnetic
field strength.

CONCLUSIONS

(1) Magnetite dispersions based on emulsions of
transformer oil modified with water-soluble polymer
solutions (polyvinyl alcohol and carboxymethyl cel-
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Fig. 3. Viscosity � vs. the shear stress �
�

for magnetite dispersion in transformer oil containing 5 wt % (a) Na-CMC : (7HOF),
(b) Na-CMC : (9M31F), and (c) PVA. Magnetic field strength, mT: (1) 0, (2) 16, (3) 20, (4) 34, and (5) 44.

lulose) exhibit flow curves differing in both plas-
ticity and dilatancy.

(2) Magnetic field strongly affects the flow curves
of the system and its rheological properties, with
the structuring of the system depending on the com-
position of the oil�water emulsion and magnetic field
strength.
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Abstract�The minimum solubilities of heavy metal hydroxides were calculated and compared with the
maximum permissible concentrations of metal ions in various water reservoirs. The efficiency of the reagent
method for sewage purification, based on precipitation of heavy metal hydroxides, was estimated.

Among various (chemical, physicochemical, etc.)
methods for purification of sewage from galvanic
industries to remove toxic heavy metal ions, the re-
agent methods based on precipitation of poorly sol-
uble hydroxides have received the widest acceptance
[1]. Taking into account only the low solubility prod-
ucts of the hydroxides [2], we can hardly explain the
fact that the maximum permissible concentrations
(MPC) of heavy metal ions in sewage subjected to
reagent purification are exceeded manyfold.

The evidence concerning the mechanism by which
precipitates of metal hydroxides are formed [3, 4]
indicates that hydrolysis of heavy metal ions is ac-
companied by formation of both mono- and poly-
nuclear hydroxide complexes. Therefore, it is impos-
sible to calculate the solubilities of the hydroxides
solely on the basis of their solubility products.

The sewage formed in galvanic industries is char-
acterized by low content of metal ions, and, therefore,
we can assume that the contribution of polynuclear
interactions is insignificant [5]. Thus, the formation
of hydroxide complexes in dilute solutions over hy-
droxide precipitates is described by Eq. (1).

Mz+ + nOH� �� M(OH)n
z � n. (1)

Here z is the charge of an ion; n = 1, 2, 3,�

The aim of this study was to calculate the solubil-
ities of heavy metal hydroxides and compare the val-
ues obtained with the MPC for metal ions in various
water reservoirs.

As the precipitation of metal hydroxides is accom-
panied by other physicochemical phenomena (adsorp-

tion, coprecipitation, formation of basic salts, aging of
precipitates, etc.), the approach proposed in the study
can be considered the first stage in mathematical sim-
ulation of this complicated process.

The solubility of a metal hydroxide, S, is equal to
the total concentration of all chemical forms of met-
al ions in solution, which result from partial dissolu-
tion of a precipitate (taking a hydroxide of a double-
charged metal as an example):

S = [M2+] + [MOH+] + [M(OH)2]

+ [M(OH)3
�] + [M(OH)4

2�] + ... (2)

The concentration of the metal ion M2+ can be cal-
culated from the solubility product SP = [M2+][OH�]2,
and the concentrations of hydroxo complexes, by us-
ing published data on the stepwise [5] or total [6]
formation constants, hydrolysis constants [7, 8], or
equilibrium constants for cases involving a solid
phase. The calculations were carried out as applied
to analysis of sewage purification processes, and,
therefore, the solubility products were taken for fresh-
ly prepared hydroxides having the greatest solubility
[9], and the equilibrium constants, for room temper-
ature and nearly zero ionic strength of solution.

We used the hydrolysis constants described by the
following equations [8]

M2+ + H2O ����
k10

MOH+ + H3O+,

M2+ + 2H2O ����
k20

M(OH)2 + 2H3O+,

M2+ + 3H2O ����
k30

M(OH)3
� + 3H3O+,

M2+ + 4H2O ����
k40

M(OH)4
2� + 4H3O+.
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Taking into account the ionic product of water
Kw = [H3O+][OH�], we can bring Eq. (2) by simple
transformations to the form

S = �� [H+]2 + K10[H+] + K20 + ��� + ���� + � .
Kw

2
SP �
�

K30

[H+]

K40

[H+]2
�
	

(3)

Similarly, Eq. (2) for hydroxides of triple-charged
metals can be represented as

S = �� [H+]3 + K10[H+]2 + K20[H+] + K30 + ��� + � .
Kw

3
SP �
�

K40

[H+]
�
	

(4)

Substituting various [H+] values in Eqs. (3) and
(4), we can determine the pH range in which the sol-
ubility S is the lowest.

In this study, we calculated the minimum solubil-
ities for copper(II), zinc(II), cadmium(II), cobalt(II),
nickel(II), lead(II), manganese(II), iron(III), and chro-
mium(III) hydroxides and compared the values ob-
tained with MPCs for various water reservoirs. It is
ions of these metals that are contained in the sewage
of plants having electroplating shops and purifying
their wastewater by the reagent method.

As an example, we calculated the solubility of
nickel(II) hydroxide as a function of pH with SP =
10�11.89 for freshly precipitated nickel hydroxide [10]
(2 h after precipitation) and hydrolysis constants [8]
log K10 = �9.86, log K20 = �19.0, logK30 = �30.0, and
logK40 = �44.0. The solubility of nickel hydroxide
(mg l�1) as a function of pH is shown in the figure.
The calculation demonstrated that the minimum sol-
ubility (�110 mg l�1) is observed in the pH range
9.7�10.7.

Calculated content of nickel(II) in solution, S, vs. pH
value for the case of nickel precipitation as hydroxide.

The maximum permissible concentration of nick-
el(II) ions in sanitary-hygienic water reservoirs is
0.1 mg l�1, and that in fish farming pools, 0.01 mg l�1.
It follows from the data obtained that, when nickel(II)
is precipitated as the hydroxide, its solubility at the
optimal pH exceeds the MPC by a factor of 1000�
10 000 (depending on a water reservoir). Thus, nick-
el(II) is among metals easily penetrating into the en-
vironment when the reagent method is used for sew-
age purification.

The calculated values of pH ensuring the minimal
solubility of hydroxides of other heavy metals are
listed in the table. The data obtained are represented
as Smin/MPC ratios.

It follows from the table that the reagent method
fails to satisfy MPC requirements for fish-farming
reservoirs for any of the metal ions except chromi-
um(III). In the case of household-drinking water-sup-
ply reservoirs, the MPC level can only be attained
for chromium(III), copper(II), and manganese(II).

pH value, minimum solubility of heavy metal hydroxides, and MPC for various water reservoirs*

������������������������������������������������������������������������������������

Cation
�

pH value
�

Smin, mg l�1
� MPC, mg l�1 � Smin/MPC

� � ����������������������������������������������������
� � � I � II � I � II

������������������������������������������������������������������������������������
Fe(III) � 4
11 � 2.6 � 0.3 � 0.1 � 9 � 26
Cr(III) � 8.5
10 � 0.02 � 0.5 � 0.07 � 0.04 � 0.3
Zn(II) � 9
11 � 3 � 1.0 � 0.01 � 3 � 300
Cd(II) � 11
13 � 10 � 0.001 � 0.005 � 10 000 � 2000
Co(II) � 10
12 � 0.15 � 0.1 � 0.01 � 1.5 � 15
Ni(II) � 9.7
10.7 � 110 � 0.1 � 0.01 � 1100 � 11 000
Cu(II) � 8
12 � 0.17 � 1 � 0.001 � 0.17 � 170
Mn(II) � 11.2
12.5 � 0.1 � 0.1 � 0.01 � 1 � 10
Pb(II) � 10.5
11.5 � 5 � 0.03 � 0.1 � 167 � 50
������������������������������������������������������������������������������������
* Water reservoir: (I) for household and drinking water supply, (II) for fish-farming.
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Sewage is purified to remove heavy metal ions by
neutralization with alkaline reagents to pH � 8.5, i.e.,
at pH values different from the optimal pH listed in
the table. Under these purification conditions, the sol-
ubility of heavy metal hydroxides [except iron(III)
hydroxide] is much higher.

Thus, the reagent method for sewage purification
by precipitation of heavy metal hydroxides should
be regarded as ineffective.
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Abstract�A method for preparing sulfate-oxalate chromium-plating solutions by reducing Cr(VI) from
industrial chromium-plating electrolytes to Cr(III) with a Na2SO3 solution is proposed.

Replacing environmentally unsafe standard chro-
mium-plating solutions with unharmful electrolytes
based on chromium(III) is a priority task of modern
electroplating technology. It was shown in [1�3] that
the oxalate-sulfate chromium-plating electrolyte makes
it possible to obtain with high current efficiency coat-
ings of any thickness, which compare well in me-
chanical properties and corrosion resistance with
coatings formed using standard chromium-plating
solutions.

The simplest and technologically most acceptable
technique for preparing sulfuric acid chromium-plat-
ing solutions in a galvanic shop would be direct re-
duction of Cr(VI) from standard plating electrolytes
to Cr(III). In [4�6], methods were proposed for re-
ducing Cr(VI) to Cr(III). In [4], Cr(III) compounds
were obtained by saturating a CrO3 + H2SO4 solu-
tion with gaseous SO2 to complete the reduction of
Cr(VI) to Cr(III). The excess of SO2 was removed
from the solution by boiling. In [5, 6], CrO3 or
Na2Cr2O7 was reduced in a sulfuric acid medium
with formaldehyde. However, this failed to ensure
complete reduction of Cr(VI). As is known, Cr(VI)
inhibits reduction of Cr(III) from sulfuric acid solu-
tions to metal. Therefore, this method cannot be rec-
ommended for use to obtain sulfuric acid chromium-
plating solutions. Below, a procedure is proposed for
reducing Cr(VI) to Cr(III) with a Na2SO3 solution
directly in standard chromium-plating solutions. The
reduction by the reaction

2CrO3 + 3Na2SO3 + 3H2SO4

(1)� Cr2(SO4)3 + 3Na2SO4 + 3H2O

yields in solution the necessary components, chro-
mium and sodium sulfates. The reaction proceeds till
complete reduction of Cr(VI) ions to Cr(III).

EXPERIMENTAL

A Na2SO3 solution was introduced in small por-
tions into a standard CrO3 + H2SO4 solution in a cer-
tain excess with respect to the amount that was cal-
culated in accordance with Eq. (1) and took into ac-
count the hydrolysis of sodium sulfate upon heating
the solution. The exothermic reaction of Cr(VI) re-
duction in an acid medium proceeds vigorously, with
strong heating of the solution and evolution of SO2
as a result of H2SO3 decomposition at elevated tem-
peratures. In milder reduction mode, without solution
heating, no SO2 is evolved. The completeness of re-
duction of Cr(VI) ions was tested by staining the solu-
tion with 1,5-diphenylcarbazide. When necessary, the
solution was boiled for 1.5�2 h after the reaction was
complete, to total removal of SO2 from the solution.
The resulting solution of Cr(III) and sodium was ad-
justed to Cr2(SO4)3 and Na2SO4 concentration of 130�
140 g l�1. Na2C2O4, Al2(SO4)3 � 18H2O, and NaF were
introduced into the solution. The recommended com-
position of the chromium-plating solution is as fol-
lows [2] (g l�1): Cr2(SO4)3 130�140, Na2C2O4 25�30,
Al2(SO4)3 � 18H2O 110, Na2SO4 130�140, and NaF
15. To stabilize the solution prepared, it was allowed
to stay at 90�95�C for 30 min. The working mode
was the following: pH 1.0�2.0, temperature 40�45�C,
current density 20�50 A dm�2, depending on the solu-
tion acidity. The volume current density was up to
10 A l�1. At the above current densities and solution
pH values, the electrolyte shows prolonged stable
work. The optimal mode for obtaining lustrous chro-
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mium deposits is as follows: pH 1.4, current density
30 � 15 A dm�2, current efficiency 30�35%, rate of
coating deposition 1.5�1.8 �m min�1, irrespective of
the coating thickness. The electrolyte prepared by re-
duction of Cr(VI) from standard chromium-plating so-
lutions has the same characteristics as the electrolyte
prepared on the basis of Cr(III) sulfate and can be
used to deposit protective and decorative coatings
and obtain thick chromium layers.

The current efficiency by chromium grows with in-
creasing Cr2(SO4)3 concentration and reaches the lim-
iting value at 130 g l�1. Raising the Cr2(SO4)3 con-
centration further does not affect the current efficiency
by chromium and, therefore, is inexpedient because
of the increasing loss of chromium with finished ar-
ticles.

Electrodeposition of chromium from an oxalate-
sulfate solution allows wide variation of the Na2C2O4
concentration in solution. Decreasing this concentra-
tion to 40% of that recommended for the composition
given above makes somewhat lower the throwing
power of the electrolyte, without impairing the coat-
ing quality, and raising the concentration by 100%
leads to only slight decrease in the throwing power.

Raising the concentration of Al2(SO4)3 � 18H2O
in solution to 100 g l�1 leads to an increase in the ad-
missible current densities and improves the throwing
power of the electrolyte; however, making this con-
centration higher than 110 g l�1 gives no additional
positive effect, being, therefore, inexpedient.

Introduction of NaF into the solution leads to much
higher current efficiency without impairing the deposit
quality; the optimal salt concentration is 20 g l�1.

The electrolyte proposed contains two expended
components, Cr2(SO4)3 and Na2C2O4, with the con-
centration of the latter falling as a result of oxida-
tion at the anode and reduction at the cathode. The
decrease in the concentration of Cr2(SO4)3 in the so-
lution on passing through it about 60 A h l�1 of elec-
tricity (which corresponds to a decrease in the salt
concentration in solution by 50 g l�1 relative to the
initial value) results in that the current efficiency
falls from 30�35% to 25%. To prevent the decrease
in the current efficiency, a chromium(III) salt should
be added to the electrolyte with account of the amount
of electricity passed.

The expenditure of Na2C2O4 is compensated for
by its introduction into the solution when necessary.

One of factors hindering the industrial use of chro-
mium-plating electrolytes based on Cr(III) ions is ox-

idation of Cr(III) ions to Cr(IV) at the anode and the
resulting necessity for separation of the anode and
cathode spaces, which complicates the technology of
the galvanic process. Use of sulfate-oxalate solutions
and anodes made of platinum-plated titanium makes
it possible to carry out the process without separat-
ing membranes, since Cr(VI) forming at the anode
is 100% reduced to Cr(III) by products of partial ca-
thodic reduction, i.e., by Cr(II) ions. As a result of
current expenditure for additional formation of Cr(II)
ions, the current efficiency by chromium decreases
from 30�35 to 25% without any degradation of the
deposit quality [7].

Coatings of thickness 20 �m have (depending on
current density) a strength within the range (8.8�15) �
103 MPa and internal stretching stresses of (1.2�7.0) �
102 MPa. According to X-ray diffraction data, the
deposits are X-ray-amorphous; in chemical composi-
tion, determined by X-ray photoelectron spectroscopy
(XPS), and in the corrosion-protective and electro-
chemical behavior the deposits are close to chromium
carbide Cr23C6 [3, 8].

CONCLUSIONS

(1) A simple method is proposed for obtaining sul-
fate-oxalate solutions for chromium plating by reduc-
ing Cr(VI) from standard electrolytes with sodium
sulfite.

(2) Sulfate-oxalate solutions obtained by reduction
from standard electrolytes make it possible to deposit
chromium coatings of arbitrary thickness with high
current efficiency.

(3) The deposits obtained are X-ray-amorphous
and close in chemical composition and corrosion-elec-
trochemical properties to chromium carbide Cr23C6.
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Abstract�The method of thermal desorption in a vacuum, with gaseous products recorded by mass-spec-
trometry, was applied to study the state of the surface of diamond and graphite.

Diamond and graphite are carbon materials wide-
ly used in various fields of science and technology.
Studying the state of the surface of these materials is
of scientific and practical importance.

It has been established by numerous studies using
chemical and physicochemical analytical techniques
that, when interacting with the surface of diamond
and graphite, oxygen forms various functional oxy
groups: hydroxy, carboxy, carbonyl, ester and ether,
etc. [1, 2].

Fig. 1. Thermal desorption spectra of (a) AM-3 diamond
and (b) GSM-5 graphite. (I) Intensity of molecular ion peaks
(H2O, CO, CO2) and (T ) temperature; the same for Fig. 2.
(1) H2O, (2) CO, and (3) CO2; the same for Fig. 2.

The aim of the present study was to determine the
thermal stability of the functional oxy groups of dia-
mond and graphite by analyzing the gaseous products
evolved in linear heating of diamond and graphite,
with these products recorded simultaneously by mass-
spectrometry.

Thermal desorption spectra (Figs. 1 and 2) were
obtained by plotting envelopes in the coordinates
molecular ion peak intensity�temperature.

Fig. 2. Thermal desorption spectrum of (a) GSM-5 graphite
modified with sodium ions and (b) AM-3 diamond mod-
ified with titanium oxide.
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EXPERIMENTAL

As objects of study served initial and modified
powders of natural diamond of the AM-3 brand and
graphite of the GSM-0.5 brand. The specific surface
area of the samples under study was found using the
method of low-temperature adsorption of nitrogen
before and after modification to be 12 and 1.7 m2 g�1

for, respectively, diamond and graphite. The concen-
tration of modifying elements was 1.0 �mol m�2 for
sodium ions on the graphite surface and 7.0 �mol m�2

for titanium ions in the titanium oxide layer. Before
measuring the mass spectra, the samples were heated
to 100�C in an inert medium for 30 min to remove
physically sorbed water.

A 10�30-mg portion of a sample under study was
placed in a quartz reactor connected, with the use of
a special seal, to the vacuum system of an MI-1201
mass-spectrometer. To monitor the temperature, a
Chromel�Alumel thermocouple was inserted into the
bottom part of the reactor. The thermo-emf was mea-
sured with a KSP-4 potentiometer. The sensitivity of
the MI-1201 mass-spectrometer was improved by us-
ing a VEU-1 secondary electron multiplier with an
RTO-1 unit (wide-band current recorder). The mass
spectra were recorded by an N-117 light-beam oscil-
loscope. Mass spectra of gaseous products of thermal
desorption were recorded 5 or 6 times at any given
temperature and then processed mathematically. The
results of this processing were used to evaluate the
experimental error. The desorption was carried out in
a vacuum at residual pressures of 10�3�10�5 Pa, with
the temperature raised linearly from 20 to 1000�C at
a rate of 10�12 deg min�1. Spectra of thermal desorp-
tion from the initial diamond and graphite are pres-
ented in Figs. 1a and 1b.

The thermal desorption spectrum of diamond shows
a peak at about 400�C for CO2, and a peak at about
450�C and steep rise in the tempeature range 850�
1000�C for CO. No peaks are observed in the range
20�960�C in the spectrum of water.

The thermal desorption spectrum of graphite
(Fig. 1b) differs significantly from that of diamond.
For example, the temperature at which a peak is ob-
served for CO2 is about 480�C, and the spectrum for
CO shows a steady gradual rise, becoming steep
only at about 900�C. The spectrum for water exhibits
a steep decrease in the range from 20 to 120�C and
then decreases steadily and gradually, with a minor
peak at 360�C.

The common feature of all the thermal desorption
spectra of diamond and graphite samples is desorption
of CO2 at lower temperatures, compared with that
of CO. Carbon monoxide makes a greater contribution
than carbon dioxide to the total number of carbon
atoms removed from the surface.

For diamond, the peaks of CO, CO2, and H2O de-
sorption at about 400�C are due to decomposition of
oxy groups containing carbonyl, carboxy, and quinone
groups. The desorption of water is due to dehydration
of oxy groups containing hydrogen atoms, i.e., hy-
droxy groups.

A similar pattern of distribution among groups is
also characteristic of graphite, with a quantitative dif-
ference consisting in that the yield of water is, in this
case, 2�3 times that for diamond.

The results obtained are in good agreement with
the data of Japanese researchers, who heated dia-
mond in a vacuum and recorded the forming gaseous
products by mass spectrometry. They established that
the onset of intense gas evolution corresponds to a
temperature of 360�C, and at 900�C the evolution of
carbon dioxides ceases [3].

Modification of oxidized graphite samples with
alkali metal ions, and, in particular, sodium ions,
leads to proton substitution in the functional oxy
groups to give alcoholates or phenolates [4]. A ther-
mal desorption spectrum of the sample obtained is
shown in Fig. 2a. It can be seen that a CO2 peak is
observed at about 600�C, with its intensity exceed-
ing approximately 4-fold the corresponding peak for
an unmodified sample.

It may be assumed that the substitution of hydro-
gen ions in the hydroxy groups on the graphite sur-
face with sodium ions catalyzes the surface diffusion
of oxygen from oxy groups to the active centers of
carboxy groups decomposing at 600�C.

As second type of modification of functional oxy
groups on the surface of diamond and graphite was
growth of a titanium oxide layer (about 100 � thick)
by the chemical assembly technique [5]. The spectra
obtained for diamond are shown in Fig. 2b. Modifica-
tion of the surface of oxidized diamond with a titani-
um oxide layer leads to a dramatic increase in the CO
yield at temperatures higher than 600�C. In contrast
to the preceding set of experiments, this effect can be
attributed to occurrence of a solid-phase reaction at
the interface between the diamond surface and the tita-
nium oxide layer. In the process, the role of diamond
oxidizer is played by oxygen ions diffusing upon heat-
ing to these temperatures from the lattice of titani-
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um oxide TiO2, with, presumably, partial reduction of
titanium(IV) ions to Ti(III).

CONCLUSIONS

(1) Thermal desorption of CO2 occurs at lower
temperatures than that of CO. Carbon monoxide makes
a greater contribution than carbon dioxide to the total
amount of carbon atoms removed from the surface
in thermal desorption.

(2) Modification of the diamond and graphite sur-
faces allows control over the shift of temperature
ranges in thermal desorption.
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Abstract�The possibility of using synthesized iron(III) and cobalt(II) molybdophosphates as dyes in dyeing
of copolymers and polymeric formulations based on methacrylic acid and methyl methacrylate and also as
pigments deposited onto natural and inorganic supports for heterogeneous dyeing of polymeric materials
was studied.

Dyeing of polymeric materials has always been and
still is an important problem of modern materials sci-
ence The widely used organic pigments frequently fail
to ensure the necessary working properties and loose
brightness in the course of time under the action of
light, which impairs the commercial value of plastic
building materials and household articles. Some prob-
lems can be solved by introducing light-resistant in-
organic pigments. Promising in this regard are hetero-
poly compounds making it possible to obtain brightly
colored and light-resistant formulations for finishing
building materials and consumer goods. The increased
interest in iso-and heteropoly compounds is due to
the wide variety of physicochemical and functional
properties of the structural forms obtained.

This study is concerned with the properties of
polymeric (polyacrylate) materials dyed with iron(III)
and cobalt(II) molybdophosphates. Iron(III) and co-
balt(II) molybdophosphates were obtained using two
methods: (i) directly from 12-molybdophosphoric acid
and (ii) from molybdenum(VI) oxide by its alkaline
fusion with sodium hydrophosphate and reaction with
iron(III) and cobalt(II) chlorides in acid and weakly
acid aqueous media [1, 2].

The salts obtained are brightly colored: iron(III)
12-molybdophosphates are yellow, and cobalt(II)
11-molybdophosphates, lylac. Iron(III) and cobalt(II)
molybdophosphates, which are soluble in organic
solvents, homogeneously dye copolymers of acryl-
ic acid CH2=CHCOOH and methyl methacrylate
CH2=C(CH3)COOCH3, obtained by block polymer-
ization (60�C, benzoyl peroxide as initiator). The in-
termolecular interactions in the polymeric formula-

tions were studied by IR spectroscopy in the spectral
range 4000�400 cm�1 (Specord-M80). The dominant
wavelength and color purity of the salts obtained
were calculated from reflectance spectra measured on
a Specord-M40 spectrophotometer in the wavelength
range 350�900 nm.

Homogeneous introduction of a heteropoly ion into
the structure of acrylic polymers leads to a shift of
the absorption band at 1730 cm�1, associated with
the functional group COO� of the copolymer, to lower
frequencies (1580 cm�1, C=O bond vibrations), which
is presumably due to coordination of the COO� group
upon the introduction of a heteropoly compound.
The absorption band of the starting polymer, which
is observed at 1730 cm�1, corresponds to stretching
vibrations of an un-ionized carboxy group and ap-
pears because of the partial coordination of COOH
groups [3].

The formation of a coordination bond between
a metal atom and the oxygen of the carboxy group
causes redistribution of the electron density between
COO� bonds and gives rise to two frequencies of a
symmetric and an asymmetric vibrations [4, 5]. Simi-
lar changes occur, according to IR spectral data, upon
introduction of iron(III) and cobalt(II) molybdophos-
phates into polyacrylate systems. The spectrum of
a polymer dyed, e.g., by iron(III) molybdophosphate
(Fig. 1) contains absorption bands at �as = 1580 cm�1

and �s = 1385 cm�1. The difference of these frequen-
cies �� = �as � �s is a measure of the covalence of
bonding between the heteropoly compound and oxy-
gen. The calculated value of �� is 195 cm�1, which
is lower than the known value of 225 cm�1 [5], and,
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Fig. 1. IR spectrum of acrylic copolymer dyed with
iron(III)12-molybdophosphate. ( T ) Transmission and
(�) wave number.

consequently, the bonding between the heteropoly
compound and the carboxy group is mainly ionic.
A broad band peaked at 1950 cm�1, characteristic
of vibrations of the M�O=C bond, is observed in
the range 2000�1900 cm�1. A pronounced peak cor-
responding to stretching vibrations of the Fe�O bond
appears at 520 cm�1 [3, 4, 6]. The homogeneous
dyeing of the copolymer is apparently due to coordi-
nation of the heteropoly compound with oxygen-con-
taining fragments.

Polymers can also be dyed with heteropoly salts
deposited onto natural silicate supports. The deposi-
tion of heteropoly compounds can be done in the
course of their synthesis. The pigments obtained can
be further used for heterogeneous dyeing of polymers.
The results obtained in a study of how the color purity
depends on the mass of silica gel filler are shown in
Fig. 2. It can be seen that, with increasing mass frac-
tion of the filler (silica gel), the color purity decreases
steadily. For iron(III) molybdophosphate the color
purity is higher, and cobalt(II) molybdophosphate
has pleasant delicate coloration. The calculations per-
formed demonstrate that the optimal amount of filler
is about 5 g per 1 g of pigment.

Dyed fillers, such as silica gel support, diopside,
tremolite, and wollastonite, and also ground porcelain,
make it possible to decrease dramatically the expen-
diture of the pure pigment and can be used in hetero-
geneous dyeing of polymeric materials. As would be
expected, the color of the cobalt(II) salt, which has
lacunar structure (P : Mo = 1 : 11), is defined by the
d�d transition (455�465 nm). The color of iron(III)
molybdophosphate, which has the Keggin structure
(P : Mo = 1 : 12), depends to a greater extent on the
influence exerted by the environment of the hetero-
poly ion on the d�d transition (�d = 570 nm).

The polymeric formulations obtained have bright
color and are not bleached under sunlight. Dyed meth-
yl methacrylate samples were subjected to the action

Fig. 2. Color purity P of a pigment vs. mass mf of filler
(silica gel). Pigment mass 1 g. (1) Cobalt(II) 11-molybdo-
phosphate and (2) iron(III) 12-molybdophosphate.

of a UV light (DRL-400 lamp) for 45 h and to out-
doors daylight for half a year. No changes in their
optical properties were observed. The formulations
obtained on the basis of polymethyl methacrylate and
heteropoly compounds show promise as components
for modern building materials.

CONCLUSIONS

(1) Iron(III) and cobalt(II) molybdophosphates,
which are soluble in organic solvents, homogeneously
dye copolymers of acrylic acid and methyl methacry-
late, which is due to coordination of the heteropoly
ion with oxygen-containing fragments of the acrylic
polymer.

(2) Heteropoly salts of iron(III) and cobalt(II),
supported by such fillers as silica gel, wollastonite,
diopside, tremolite, and ground porcelain can be used
in heterogeneous dyeing of polymethyl methacrylate
and other acrylic polymers.
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Abstract�A series of bis(amido sulfimides) were prepared by condensation of 2-sulfoterephthalic acid imide
chloride with aliphatic and aromatic diamines.

Trimellitic acid and its derivatives are widely used
as monomers in production of polyimide polymers
[1, 2]. Synthesis of less studied 2-sulfoterephthalic
acid imide, 4-sulfoisophthalic acid imide, and their
esters was reported in [3].

This paper describes previously unknown 2-sulfo-
terephthalic acid imide chloride I [4] and its amide de-
rivatives II�VII containing amide and imide groups,
which show promise as monomers for preparing
poly(amido imides).

Chloride I was prepared by heating 2-sulfotere-
phthalic acid imide with PCl5 in the presence of
a small amount of POCl3 [4]. The IR spectrum
of I contains characteristic absorption bands of
the imide ring at 1380, 1720, 1780, 1210�1136, and
3220 cm�1.

Bis(amido sulfimides) II�VII were prepared by
reactions of chloride I with aliphatic and aromatic di-
amines:

����������

�
�
�
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R = (CH2)2 (II), (CH2)4 (III), (CH2)6 (IV), (V), (VI), and (VII).�
��
��� ������

����������

Condensations of I with diamines were performed
at 40�45�C; a solution of acid chloride was gradually
added with stirring to a solution of an appropriate dia-
mine in dimethylacetamide, and an equimolar amount
of triethylamine was added to bind the HCl released.

The reactions give bis(amido sulfimides) II�VII
in high yields. The compositions and structures of
II�VII were confirmed by elemental analysis (see
table) and IR spectroscopy. The IR spectra of II�VII
contain C�N absorption bands at 1660�1600 cm�1,
bands at 1380�1300 and 1200�1130 cm�1 belong-
ing to asymmetric stretching vibrations of the SO2

group in the saccharin ring, and N�H bands at 3350�

3310 cm�1 [4, 5].

EXPERIMENTAL

Dimethylacetamide, triethylamine, and pyridine
were purified as described in [6, 7]; diamines, by
recrystallization and vacuum distillation; and hexa-
methylenediamine, by distillation in an argon flow at
198�199�C (mp 40�C).

2-Sulfoterephthalic acid imide chloride I.
A 250-ml round-bottomed flask with a reflux con-



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 2 2003

SYNTHESIS OF BIS(AMIDO SULFIMIDES) FROM 2-SULFOTEREPHTHALIC ACID IMIDE CHLORIDE 331

Bis(amido sulfimides) II�VII
������������������������������������������������������������������������������������
Com- �

Yield,
� Found, % � � Calculated, % � M

� ����������������������� ���������������������������������������pound � � � Formula � �
no. �

%
� C � H � N � S � � C � H � N � S � found � calculated

������������������������������������������������������������������������������������
I � 85 � 40.3 � 1.60 � 5.66 � 12.9 �C8H4NO4SCl � 39.10 � 1.63 � 5.70 � 13.08 � 244 � 245.5
II � 94 � 46.0 � 2.88 � 11.3 � 13.3 �C18H14N4O8S2 � 45.18 � 2.92 � 11.71 � 13.38 � 473 � 478
III � 91 � 47.0 � 3.45 � 10.85 � 12.5 �C20H18N4O8S2 � 47.43 � 3.55 � 11.06 � 12.64 � 502 � 506
IV � 90 � 50.1 � 4.15 � 10.3 � 12.0 �C22H22N4O8S2 � 49.44 � 4.12 � 10.48 � 11.98 � 531 � 534
V � 84 � 51.1 � 2.58 � 10.44 � 12.22 �C22H14N4O8S2 � 50.19 � 2.66 � 10.64 � 12.16 � 520 � 526
VI � 83 � 49.9 � 2.54 � 10.37 � 12.40 �C22H14N4O8S2 � 50.19 � 2.66 � 10.64 � 12.16 � 521 � 526
VII � 78 � 54.5 � 2.86 � 8.87 � 10.31 �C28H12N4O8S2 � 49.83 � 2.99 � 9.30 � 10.63 � 595 � 602
������������������������������������������������������������������������������������

denser and a calcium chloride tube was charged with
2.1 g (0.01 mol) of PCl5 and 2.27 g (0.01 mol) of
sulfoterephthalic acid imide. The mixture was stirred.
In the process, the mixture spontaneously warmed up
to 40�45�C. After completion of the exothermic re-
action, the temperature was raised to 95�100�C, and
the heating was continued for an additional 2 h. After
reaction completion, POCl3 was distilled off in a wa-
ter-jet-pump vacuum. Then 50 ml of benzene was
added, and the mixture was stirred for 10�15 min.
The solvent and POCl3 were distilled off from the
filtrate. The remaining oily product was successively
washed on a glass frit with dry carbon tetrachloride,
chloroform, and benzene, after which it was recrystal-
lized successively from dry toluene and acetone. The
resulting light brown product was dried in a desiccator
to constant weight.

Bis(amido sulfimide) VII derived from 2-sulfo-
terephthalic acid imide chloride and p, p�-diamino-
biphenyl. A three-necked round-bottomed flask
with a power-driven stirrer and a tube for nitrogen
outlet was charged with 30 ml of dimethylacetamide
and 1.85 g (0.01 mol) of p, p�-diaminobiphenyl. Then
5 g (0.02 mol) of chloride I was added in an inert
atmosphere. Triethylamine or pyridine was added to
neutralize the HCl released. The reaction temperature
was maintained at 40�45�C. After adding the whole
amount of I, the mixture was stirred for an additional
30 min. In the course of the reaction, a dark product
formed. After reaction completion, 150 ml of distilled
water was added, and the mixture was filtered through
a glass frit. The product was dried at room tempera-
ture and then brought to constant weight in a vacuum
oven.

Bis(amido sulfimides) derived from m- and p-phen-
ylene-, ethylene-, tetramethylene-, and hexamethyl-
enediamines were prepared similarly.

CONCLUSION

Previously unknown 2-sulfoterephthalic acid imide
chloride was prepared, and bis(amido sulfimides)
showing promise as monomers were prepared by its
reactions with diamines.
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Professor Vladimir Yakovlevich Kurbatov
(To 125th Anniversary of His Birthday)

Vladimir Yakovlevich Kurbatov made a major con-
tribution to investigations into the nature of the liquid
state, thermal properties of liquids, and their structural
features, to improvement of teaching of physical and
colloid chemistry at St. Petersburg Technological In-
stitute and other higher-school institutions, and to
studies of D.I. Mendeleev’s creative heritage; he also
was a known historian of architecture, art critic, and
student of local lore.

He was born on January 24, 1878, in St. Petersburg
into the family of an office employee, court councilor
Yakov Ivanovich Kurbatov (1845�1881). The early
death of the head of the family with three infants led
to severe financial difficulties. Already at the age of
14, when being a secondary-schoolboy, V.Ya. Kurba-
tov had to do coaching and try to earn a living in
other ways. Nevertheless, he finished gymnasium with
gold medal in 1896 and entered the natural department
of the physico-mathematical faculty of St. Petersburg
University. In those years, the university had no spe-
cial laboratory or chair of physical chemistry; how-
ever, D.P. Konovalov (1856�1929, academician of
the Academy of Sciences of the USSR since 1923),
who headed the chair of inorganic chemistry after
D.I. Mendeleev (1834�1907) left the university, de-
livered a separate course of lectures on physical chem-
istry beginning in 1895. Since 1897, lectures on
some sections of physical chemistry (electrochemis-
try, photochemistry) were also delivered by privatdo-
cent V.A. Kistyakovskii (1865�1952, academician of
the Academy of Sciences of the USSR since 1929).
By that time, Konovalov was already very well known;
the essential results of his classical study �On Pres-
sure of Solution Vapor� (1884) were described in all
courses of lectures and textbooks of physical chem-
istry, beginning in the 1890s. Detailed recollections
of Konovalov’s scientific and pedagogical activities
were left by one of the most prominent representa-
tives of his school, A.A. Baikov (1870�1946, acade-
mician of the Academy of Sciences of the USSR since
1923) [1].

In 1897, V.Ya. Kurbatov, when still being a stu-
dent, commenced scientific research at the laboratory
of inorganic chemistry under Konovalov’s supervision.
In 1900, Vladimir Yakovlevich graduated from the

university; his diploma work was honored with minor
A.M. Butlerov Prize, awarded by the Russian Phys-
icochemical Society. From 1900 till 1907, V.Ya. Kur-
batov was a laboratory assistant at the chemical labo-
ratory of the university. Already beginning in 1902,
Zhurnal Russkogo Fiziko-Khimicheskogo Obshchestva
(Journal of the Russian Physicochemical Society) reg-
ularly published interesting results of his experimental
studies concerned with the properties and structure of
various liquids, temperature dependence of specific
heat, and heat of evaporation. Vladimir Yakovlevich
took active part in meetings of the Society and made
reports of his new investigations.

In 1903�1913, V.Ya. Kurbatov repeatedly went
to business trips abroad. In particular, in 1905, he
worked at the laboratory of H. Le Chatelier (1850�
1936) in Paris. The same laboratory was the place
of on-the-job training of other known representatives
of Konovalov’s school: Baikov, B.G. Karpov (1870�
1940), M.S. Vrevskii (1871�1929, academician of
the Academy of Sciences of the USSR since 1929),
I.I. Zhukov (1880�1949, academician of the Academy
of Sciences of the USSR since 1946), and others.

The first summary of the results obtained in ex-
perimental studies of more than 30 organic liquids
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was given in V.Ya. Kurbatov’s monograph O mole-
kulakh, obrazovannykh soedineniem tozhdestvennykh
grupp. Yavlenie assotsiatsii (On Molecules Formed by
Combination of Identical Groups. Association Phe-
nomenon), published as separate edition in St. Peters-
burg in 1908. The most important concepts of this
study have been commented by Yu.I. Solov’ev [2]
and V.V. Razumovskii [3]. According to the concepts
developed by V.Ya. Kurbatov, various kinds of anom-
alies in water, alcohols, and other liquids can be ac-
counted for by the existence of complex molecules
(associates), which disintegrate when temperature is
raised. Based on a study of specific heats and heats of
evaporation of liquids, the scientist came to important,
by that time, conclusions that, in particular, �crystal-
forming forces reflect on the properties of a substance
in the liquid state� [3].

In 1907�1909, V.Ya. Kurbatov taught physical
chemistry at St. Petersburg Technological Institute;
in 1909�1921, he worked at various educational insti-
tutions of St. Petersburg (Petrograd). Simultaneously,
he continued experimental studies of properties of liq-
uids. By 1916, V.Ya. Kurbatov had studied the prop-
erties of more than 150 liquids and generalized the
results he obtained in a large paper �On Specific
Heat of Liquids,� which was published in Izvestiya
Petrogradskogo Tekhnologicheskogo Instituta (Trans-
actions of Petrograd Technological Institute) (1917,
vol. 24, pp. 1�383.

V.Ya. Kurbatov became a professor at the chair of
physical chemistry of St. Petersburg Technological
Institute in 1921, and head of this chair in 1922; in
1925�1927 he was elected deputy rector for educa-
tional work. The main direction of his scientific re-
search remained the same. By 1927, he accumulated
a vast body of experimental data on specific heats
of various liquids, including some liquid metals (Hg,
Na, K, Cd, Pb), heats of evaporation and boiling
points of liquids at different pressures, surface tension
and capillary properties of liquids. This material was
discussed and systematized in his third generalizing
paper published in Izvestiya Teknologicheskogo Insti-
tuta im. Lensoveta (Transactions of Lensovet Tech-
nological Institute, 1927, vol. 1, pp. 1�238).

In subsequent years, the total number of organic
liquids whose specific heat and other properties were
studied by V.Ya. Kurbatov and his pupils became
as large as 450 [3]. Such a vast amount of experi-
mental data made it possible to draw certain conclu-
sions about the influence exerted by one or another
functional group of a compound on its properties. The
results obtained became part of reference books, were

regularly published and reported at major scientific
conferences and meetings of the All-Union Mendeleev
Chemical Society.

Beginning in 1919, V.Ya. Kurbatov carried out
a large set of investigations in the field of colloid so-
lutions and jellies. Despite the technological aim of
these studies, the author came to a number of impor-
tant conclusions of general theoretical nature, formu-
lated conditions for formation and preservation of
jellies and colloids, and put forward the �crystal-poly-
amphionic� and then �polyionic-halise� theories of
electrolyte solutions. These new approaches to the na-
ture of solutions were described, among other issues,
in his monograph Fiziko-khimicheskie teorii i ikh pri-
lozhenie v tekhnike (Physicochemical Theories and
Their Application in Technology) (Leningrad, 1929,
856 pp.) and other publications [3].

Being Mendeleev’s and Konovalov’s follower,
V.Ya. Kurbatov always closely associated his scien-
tific research with solution of concrete technological
problems. Already in the first years of his scientific
activities, he carried out a set of investigations con-
cerned with the nature of hardened steels; later, he
was invited as consultant in construction of chemical
plants and served as a member of Scientific-techno-
logical councils at a number of applied institutes.
V.Ya. Kurbatov actively cooperated with the Scientif-
ic and technological department of VSNKh (Supreme
Council of National Economy), created in Petrograd
in 1918.

Together with his colleagues from he Technolog-
ical Institute, V.Ya. Kurbatov was among the authors
of the well-known �Memorandum on Importance of
Chemistry in Economical Development of the USSR,�
presented to the Soviet Government in 1928. The
Committee for Chemicalization at Council of People’s
Commissaries of the USSR, created later, played an
important part in the restoration and reconstruction of
the existing chemical plants and construction of new
plants [4]. V.Ya. Kurbatov’s idea that a close associa-
tion between the scientific and applied research is
necessary was described in a brochure Nauka�osnova
khimicheskoi promyshlennosti (Science as Basis of
Chemical Industry) (Leningrad, 1929, 69 pp.).

V.Ya. Kurbatov made a major contribution to stud-
ies of Mendeleev’s scientific legacy and to populariza-
tion of his concepts and works. Already at the First
Mendeleev Congress, held in the year when the great
scientist died (St. Petersburg, December 20�30, 1907),
V.Ya. Kurbatov presented a large report �General
Survey of D.I. Mendeleev’s Scientific Activities� [5].
A detailed analysis of the periodic law discovered by
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Mendeelev was made in V.Ya. Kurbatov’s monograph
Zakon D.I. Mendeleeva (D.I. Mendeleev’s Law) (Le-
ningrad, 1925, 453 pp.). Vadinir Yakovlevich took
part in writing a book of recollections of Mendeleev
[6] and wrote a book for schoolchildren about the
great Russian scientist [7]. It should also be mentioned
that V.Ya. Kurbatov proposed in 1925�1926 a hyper-
boloid form of Mendeleev’s periodic system of chem-
ical elements [3].

During the whole time of his scientific and peda-
gogical activities, V.Ya. Kurbatov paid much atten-
tion to publication of textbooks of widely varying
level. In the series Biblioteka rabochego (Worker’s
Library) he wrote in a popular manner Nachala khimii
(Fundamentals of Chemistry) (Petrograd, 1923, 368
pp.). He wrote Vvedenie k izucheniyu i prakticheskim
zanyatiyam po fizicheskoi khimii (Introduction to
Studies and Laboratory Works in Physical Chemistry)
(Leningrad, Leningrad Technological Institute, 1926,
237 pp.) for students of the Technological Institute
and Khimiya kolloidov i studnei (Chemistry of Col-
loids and Jellies) for students of the Military Academy
(Leningrad, 1925, 232 pp.).

In August 1934, the degree of doctor of chemical
science was conferred on V.Ya. Kurbatov. In 1941�
1944, Vladimir Yakovlevich taught at Kazan Institute
of Chemical Engineering. In 1944, he became Hon-
ored Scientist and Technologist of Tatar Autonomous
Soviet Socialist Republic.

Having returned from evacuation in 1944,
V.Ya. Kurbatov headed the chair of inorganic chem-
istry at Leningrad Sanitary-Hygienic Institute and
became head of the chair of physical chemistry at
Lensovet Technological Institute in January 1949.

V.Ya. Kurbatov was not only a prominent scientist
in the field of physical and colloid chemistry; he was
also well-known as historian of architecture, student
of local lore, a connoisseur of Russian art, and that of
St. Petersburg and environs in the first place. Vladimir
Yakovlevich was very closely associated with mem-
bers of the Mir Iskusstva (World of Art) Society which
appeared in the very end of the XIX century, among
whose main organizers were such outstanding persons
of the Russian culture as A.N. Benua (1870�1960),
S.P. Dyagilev (1872�1929), and others. In his reminis-
cences [8], A.P. Ostroumova-Lebedeva (1871�1955),
a known artist and active member of the Society,
mentioned more than once this aspect of V.Ya. Kur-
batov’s activities. St. Petersburg and environs, their
gardens and parks, were the favorite subjects in the
creative work of Benua, M.S. Dobuzhinskii (1875�

1957), and Ostroumova-Lebedeva. The monograph on
St. Petersburg [9], written by V.Ya. Kurbatov, was de-
corated, together with a large number of photographs,
with numerous engravings by Ostroumova-Lebedeva.
The scientist also wrote books about environs of
St. Petersburg: Gatchina, Pavlovsk, Peterhof, and
others, a great number of papers about gardens, parks,
and museums of St. Petersburg.

Vladimir Yakovlevich Kurbatov passed away on
February 12, 1957, at the age of 79. Elder generations
of graduates from the Technological Institute remem-
ber this comprehensively educated, modest, and well-
wishing person, who made a major contribution to
the development of the domestic chemical science and
training of specialists at the Technological Institute
and other higher-school educational institutions. Of
high and independent value are his descriptions of
the architectural ensembles and museums of St. Peters-
burg and environs. The whole V.Ya. Kurbatov’s life
was devoted to science and art.
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Kozin, L.F. and Volkov, S.V., Vodorodnaya energetika
i ekologiya (Hydrogen Power Engineering and Ecology),

Kiev: Naukova Dumka, 2002, 336 pp.

The monograph by known Ukrainian scientists,
Professor L.F. Kozin and Academician S.V. Volkov
(National Academy of Sciences of the Ukraine),
considers and discusses the state of modern power
engineering and global problems encountered, in the
first place, by countries not provided to a full extent
with domestic natural energy carriers. The authors
emphasize that, at present, electric power is mostly
generated at thermal and nuclear power plants and
hydroelectric power stations, and only its minor part,
by ecologically safe devices employing renewable
sources of energy.

Electric power generation at thermal power plants,
especially those using coal, entails severe contamina-
tion of the environment with oxides of sulfur, nitro-
gen, and metals, and deteriorates life conditions on
the Earth.

Nuclear power plants allow large-scale production
of electric and thermal power. At present, Ukrainian
nuclear power plants produce 39.6�42.2% of the total
electric power consumed in the country. However,
their operation requires an exceedingly high culture
of maintenance and strict observance of the necessary
technological mode. The consequences of the Cher-
nobyl disaster will be felt by many generations of
those living in the Ukraine and adjacent provinces
of Belarus and Russia. The Ukraine has not solved
up to now the problem of processing of the nuclear
waste, which is still put into storage.

The main attention is given by the monograph to
prospects for development of hydrogen power engi-
neering, discusses the possibility of combining this
power source with nuclear power plants, with nuclear-
hydrogen power plants to be created in, probably, dis-
tant future. The authors also consider such problems
as origin of oil in the Earth, formation of ozone holes,
and put forward their own hypotheses.

The book comprises a brief foreword (pp. 3 and 4),
nine sections, conclusion, and a list of references.
Small first (pp. 5�13) and second (pp. 14�16) sec-
tions analyze energy-related and ecological problems
of most general nature. In particular, the authors note
that the so-called �post-Chernobyl syndrome� affected

adversely the prospects for development of nuclear
power engineering, including scientific research in
this field not only in the Ukraine, but also in some
other countries.

The third section of the monograph (pp. 17�46)
contains evidence concerning the resources and con-
sumption of combustibles (oil, natural gas, coal, and
lignite) in various countries and presents a vast body
of numeric data, mainly for recent years. According
to the available estimates, up to 75% of the proven
resources of coal and lignite are found in the territory
of Russia, United States, and Ukraine. Russia and the
United States are leaders in production of natural gas.
The authors call attention to the correlation between
the gross national product and the consumption of
energy resources per capita. It is noted that the defi-
ciency of energy resources in the Ukraine and their
high cost favored the breakdown of industry, degra-
dation of agriculture, deterioration of the living stan-
dards of the population, and other negative phenom-
ena of the last decade.

The fourth section (pp. 47�96) is devoted to the de-
velopment of nuclear power engineering in the Ukraine
and to analysis of its scientific, technological, and
ecological problems. At present, nuclear power plants
of the country have in operation 16 power units, with
the problem of utilization of nuclear waste being top-
ical. The authors pay special attention to the Cherno-
byl disaster, the reasons why it occurred, and elimi-
nation of its consequences. After the disaster at the
fourth power unit of the Chernobyl nuclear power
plant in 1986, three power units had been in operation,
with the last of these removed from service in De-
cember 2000.

The fifth section (pp. 86�96) presents evidence con-
cerning the scale of energy production in the Ukraine.
The thermal power plants produce about 54.5�57.1%
of the electric and thermal power generated in the
country; however, the industry is in deep crisis. The
charges for fuel transportation have increased, and
the overwhelming majority of units have exhausted
their expected service life. Their being worn out and
obsolescence lead to increased fuel expenditure and
impair other operation characteristics. The Ukraine’s
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hydroelectric power stations have nearly totally ex-
hausted the potential resources of hydroelectric energy
and can produce no more than 5.0�5.5% of the total
output of electric power in the country. Various un-
conventional power sources can only satisfy 1�2% of
the country’s demand.

The sixth (pp. 97�200) and seventh (pp. 201�216)
sections, which are devoted to hydrogen and hydrogen
power engineering, in fact occupy the central position
in the monograph and contain the results of numerous
investigations carried out by the authors of the book
in this field. Hydrogen is the most widely occurring
element in the Earth and the ecologically unique type
of fuel whose combustion products are water vapor or
liquid water. The physicochemical properties of hy-
drogen and metal hydrides and methods for obtaining
hydrogen are considered in detail. Particular attention
is given to hydrogen production by reacting water
with aluminum alloyed with various components pos-
itively influencing the rate of the process. According
to the data presented by the authors, world’s output
of hydrogen was 83 million tons in 2000.

The eighth section of the book (pp. 272�292), de-
voted to ecology and environment, contains an ana-
lysis of reasons for various negative natural phenom-
ena and processes. To these belong the greenhouse
effect, ozone holes, acid rains, and �thermal contam-
ination� of the planet. The authors, in particular, be-
lieve that freons have nothing to do with the appear-
ance of ozone holes over Antarctic, and put forward
their own considerations on the issue. It is also noted
that the human technological activities do not exert,
as yet, any detrimental effect on the thickness of the
ozone layer over the planet. The reasons for the ap-
pearance of acid rains and the pollution of the human
environment with harmful combustion products of
natural gas, oil, coal, lignite, and combustible shale
are discussed.

The ninth section (pp. 293�315) prognosticates
what power sources will be in use in the third millen-
nium. In the authors’ opinion, the main power sources
will be solid fuel (coal, shale, peat), hydrogen, nuclear
sources of heat and electric power, and various renew-
able power sources.

In the conclusion (pp. 316�319), the authors note
once again the deficiency of energy resources in the
Ukraine and formulate concrete proposals aimed at
satisfying the country’s demand for energy carriers. At
present, not only the nuclear fuel cycle, but also the
conventional thermal fuel cycle, are not provided
with energy carriers. Their deficiency creates real
difficulties in manufacture of competitive industrial
goods and poses a threat to the stability of the national
economy and to the national safety.

The bibliographic list (pp. 320�334) contains 373
references to studies published mostly in recent years.

The monograph written by scientists with rather
wide range of interests luckily combines an analysis
of the concrete situation with energy in the Ukraine
and discussion of quite a number of global problems.
The main attention is given to the hydrogen power
engineering and methods for production of hydrogen.
Also presented are the authors’ hypotheses concerning
the mechanisms of oil formation and appearance of
ozone holes. The book is well written, interesting to
read, and contains a vast factual material; the authors
do not abuse the reader with excess of special termi-
nology. Despite the disputable nature of some of the
problems discussed, the book can be recommended
for reading to a wide audience of readers. The refer-
ence material summarized by the authors will un-
doubtedly be of interest for specialists in power en-
gineering and ecology.

A. G. Morachevskii and V. S. Shpak



1070-4272/03/7602-0337 $25.00 � 2003 MAIK �Nauka/Interperiodica�

Russian Journal of Applied Chemistry, Vol. 76, No. 2, 2003, p. 337. Translated from Zhurnal Prikladnoi Khimii, Vol. 76, No. 2, 2003,
p. 347.
Original Russian Text Copyright � 2003 by Morachevskii, Beloglazov.

BOOK REVIEWS��������������������������������� ���������������������������������

Habashi, F., Textbook of Pyrometallurgy, Quebec City:
Laval Univ., 2002, 592 pp.

Professor F. Habashi, a Canadian scientist, sup-
plemented the voluminous set of his publications1

with a new textbook describing pyrometallurgical pro-
cesses in ferrous and nonferrous metallurgy. The whole
material is presented in the form of 38 small chapters
grouped into five parts. The first of these, �Introduc-
tion� (chapters 1�4, pp. 1�75) contains evidence about
the history of high-temperature metallurgical process-
es. Mention is made of works of leading Western sci-
entists J. Berzelius (1778�1848), H. Bessemer (1813�
1898), W. Kroll (1889�1973), and others. The evolu-
tion in use of various procedures for isolation and
subsequent refining of a great number of nonferrous
and rare metals, and also iron, is considered. The first
part of the book discusses in the general context theo-
retical, technological, and equipment-related problems.
Temperature dependences of the standard Gibbs ener-
gy in a wide range of temperatures are presented for
oxides, chlorides, and fluorides of a great number of
metals. Special attention is given to environment pro-
tection from contamination in performing typical met-
allurgical processes (steel manufacture, processing of
sulfide ores of heavy metals).

The second part of the textbook, �Engineering
Aspects� (chapters 5�11, pp. 79�182), considers pro-
cesses and apparatus of metallurgical shops. Various
types of furnaces, refractories used, energy-saving
processes, methods for separation of the solid and
gaseous phases, oxidation processes, and metallo-
thermic reactions are described.

The third part, �Preliminary Treatment� (chapters
12�19, pp. 183�302), contains evidence about vari-
ous kinds of preprocessing of raw materials, concen-
trates, and minerals. The following basic procedures
are described: preliminary thermal treatment (smelt-
ing, hardening, dehydration, calcination, oxidation);
alkaline fusion; sulfatization of oxides by various
methods; oxidation of sulfides, disulfides and related
materials; formation of mattes; chlorination and fluo-
rination. Each of the procedures discussed is illus-
trated with concrete examples.
����������

1 For earlier F. Habashi’s books, see Zh. Prikl. Khim., 2000,
vol. 73, no. 1, pp. 167�168; 2001, vol. 74, no. 10, p. 1724.

The fourth part, �Metal Separation: Reduction, Con-
version and Other Processes� (chapters 20�30, pp. 303�
442), groups chapters describing, for the most part,
production of metals from their compounds. It consid-
ers properties of various reducing agents (coal, coke,
carbon(II) oxide and its mixture with hydrogen, hy-
drogen), discusses in detail reduction of oxides and
other compounds of iron, reduction of nonferrous
metal oxides with carbon, hydrogen and metals, and
also reduction of complex oxides, halides, and sul-
fides. The same part of the book considers some other
processes involving copper, lead, and nickel sulfides.

The fifth part of the book, �Refining� (chapters 31�
38, pp. 443�451), is concerned with refining processes.
The introductory chapter describes typical processes
of purometallurgical refining (refining of iron, copper,
and lead) and gives a classification of the main refin-
ing procedures: selective oxidation of impurities, re-
moval of dross and mattes from melts, chemical trans-
port reactions involving the gas phase, and physical
refining methods (vacuum treatment, zone melting,
distillation). The following chapters consider in ample
detail the procedures and methods of high-temperature
refining, with concrete examples provided.

Appendixes A, B, C, and D describe textbooks and
monographs of general nature and those devoted to
separate metals or groups of these (A), educational
films (B), rather simple worked examples (C), and
test questions for the main parts of the textbook (D).
The book is provided with an index (pp. 579�592).

In contrast to the conventional practice of the Rus-
sian educational literature, F. Habashi’s book luckily
combines presentation of problems concerning both
ferrous and nonferrous metallurgy under the common
header �pyrometallurgy.� Another important distinc-
tion of the book is an excellent set of illustrations,
numerous clear photographs, including those in color,
and graphic schemes not overburdened with unimpor-
tant details. F. Habashi’s textbook can serve as an ex-
ample of concise and clear presentation of a vast and
important branch of metallurgy.

A. G. Morachevskii and I. N. Beloglazov
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Abstract�The effect of admixtures on parameters of granules obtained from calcium sulfate hemihydrate
in the course of pelletizing and stimulated phase transition into dihydrate was studied.

Large-tonnage production of phosphoric acid leads
to accumulation of production waste in the form of
phosphogypsum. A part of this waste is used as sec-
ondary raw material in manufacture of construction
materials (gypsum cardboard, plaster, cement, etc.).
At the same time, the amount of spent phosphogyp-
sum materials increases annually by several millions
of tons, thus contaminating the environment. There-
fore, it is urgent to develop new methods for phos-
phogypsum utilization. For example, phosphogypsum
can be used in melioration and plant growing as
an important source of nutrients, microelements,
and other biologically active substances [1, 2]. The
amount of granulated meliorant based on calcium
sulfate hemihydrate is largely determined by the
chemical composition, size distribution, and strength
of granules, which are affected by physicochemical
processes accompanying the transition of calcium
sulfate hemihydrate into dihydrate. The topochemical
transformation of CaSO4 �0.5H2O into CaSO4 �2H2O,
including that in the presence of rare-earth elements
(REEs), was studied previously [3�5]. In this work,
we studied how the bioactive admixtures of metal
[manganese(II) and zinc(II] salts and boron (in the
form of boric acid) affect granulation and the topo-
chemical transformation of hemihydrate into dihy-
drate.

EXPERIMENTAL

Calcium sulfate hemihydrate from the Voskresensk
Plant of Mineral Fertilizers was preserved prior to
granulation to prevent premature phase transition into
the dihydrate. Commercial powder was washed with
several portions of hot saturated solution of CaSO4 �
2H2O and then with acetone to remove residual phos-
phoric acid and absorbed water, after which it was

dried in air to remove acetone. The resulting CaSO4 �
0.5H2O powder consisted of 10�250-�m druses
formed by hexagonal prisms 1 to 30 �m long. The
preserved phosphogypsum contained 6.5�7.0% H2O
(based on anhydrite), which is higher than the theo-
retical value, i.e., a minor portion of hemihydrate had
time to transform into the dihydrate. The P2O5 tot con-
tent in phosphogypsum was about 3.2�0.5%, and the
powder porosity was 65.1%.

Calcium sulfate hemihydrate was granulated after
moistening with aqueous solutions, which were un-
saturated with respect to this salt and contained vari-
ous additives. The wet mixtures were prepared by
mixing a weighed portion of air-dry hemihydrate
powder with a prescribed volume of aqueous solutions
containing 1�5% bioactive salts (manganese or zinc
sulfate) and acids (sulfuric, orthophosphoric, or boric).
The liquid-to-solid (liq : sol) ratio for wetting the
powder was optimized experimentally to obtain chief-
ly 2�8-mm spherical granules. When the liq : sol ratio
was smaller than the optimal value determined for the
wetting solution of the prescribed composition, the
granulated mixture disintegrated on the plate or too
small granules were formed. At the liq : sol ratios
exceeding the optimal value, the water-logged mixture
spreaded over the plate or coarse irregular clumps were
formed instead of spherical granules. The powder was
mixed with the solution for 30�60 s. After that, a wet
mixture of a specified composition was transferred
into a plate-like granulator. The granulator plate made
of stainless steel was 250 mm in diameter and had
a 75-mm-high edge. The rotation velocity of the plate
was varied from 50 to 80 rpm; angle of inclination,
from 20� to 40�; and granulation time, from 5 to
60 min.

Strengthening of granules was performed by matur-
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Fig. 1. Distribution r N(�r) of granules with respect to the
relative size r/�r, depending on the type of acids added to
calcium sulfate hemihydrate. Acid, wt %: (1) H2SO4, 3;
(2) H3BO3, 2.

p, kg cm�2

t, h
Fig. 2. Mechanical strength p of granules vs. the time
t of maturing in the presence of various admixtures. Ad-
mixture, wt %: (1) H2SO4, 2.5; (2) ZnSO4, 3.0 (maturing
in a desiccator); (3) ZnSO4, 2.0 (maturing in a solution);
and (4) H3BO3, 2.0.

W, wt %

t, h
Fig. 3. Content of water of crystallization N in granules vs.
the time t of maturing in the presence of various admix-
tures. Admixture, wt %: (1) H2SO4, 5.0; (2) MnSO4, 3.0
(after 1 h of maturing in a solution); and (3) MnSO4, 3.0
(after maturing in a desiccator).

ing. The CaSO4 �0.5H2O granules obtained by pel-
letizing of a wet powder were carefully transferred
from the granulator plate into special vessels, where
they were strengthened owing to the topochemical

transformation of the hemihydrate into the dihydrate
CaSO4 �2H2O. Maturing was performed in a wet at-
mosphere in a dessicator and in the vessels with solu-
tions similar in composition to the wetting solutions.

In the course of the pelletizing and maturing, por-
tions of granules were taken to determine total water
and water of crystallization. Absorbed water in the
weighed portions of the powdered granules was deter-
mined from the mass loss after washing in acetone
and drying in air to constant weight. Water of crystal-
lization in air-dry granules and powders was deter-
mined thermogravimetrically after calcining the
samples to constant weight.

The strength of the granules of a certain size in
various stages of maturing and topochemical transi-
tion was evaluated from the breaking stress, as the
average value obtained in 15�20 replicate measure-
ments on an extensometer. The granules were sampled
by sieving through metallic or Nylon sieves. Prior to
sieving, wet granules were dried from the surface
with a filtering paper.

The results of the study are presented in Figs. 1�3.
It was shown that the total moisture content of the
charge necessary for maturing, ensuring formation of
1�5-mm granules, was virtually independent of the
type of admixture in a wetting solution (27�34%). At
the indicated moisture content and under the similar
granulation conditions (angle of plate inclination,
rotation velocity, and maturing time), the average size
of the obtained granules and the character of their size
distribution are largely determined by the composition
of the wetting solution (Fig. 1). On moistening the
charge with solutions containing sulfuric or phos-
phoric acid, the size distribution density exhibits no
marked deviations from the normal distribution. The
same is true for manganese and zinc sulfate admix-
tures. At the same time, in the presence of boric acid,
the portion of small granules increases asymmetrical-
ly, i.e., deviation from the normal distrubution is
observed.

A study of breaking of the 2�3- and 3�5-mm
granules obtained and matured under the similar con-
ditions using different wetting solutions showed that
the strength and strengthening kinetics also depend
on the composition of the wetting solution (Fig. 2).

The granules formed in the presence of boric
acid admixture have the minimal strength. Probably,
this fact can also be responsible for the particular
granulometric distribution of the product obtained in
pelletizing of the H3BO3-containing charge.

As follows from Figs. 2 and 3, the granule strength-
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ening kinetics correlates with the kinetics of the up-
take of water of crystallization and reflects the topo-
chemical transformation of the hemihydrate into dihy-
drate. The kinetics of the uptake of water of crystal-
lization and the corresponding stages of the phase
transition (Fig. 3) show that the transformation of cal-
cium sulfate hemihydrate into dihydrate starts virtually
simultaneously with the onset of wetting of the phos-
phogypsum powder, with the phase transition rates
during maturing and pelletizing of granules dependent
on the composition of wetting solutions and the type
and content of admixtures in them.

CONCLUSION

Results obtained in measuring the size and strength
of granules obtained in pelletizing of phosphogypsum
moistened with solutions containing admixtures of
sulfuric, phosphoric, or boric acid and of manganese
or zinc sulfate show that the parameters of the gran-

ulometric distribution and the breaking stress of
granules depend on the type and content of admixtures
introduced into the batch being pelletized. These
dependences correlate with the corresponding depen-
dences depicting the uptake of water of crystallization
and the stages of the topochemical transformation of
calcium sulfate hemihydrate into dihydrate.
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Abstract�The possibility of enhancing the stability of potassium fluoride hydrogen peroxide solvates
by adding various chemical compounds was examined. Solid inorganic and organic acids, amines, and related
compounds, and also their mixtures were tested.

Potassium fluoride hydrogen peroxide solvates
KF �nH2O2 (n = 1, 2) are among the most stable com-
pounds containing hydrogen peroxide. The high de-
contaminating activity of this group of hydrogen per-
oxide solvates and their stability made it possible to
develop a series of disinfectants based on KF �nH2O2
[1] with a wide spectrum of antimicrobial effect.

Samples of KF �nH2O2 obtained under laboratory
conditions by the removal of water and excess H2O2
from a solution of KF in aqueous hydrogen peroxide
in a vacuum at 40�60�C decompose with the follow-
ing rates (% day�1): KF �H2O2, 0.0124 (observation
time � = 10 years); KF �1.5H2O2, 0.0374 (� = 7 years);
and KF �2H2O2, 0.0282 (� = 8 years) [1].

As other solid forms of hydrogen peroxide, potas-
sium fluoride hydrogen peroxide solvates undergo
catalytic decomposition under the action of trace im-
purities originating from the starting substances, air,
and surface of vessels and tools during the synthesis.
As compared to the samples dehydrated in a vacuum,
the samples of KF �nH2O2 dried in a flow of heated
air, and also those prepared in a metallic vessel on
a model installation with a film rotary evaporator, are
less stable [1]. For example, KF �1.5H2O2 or samples
of similar compositions kept for one year decompose
with the following rates (% day�1): 0.0085 (dried in
a vacuum), 0.0131 (dried with heated air), and 0.055
(dried in a rotary evaporator). The considerable in-
crease in the decomposition rate in going from drying
in vacuum to drying under conditions similar to those
used in industry shows that it is necessary to develop
measures for stabilizing the hydrogen peroxide sol-
vates, especially in the case of their long-term storage.

In this work we developed procedures for stabiliz-
ing potassium fluoride hydrogen peroxide solvates

using compounds of various types: acids, acid salts,
amines, other compounds with complexing properties,
and also their mixtures.

EXPERIMENTAL

Potassium fluoride forms the following solvates
with hydrogen peroxide: KF �H2O2, KF �2H2O2, and
KF �3H2O2 [2]. The trisolvate is unstable. The other
two solvates are sufficiently stable to be used as disin-
fectants. The equimolar mixture of the mono- and
disolvates with the overall composition KF �1.5H2O2
also appeared to be stable.

We studied the influence of various additives on the
stability of hydrogen peroxide solvates using labor-
atory samples obtained by dehydration in a vacuum.
Stabilizing components were introduced into a solu-
tion of hydrogen peroxide and added to solid potassi-
um fluoride dihydrate. The amount of the additives
did not exceed 1%, because it was found with others
hydrogen peroxide solvates that an increase in the
amount of the added stabilizers often decreases the
stability of samples owing to the deterioration of crys-
tallization conditions and formation of poor-quality
crystals with the reduced stability [3].

The kinetic curves of the thermal decomposition
were obtained using potassium fluoride hydrogen per-
oxide monosolvate KF �H2O2 in the pure state and
also with acid additions. The experiments were carried
out in a device described earlier [4]. To study the
stability in prolonged storage, we chose the solvate
KF �1.5H2O2 containing more hydrogen peroxide.
The samples were stored in polymer reservoirs in the
dark at 20�2�C. As the comparative characteristic we
used the coefficient of the decomposition rate K
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Table 1. Stability of KF �H2O2 in the presence of additives [4]. Amount of stabilizing agent 1 wt % relative to KF �H2O2
������������������������������������������������������������������������������������

Stabilizing agent
�

k1�103 �
k1nostab : k1stab

� K, wt % H2O2/day, at 50�C in indicated time, days
� � �����������������������������������������
� at 120�C � � 9 � 16 � 23 � 35

������������������������������������������������������������������������������������
� � 1.40 � 1 � 14.4 � 32.2 � 38.5 � 39.7
KHSO4 � 0.41 � 3.4 � 0.7 � 0.9 � 1.8 � 2.6
Acid: � � � � � �

oxalic � 0.25 � 5.5 � 0.6 � 1.1 � 1.7 � 2.3
boric � 0.38 � 3.7 � 0 � 0 � 0.2 � 0.9
citric � 0.54 � 2.6 � 0.5 � 1.1 � 1.6 � 2.2

KHF2 � 0.15 � 9.3 � 0 � 0 � 0 � 0.2
������������������������������������������������������������������������������������

(H2O2 loss, % day�1) at the exposure time from 2 to
10 years. The decomposition rate of the samples after
the first 2�3 months of storage became approximately
constant.

Potassium fluoride hydrogen peroxide monosolvate
decomposes under isothermal conditions in the tem-
perature range 90�125�C. The rate constants of its
decomposition in the pure state and in the presence
of additions, calculated by Kolmogorov�Erofeev’s
equation

[�ln (1 � �)]1/3 = k(� � �0),

are listed in Table 1. For pure KF �H2O2 without addi-
tions, the rate constant is k1 = 1.40 �10�3 min�1 at
120�C. The kinetic curves taken in the presence of
additions at the same temperature give considerably
smaller (by a factor of 2�9) rate constants. The stabil-
ity of these samples in storage at elevated tempera-
tures appreciably grows.

To study the stability of KF �1.5H2O2 in long-term
storage, we used not only acids and acid salts, but also
other compounds. The data for the compounds that,
according to preliminary kinetic data, showed a sta-
bilizing effect are listed in Table 2.

It is seen that inorganic and organic acids exhibit
a noticeable stabilizing effect with respect to potas-
sium fluoride sesquisolvate in its long-term storage,
reducing the decomposition coefficient by a factor of
no less than 2.5. Benzoic, salicylic, and acetylsalicylic
acids show the highest stabilizing activity. Amines
also have a high stabilizing activity. Mixed stabilizing
agents act in various ways. Citric acid in a mixture
with oxalic acid or hexamethylenetetramine provides a
double increase in the stability as compared to each
of these compounds separately. The highest stabiliza-
tion is reached when potassium hydrofluoride is added
to KF �1.5H2O2: the rate of the solvate decomposition

in the presence of 0.5% KHF2 decreases by a factor
of 8.

It is difficult to unambiguously propose a mech-
anism responsible for the stabilizing effect of the
compounds under study. The stabilizing agents found
for KF �nH2O2 are not a unique example of successful
search for stabilizing additives to solid forms of
hydrogen peroxide. Numerous stabilizing agents were
suggested for Na2CO3�1.5H2O2, which is commercial-
ly produced as a bleaching component of detergents.
The main principle of their selection is based on the
necessity to bind transition metal impurities into
slightly soluble and catalytically low-active salts and
to protect the solvate from the action of moisture [2].
The moisture adsorbed on crystals of sodium carbo-
nate hydrogen peroxide solvate creates a microfilm
of an alkaline solution in which hydrogen peroxide
rapidly decomposes. However, along with additives
that bind transition metals and prevent moistening of
the solvate, there are numerous patents concerning the
stabilization of sodium carbonate hydrogen peroxide
solvate by compounds and mixtures lacking these
two priority properties. The mechanism of their sta-
bilizing effect has not been elucidated, nor has it been
described even hypothetically.

The assumption that binding of trace transition
metal impurities (Fe, Cr, Mn, Cu) with acids into dif-
ficultly soluble salts is the factor responsible for a
decrease in their catalytic activity seems improbable
in the case of potassium fluoride hydrogen peroxide
solvates, as fluorides of these metals are also difficult-
ly soluble. A reasonable explanation could be a shift
of pH of the solution microfilm on the surface of
KF �nH2O2 crystals toward lower values as compared
to the weakly alkaline medium free from stabilizing
acids. However, the stabilizing effect of amines and
related compounds remains unclear, as some of them,
e.g., tetramethylammonium hydroxide, have proper-
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Table 2. Stability of KF �1.5H2O2 in long-term storage in the presence of stabilizing additives
������������������������������������������������������������������������������������

Stabilizing agent, wt % � �, year � K, wt % H2O2/day � Relative increase in stability
������������������������������������������������������������������������������������

KF �1.5H2O2

� � 8 � 0.0374 � 1
Acid: � � �

acetic, 0.5 � 4.7 � 0.0097 � 3.8
benzoic, 0.5 � 3.8 � 0.0067 � 5.6
citric, 0.5 � 4.8 � 0.0149 � 2.5
oxalic, 1.0 � 6.6 � 0.0128 � 2.9
boric, 1.0 � 4.2 � 0.0166 � 2.2
salicylic, 1.0 � 3.7 � 0.0080 � 4.6
acetylsalicylic, 0.5 � 5.0 � 0.0076 � 4.9

KHF2, 0.5 � 4.7 � 0.0050 � 7.5
Amines and related compounds: � � �

Na2EDTA, 0.5 � 3.7 � 0.0103 � 3.6
urea, 0.5 � 4.6 � 0.0066 � 3.7
urethane, 0.5 � 6.5 � 0.0070 � 5.3
nitroguanidine, 0.5 � 3.8 � 0.0065 � 5.8
(CH3)4NOH, 0.5 � 3.8 � 0.0059 � 6.3
diphenylguanidine, 0.5 � 6.4 � 0.0138 � 2.7
diphenylamine, 0.5 � 3.6 � 0.0070 � 5.3
hexamethylenetetramine, 0.5 � 0.3 � 0.0145 � 2.6

Other (mixed) stabilizing agents: � � �
Detergent (Lotos for machine washing), 0.5 � 4.2 � 0.0152 � 2.4
Na2SiO3, 0.5 � 3.6 � 0.0165 � 2.3
sodium stearate, 0.5 � 5.0 � 0.0099 � 3.8
Na2EDTA, 0.5 + urea, 0.5 � 4.3 � 0.0132 � 2.8
citric acid, 0.5 + hexamethylenetetramine, 0.25 � 3.9 � 0.0079 � 4.7
citric acid, 0.5 + oxalic acid, 0.25 � 3.5 � 0.0059 � 6.3
salicylic acid, 0.1 + hexamethylenetetramine, 0.25� 3.9 � 0.0091 � 4.1
salicylic acid, 0.5 + hexamethylenetetramine, 0.5 � 3.9 � 0.0069 � 5.4

PKF-2

� � 5.0 � 0.0402 � 1
KHF2, 0.5 � 5.0 � 0.0061 � 6.7
������������������������������������������������������������������������������������

Table 3. Stability of PFK-1 and PFK-3 samples at 20�2�C in the presence of acid additives
������������������������������������������������������������������������������������

Stabilizing agent, wt % � �, year � K, wt % H2O2/day � Relative increase in stability
������������������������������������������������������������������������������������

PFK-1

� � 10.0 � 0.0124 � 1
KHF2: � � �

0.5 � 6.7 � 0.0013 � 9.5
1.0 � 10.0 � 0.0052 � 2.4

KHF2, 1.0 + sulfonol, 0.5 � 8.3 � 0.0025 � 5.9
Acetylsalicylic acid, 0.5 � 1.8 � 0.0028 � 4.4
Acetylsalicylic acid, 0.1 + Sulfonol, 0.14 � 4.7 � 0.0068 � 1.8
Sulfanilic acid, 0.1 + Sulfonol, 0.25 � 3.2 � 0.0062 � 2.0

PFK-3

� � 8.1 � 0.0282 � 1
Acid: � � �

citric, 0.1 � 6.0 � 0.0249 � 1.1
oxalic, 0.1 � 6.4 � 0.0232 � 1.1

KHF2, 0.1 � 4.3 � 0.0042 � 6.7
������������������������������������������������������������������������������������
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ties of strong bases and shift the pH to the opposite
direction.

The stabilizing agents effective for KF �1.5H2O2
obtained under laboratory conditions were used to
prepare disinfecting agents based on potassium fluor-
ide hydrogen peroxide solvates: PFK-1 (based on KF �

H2O2), PFK-2 (based on KF �1.5H2O2), and PFK-3
(based on KF �2H2O2). The samples were prepared
on a model installation using a film rotary evaporator
for drying.

The stabilizing effect of the compounds on the
PFK-2 sample is similar to their action on the labora-
tory samples of KF �1.5H2O2 (this is shown in
Table 2 with the most striking example of the stabili-
zation with KHF2).

The data on the stabilization of PFK-1 sample with
the stabilizing agents that are the most effective for
KF �1.5H2O2 are shown in Table 3.

Comparison of Tables 2 and 3 shows that the pure
PFK-1 sample is approximately three times as stable
as PFK-2. In the presence of additives, the degree
of the increase in the stability of the PFK-1 sample
is the same as in the case of PFK-2.

The data on the effect of additives on the stability
of the PFK-3 sample, the richest in hydrogen peroxide,
are given in Table 3. It is seen that the pure PFK-3
sample in the case of its long-term storage is some-
what more stable than the PFK-2 sample. This is
probably due to the fact that the PFK-3 sample is
based on the pure hydrogen peroxide solvate KF �

2H2O2, whereas the base of the PFK-2 sample is a
mixture of two compounds, namely, potassium fluor-
ide mono- and disolvates, which, apparently, prevents
formation of the well-shaped crystals of the solvates
in their joint crystallization and leads to reduced
stability of the sample. In the case of the PFK-3 sam-
ple, only potassium hydrofluoride retains a stabilizing
effect, increasing the sample stability by a factor of
6.7. The other additives (citric and oxalic acids) only
slightly reduce the decomposition coefficients.

We have selected potassium hydrofluoride as the

main stabilizing agent for PFK preparations. The dis-
infectants obtained with this agent have passed tests
successfully and have been accepted for the produc-
tion and application in the Russian Federation [1].

CONCLUSIONS

(1) Various procedures were considered for the
stabilization of potassium fluoride hydrogen peroxide
solvates and also of disinfectants based on them.
Addition of solid organic acids to the solvates in the
amount of 0.5�1.0 wt % decreases the rate of their de-
composition in long-term storage (20�2�C) by a
factor of 3�5; addition of amines, by a factor of 3�6;
and addition of potassium hydrofluoride, by a factor
of 7�9.

(2) The most effective stabilizing agent KHF2 was
used to obtain the PFK-1, PFK-2 and PFK-3 disinfec-
tants, which were tested under actual operation condi-
tions. The decomposition rate of the samples with
KHF2 added, at the shelf life of no less than 5 years,
is as follows: PFK-1 0.0013, PFK-2 0.0050, and
PFK-3 0.0042 % day�1.

REFERENCES

1. Buyanov, V.V., Nikol’skaya, V.P., Pudova, O.P., et al.,
Peroksosol’vaty v dezinfektologii (Hydrogen Peroxide
Solvates in Disinfection Science), Chernogolovka: Inst.
Problem Khim. Fiz., Ross. Akad. Nauk., 2000.

2. Titova, K.V., Nikol’skaya, V.P., and Buyanov, V.V.,
Koordinatsionnye soedineniya peroksida vodoroda
(Coordination Compounds of Hydrogen Peroxide), Inst.
Problem Khim. Fiz., Ross. Akad. Nauk., 2000.

3. Titova, K.V., Kolmakova, E.I., and Rosolovskii, V.Ya.,
Zh. Neorg. Khim., 1985, vol. 30, no. 9, pp. 2222�2227.

4. Titova, K.V., Kolmakova, E.I., and Rosolovskii, V.Ya.,
Fiziko-khimicheskie svoistva i sposob stabilizatsii
peroksogidrata karbonata natriya Na2CO3 � 1.5H2O2
(Physicochemical Properties and Ways of Stabilization
of Sodium Carbonate Hydrogen Peroxide Solvate
Na2CO3 �1.5H2O2), Available from VINITI, Moscow,
March 2, 1983, no. 1254�84.



1070-4272/03/7603-0346$25.00�2003 MAIK �Nauka/Interperiodica�

Russian Journal of Applied Chemistry, Vol. 76, No. 3, 2003, pp. 346 �350. Translated from Zhurnal Prikladnoi Khimii, Vol. 76, No. 3,
2003, pp. 360 �364.
Original Russian Text Copyright � 2003 by Sokolovskii, Bobkova, Radion.

INORGANIC SYNTHESIS
����������������� �����������������

AND INDUSTRIAL INORGANIC CHEMISTRY

Conditions for the Chemical Precipitation of the Starting
Substances from Solutions for the Synthesis of Aluminospinels

A. E. Sokolovskii, N. M. Bobkova, and E. V. Radion

Belarussian State Technological University, Minsk, Belarus

Received October 22, 2002

Abstract�The precipitation of hydroxides from the Mg2+
�Al3+

�An��H2O system (An = NO3
�, Cl�, SO4

2�)
at the initial spinel molar ratio Mg2+ : Al3+ = 1 : 2 was studied. The optimal conditions were found for obtain-
ing the precipitates exhibiting the best properties in the manufacturing sense; their subsequent heat treatment
yields a single phase of aluminomagnesium spinel.

Aluminomagnesium spinel is a promising structural
material combining a number of valuable properties
[1�3]. It is difficult to obtain a compact ceramics
from spinel, though numerous attempts were under-
taken to carry out such a synthesis using mineralizers,
pulverizing pyrolysis, and thermal treatment of poly-
crystalline samples of oxide mixtures [1, 4]. One of
possible ways to prepare high-density oxide ceramics
may be the coprecipitation of ultrafine powders fol-
lowed by thermal decomposition of the intermediate
product.

According to [5], the use of ultradispersed powders
with the particle sizes less than 1 �m, obtained by
coprecipitation from concentrated solutions of salts,
makes it possible to reduce the temperature of sinter-
ing ceramic products based on aluminomagnesium
spinel to 1600�C. Moreover, it is possible to obtain
the stoichiometric MgO�Al2O3 spinel as powders
with a prescribed degree of dispersion by adjusting
the pH and temperature of solutions [6]. Contrary to
the traditional method of synthesizing powders of the
MgAl2O4 spinel by a solid-phase reaction between
the oxides at 1600�C, their preparation by coprecipita-
tion from aqueous solutions reduces the temperature
of the spinel synthesis (1450�C) and increases the
activity of the powders [7]. When magnesium and
aluminum nitrates are used as starting materials, the
powders contain only the spinel phase with the aver-
age particle size of about 14 �m, and when chlorides
are used, traces of Al2O3 are detected in the powders
along with the spinel phase, the average size of the
spinel particles being about 12 �m [7].

The aim of this work was to study the precipitation
of hydroxides in the Mg2+�Al3+�An��H2O system

and to substantiate the optimal conditions for obtain-
ing precipitates for the subsequent synthesis of the
single-phase aluminomagnesium spinel MgO �Al2O3
at a temperature as low as possible.

EXPERIMENTAL

We studied the precipitation of hydroxides in the
Mg2+�Al3+�An��H2O system by pH-metric titration
(an I-160 pH meter equipped with a microprocessor
and a temperature-controlled cell), turbidimetric titra-
tion (an FEK-56M photocolorimeter with a TPR titra-
tion outfit), and chemical analysis.

We used 1 M solutions of aluminum and magnesi-
um nitrates, chlorides, and sulfates (analytically pure
grade) as the starting solutions for obtaining hydrox-
ides. The concentration of magnesium(II) was deter-
mined by complexometric titration with Eriochrome
Black T in ammonia buffer [8], and the concentration
of aluminum(III), by complexometric back-titration
with a zinc salt and Xylenol Orange in an acidic solu-
tion [9].

To study the precipitation, we prepared 0.4 M solu-
tions with the exact ratio Mg2+ : Al3+ = 1 : 2. A 1 M
KOH (analytically pure grade) solution was a pre-
cipitating agent. The pH was monitored with an I-160
pH meter. The equilibrium pH after adding the KOH
solution was attained slowly; therefore, we determined
pH in 1 h after adding the whole amount of the alkali.

After separating the precipitate by filtration, we
determined the residual amounts of magnesium(II) and
aluminum(III) in the filtrate as described above. Under
these conditions, Mg2+ ions, which were present in
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combination with Al3+ ions, did not interfere with the
determination of Al3+, whereas Al3+ ions interfered
with the determination of Mg2+, as they bound the
indicator. Therefore, we used triethanolamine to mask
Al3+ ions [10].

The aim of the pH-metric studies was to find
regular trends in the precipitation of Mg2+ and Al3+

hydroxides. In these experiments, we varied the tem-
perature (25 and 40�C) and composition of the solu-
tion being titrated (solutions of Mg2+, Al3+, and
Mg2+�Al3+). A 0.1 M KOH solution was the titrant
(Fig. 1). The titration curves of the solutions for each
composition at 25 and 40�C are almost indistinguish-
able, i.e., the temperature only slightly affects the
precipitation.

A single weakly pronounced step is observed in the
curves of pH-metric titration of 0.01 M Mg2+ solution
at the OH/M ratio of about 2 (Fig. 1a). The buffer
region of the titration curve is in the range of pH �10�
10.5. As the first drops of alkali are added, pH almost
immediately reaches 10, and the hydroxide starts to
precipitate.

The buffer region corresponding to the hydrolysis
of aluminum(III) in the range pH 3�4 starts in the
titration curves of the 0.01 M solution of Al3+ im-
mediately after adding the first portions of alkali. At
the end of this region, a single step is observed at the
OH/M ratio of about 3 (Fig. 1b). The hydroxide starts
to precipitate at the onset of the step at pH �5; the
precipitation is complete at the end of the step at
pH �11. On the further addition of alkali, the precipi-
tate of aluminum hydroxide dissolves to give hy-
droxoaluminate ions. However, this process occurs
without any steps in the titration curves.

The buffer region in the titration curves of the
Mg2+�Al3+ solution with the molar ratio Mg2+ : Al3+ =
1 : 2 (the same as in spinel) starts just after adding the
first portions of alkali. This region corresponds to the
aluminum(III) hydrolysis and lies at pH �4�5 as
in the titration curves of pure Al3+ (Fig. 1c). It ends
with a step at OH/M � 2, which corresponds to the
complete transformation of aluminum(III) into alumi-
num hydroxide. After the end of the step, a short
buffer region is observed at pH �9. This region is
completed with the second step at the OH/M ratio of
about 2.5�2.75, which corresponds to the end of the
magnesium(II) hydrolysis. At the same time, the titra-
tion curves of the ion mixture show some distinctive
features. When magnesium(II) is titrated (Fig. 1a),
the buffer region before the step is in the range of
pH �10�10.5. The titration of aluminum(III) is com-

(a)

(b)

(c)

Fig. 1. Titration curves [(1) integal and (2) differential]
of 0.01 M solutions of (a) Mg2+, (b) Al3+, and (c) Mg2+

�

Al3+.

pleted at almost the same pH (Fig. 1b). In the titration
curve of the mixture, the buffer region at pH �9 corre-
sponds to the titration of magnesium(II) after the
complete neutralization of Al3+. Correspondingly, the
step at the end of the magnesium(II) titration is sub-
stantially larger than in the case of the titration of pure
Mg2+. This means that the precipitate of alumi-
num(III) hydroxide exerts certain effect on the pre-
cipitation of magnesium(II) hydroxide.

The precipitation of hydroxides in the Mg2+�Al3+�
NO3

��H2O system was studied by the turbidimetric
titration with an alkali, and the titration curves for
aluminum(III), magnesium(II), and aluminum(III)�
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Fig. 2. Curves of turbidimetric titration of solutions of
(1) Mg2+, (2) Al3+, and (3) Mg2+

�Al3+. (A) Light absorp-
tion; the same for Fig. 3.

(a)

(c)

(c)

Fig. 3. Curves of (1) pH-metric (2) and turbidimetric titra-
tion of solutions of (a) Mg2+, (b) Al3+, and (c) Mg2+

�Al3+.

magnesium(II) solutions were obtained (Fig. 2).
The experimental technique and conditions were as
follows. The apparent light absorption Aapp of a color-
less suspension was measured with a yellow�green

color filter in a cell with the 25-mm-thick absorbing
layer, which ensured the measurement of Aapp under
optimal conditions. Before the beginning of the titra-
tion, the starting spinel molar ratio Mg2+ : Al3+ =
1 : 2 was set in the solution. The titrating agent was
0.1 M KOH. To construct the titration curves, we re-
calculated the added volume of alkali to the OH/M
ratio.

As the alkali was added in the course of the turbi-
dimetric titration, precipitates were gradually formed,
and, correspondingly, the turbidity of all the solutions
in the initial portions of the curves increased (Fig. 2,
curves 1�3). The precipitation of magnesium(II) was
complete at OH/M = 2.5, as above this value the tur-
bidity remained unchanged (Fig. 2, curve 1). The titra-
tion curve of aluminum(III) has a more complicated
shape (Fig. 2, curve 2), which is caused by the am-
photeric nature of its hydroxide. The precipitate is
formed up to OH/M = 3 (Aapp increases), whereas
at OH/M > 3.25 it dissolves, as evidenced by the
fact that the solution turbidity decreases as alkali is
added. At OH/M � 4.75, Aapp does not noticeably
change since the precipitate has completely dissolved.
The titration curve of the aluminum(III)�magnesi-
um(II) solution (Fig. 2, curve 3) differs from both
curves described above. The main difference is as-
sociated with the fact that aluminum(III) hydroxide
does not dissolve in the presence of magnesium(II).
Consequently, during joint precipitation of the hy-
droxides, a chemical reaction between the ions oc-
curred. The maximal amount of the precipitate deter-
mining the maximal Aapp values is formed in the
range of OH/M = 2.5�2.8. At OH/M � 3.0, the pre-
cipitate partially dissolves; however, the decrease in
the turbidity is insignificant as compared to the titra-
tion curve of aluminum(III).

To compare the data obtained by two independent
methods, we plotted the curves of turbidimetric and
pH-metric titration in Fig. 3. To bring the curves to
the same scale along the y-axis, the Aapp values were
normalized in the course of the computer processing
by multiplying by a correction coefficient. The turbid-
ity of the solutions changes only at the expense of
the formation or dissolution of precipitates, and pH is
determined by several processes occurring successive-
ly and in parallel. Hence, by comparing the curves
obtained, we can refine the optimal pH range within
which the precipitation becomes complete. To do this,
we must draw a perpendicular from the maximum
point in the Aapp = f (OH/M) curve to the x-axis.
Then, from the point of its intersection with the pH =
f (OH/M) curve, we must draw a perpendicular to
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Influence of pH and starting salts on the completeness of Mg2+ and Al3+ precipitation
������������������������������������������������������������������������������������

Compound � T, �C � pH � Residual concentration, M
������������������������������������������������������������������������������������

Mg(NO3)2 + Al(NO3)3 � 20 � 10.97 � 0.0003 � 0.012
� 20 � 11.38 � 0.00015 � 0.0038
� 20 � 10.39 � 0.0005 � 0.0009
� 65 � 11.12 � 0.00015 � 0.0178
� 20 � 9.78 � 0.0005 � 0.00067
� 20 � 12.05 � 0.000125 � 0.083� � � �

MgCl2 + AlCl3 � 20 � 10.56 � 0.000375 � 0.0069
� 20 � 8.86 � 0.00425 � 0.0001
� 20 � 9.66 � 0.00045 � 0.0001� � � �

MgSO4 + Al2(SO4)3 � 20 � 10.98 � 0.00031 � 0.0135
� 20 � 9.47 � 0.000525 � 0.000375
� 20 � 9.26 � 0.001 � 0.0025

������������������������������������������������������������������������������������

the y-axis and determine the pH value. For magnesi-
um(II) it is 11.5 (Fig. 3a), for aluminum(III), 8.9�9.9
(Fig. 3b), and for the solution containing both ions,
9.5�10.0 (Fig. 3c). It is noteworthy that, in all the
cases, the pH value determined by this procedure
appears to be higher than the pH in the points of
equivalence.

These results are in full agreement with the ex-
perimental data on the apparent volume of the pre-
cipitates [11]. Specifically in the above-given pH
ranges the precipitates have the smallest volume, are
deposited quickly, and are easily filtered, i.e., they
are the most compact and the easiest to process [11].
Therefore, based on the data obtained by the three
independent methods, the range of OH/M = 2.5�2.7
is optimal.

As follows from the results of pH-metric and pho-
toturbidimetric titration, Mg2+ and Al3+ hydroxides
are precipitated in a fairly wide pH range. At the same
time, to obtain hydroxide precipitates that will be sub-
sequently used as precursors for obtaining spinels,
the stoichiometric ratio Mg2+ : Al3+ = 1 : 2 must be
kept. Therefore, to find the optimal pH range and
examine the influence of the anion, we studied the
precipitation of aluminum(III) and magnesium(II) hy-
droxides at different pH using different Mg2+ and
Al3+ salts. The results (table, Fig. 4) show that the
dependences of the residual ion concentrations on pH
of the Mg2+ and Al3+ solutions differ from each other.
At low pH, Mg2+ ions are precipitated incompletely,
and at high pH so do Al3+ ions. Temperature does not
exert a substantial effect on the precipitation com-
pleteness but affects the rate of the equilibrium attain-
ment. The optimal pH range in which Mg2+ and Al3+

precipitate almost completely is 9.5�10.5, which cor-

responds to the second step in the titration curve
(Fig. 1c). Such a value of pH can be obtained when
using ammonium hydroxide as a precipitant. Accord-
ing to the reference data on the precipitation of Mg2+

and Al3+ ions from their individual solutions [10], on
the one hand, Mg2+ ions should not precipitate in the
range of pH 9.5�10.5, and on the other hand, Al3+

ions should be converted almost completely into hy-
droxoaluminate ions. Therefore, the chemical analysis
of the filtrate suggests a chemical reaction between
Mg2+ and Al3+ ions during the precipitation with
alkali.

It was found that heating of the samples syn-
thesized under the above-given optimal conditions to
1000�C results in 41.07�43.57% weight loss [11].
This is almost twice lower than the weight loss re-
ported in [5] for the samples prepared in a similar
manner. The weight loss is completed at a lower tem-
perature compared to the other precipitates, especially
those obtained from nitrate solutions (865�C instead
of 1000�1100�C) [11]. Moreover, the peaks corre-
sponding to the interplanar spacings typical for the
MgO �Al2O3 spinel (0.2014, 0.243, 0.143 nm) were

[Mg2+], M
[Al3+], M

Fig. 4. Influence of pH on residual concentrations of
(1) Mg2+ and (2) Al3+ ions.
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observed even in the samples calcined at 320�C, and
this is the only phase detected in the temperature
range 320�1250�C.

The results of our studies allow us to develop
scientific principles of synthesizing the MgO �Al2O3
spinel from chemically precipitated mixtures. This
will allow preparation of the spinel in a highly dis-
persed state with a high yield and the subsequent
sintering of materials based on it at a considerably
lower temperature.

CONCLUSIONS

(1) The optimal pH range for the precipitation of
precursors for the synthesis of aluminomagnesium
spinel was found by a combination of independent
research methods.

(2) The single phase of aluminomagnesium spinel
is formed by the heat treatment of the precipitates
obtained under the optimal conditions.
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Abstract�The method of low-temperature adsorption of nitrogen was applied to study structural charac-
teristics of commercial peptized aluminum hydroxides. An increase or decrease in the porometric volume,
depending on the nature and concentration of the peptizing agent, was analyzed. The phenomena observed are
explained in terms of the mechanism suggested for formation of the pore system in commercial aluminum
hydroxides. The dependence of the physicomechanical properties of active aluminum oxide on synthesis
conditions and texture characteristics of commercial aluminum hydroxides was studied.

It is known that texture is formed in active alumi-
num oxide (AAO) not only during precipitation of
aluminum hydroxide (AH), but also in the course of
subsequent process operations. One of stages of the
process used to obtain �-Al2O3 by reprecipitation
of alumina is peptization of washed hydroxide with
pseudoboehmite morphology. This procedure is per-
formed to impart to AH masses the necessary thixo-
tropic and strength characteristics [1�4].

As a rule, commercial AHs are blended, i.e., ob-
tained by mixing in a necessary ratio (most frequently,
1 : 1) hydroxides formed by hot and cold (after sta-
bilization) precipitation. The influence exerted by the
conditions of industrial precipitation and stabilization
on the AH structure was studied previously [5].

The aim of this study was to analyze the influence
exerted by the nature and concentration of a peptizing
agent on the texture of cold- and hot-precipitated AH,
and a mixture of these, and to reveal a correlation
between the texture and physicomechanical properties
of industrial AH.

EXPERIMENTAL

Aluminum hydroxides were synthesized under in-
dustrial conditions by the method of batch precipita-
tion using the sulfate process. Blended AHs were
prepared by mixing cold- and hot-precipitated hydrox-
ides in 0.8 : 1.0 ratio. The peptization was done
by treating AH with mineral acid solutions in a mix-
ing machine at 160�C. The measurement conditions
have been described previously [5].

The mechanical strength was determined on a semi-
automatic device with a knife with blade width of
0.8 mm [8]. The bulk density �b was found using
a vibrator device [8]. The porometric volume Vp and
pore size distribution were calculated from the desorp-
tion branch of an isotherm by the standard Barrett�
Joyner�Highland procedure [6, 7].

It is known [6, 9] that cold-precipitated AH have
the most labile structure because of the weak inter-
crystallite bonds (coagulation contacts, van der Waals
interactions) between primary particles and the con-
siderable content of interlayer water in the unit cell of
pseudoboehmite. Therefore, the influence exerted
by the nature of peptizing agent on the texture of cold-
precipitated AH was studied in the first place. The
data obtained are listed in Table 1 and shown in
Fig. 1a.

The hysteresis loop of the adsorption isotherm of
the initial AH is of the H2 type, which points to the
presence of bottle-shaped pores in fibrillar fragments
of the gel-like pseudoboehmite.

The initial cold-precipitated AH (Fig. 1a) is charac-
terized by a broad peak of height 0.007 cm3 g�1 ��1

in the pore size distribution at around 78 �, which
accounts for about 72% of the porometric volume. It
may be assumed that the observed peak in the pore
size distribution is a sum of two peaks at 72 and
90 � with close heights. Also seen in the poro-
gram are shoulders at 52 (�0.0045 cm3 g�1 ��1), 34
(0.0030 cm3 g�1 ��1), and 24 � (0.0012 cm3 g�1 ��1).
The specific surface area of AH is 225 m2 g�1, and
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(a)

D, �
(b)

D, �

dVp/dD, cm3 g�1 ��1

Fig. 1. Pore volume Vp distributions for (a) cold- and
(b) hot-precipitated AH. (D) Pore diameter; the same
for Fig. 3. (1) Initial AH; AH subjected to peptization
with 0.04 M acid solution: (2) HNO3, (3) H3PO4, and
(4) CH3COOH.

Fig. 2. Scheme of breakdown of pore-forming fragments of
gel-like pseudoboehmite. Fragment: (1) I (D = 25 �), (2) II
(D = 36 �), and III (D = 42 �).

the porometric volume, 0.50 cm3 g�1.

Treatment with 0.4 M nitric acid shifts (Fig. 1a) the
main peak (78 �) with height of 0.0092 cm3 g�1 ��1,
which accounts for 61% of the porometric volume
(0.28 cm3 g�1), to smaller values (72 �). The heights
of peaks in the pore size distribution increase by 60,
66, and 50% for the peaks at, respectively, 52, 34, and
24 �. The specific surface area of AH increases by
approximately 10% (from 225 to 257 cm3 g�1 ��1),
with the porometric volume remaining virtually un-
changed. Peptization with 0.04 M acetic acid leads to
complete disappearance of peaks at 72 and 90 �, with
only three peaks with much greater height observed
in the porogram (Fig. 1a). As seen from Table 1, the
heights of almost all peaks in the pore size distribu-
tion grow to the same extent, by a factor of 3, whence
follows that CH3COOH much exceeds HNO3 in the
peptizing activity.

Peptization with orthophosphoric acid breaks down
the hydroxide to a lesser extent. The height of the
peak in the pore size distribution at 90 � decreases
from 0.007 to 0.004 cm3 g�1 ��1. The height of the
peaks in the pore size distribution at 72 and 34 �
grows to a much greater extent than in the case of
nitric acid, from 0.007 to 0.010 cm3 g�1 ��1 and from
0.003 to 0.007 cm3 g�1 ��1, respectively.

The high reproducibility of the diameters of pores
in AH and their discrete breakdown in peptization can
be understood in terms of the previously suggested
mechanism of AH texturing. It is most probable that
the peptizing agent attacks places of contact between
microcrystallites at (010) planes; breakdown of pore-
forming fragments can be represented by the scheme
in Fig. 2.

Probably, intermediate structures with another
number of microcrystallites in the fragment coor-
dinated along the b axis, which are not revealed in
porograms of the samples studied, may also exist.

Starting from the fact that the porometric volume
of AH remains virtually unchanged upon peptization,
as also does the type of the hysteresis loop, it may be
assumed that acid peptization leads to rearrangement
of the pore system within fibrillar structures, with the
liberated microcrystallites involved in formation of
more �stable� AH fragments with pore size close to
that of the already existing pores, which is indicated
by the increase in the specific surface area of the
hydroxide (Table 1). The most stable structural units
in a fibrillar particle are, probably, fragments I and II,
which contain the minimum number of coordinated
particles.
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Table 1. Effect of the nature of peptizing agent on the texture of cold-precipitated AH. Concentration of peptizing
agent 0.04 M
������������������������������������������������������������������������������������

Parameter*
� Peptizing agent
��������������������������������������������������
� absent � HNO3 � H3PO4 � CH3COOH

������������������������������������������������������������������������������������
Cold precipitation

I �104, cm3 g�1 ��1, for indicated diameter, �:� � � �
24 � 12 � 18 � 23 � 33
34 � 30 � 50 � 72 � 94
52 � 45 � 72 � 72 � 136
72�78 � 70 � 92 � 101 � 0
90 � 70 � 25 � 40 � 0

Ssp, cm2 g�1 � 225 � 257 � 326 � 304
Vp, cm3 g�1 � 0.50 � 0.49 � 0.61 � 0.46

� � � �Vp, cm3 g�1, for indicated diameters, �: � � � �
8�50 � 0.11 � 0.17 � 0.33 � 0.33
50�100 � 0.361 � 0.369 � 0.427 � 0.284

Dav, � � 67 � 56 � 56 � 44
Kav, kg mm�1 � 3.08 � 4.07 � 3.44 � 3.90
Grain diameter,** mm � 2.11 � 2.16 � 2.41 � 2.18
�b, g cm�3 � 0.73 � 0.72 � 0.55 � 0.66

� � � �SO3
2�, % � 1.17 � 1.10 � 0.95 � 1.05

Na2O, % � 0.034 � 0.034 � 0.034 � 0.034

Hot precipitation

I �104, cm3 g�1 ��1, for indicated diameter, �:� � � �
24 � 21 � 21 � 29 � 22
35 � 94 � 84 � 151 � 98
48 � 82 � 99 � 104 � 104

�60 � 75 � 81 � 63 � 80
Ssp, cm2 g�1 � 319 � 319 � 364 � 333
Vp, cm2 g�1 � 0.78 � 0.74 � 0.78 � 0.75

� � � �Vp, cm3 g�1, for indicated diameters, �: � � � �
8�50 � 0.24 � 0.34 � 0.36 � 0.36
50�100 � 0.47 � 0.40 � 0.42 � 0.40

Dav, � � 72 � 66 � 65 � 64
Kav, kg mm�1 � 0.78 � 1.53 � 1.51 � 0.94
Grain diameter,** mm � 3.34 � 3.26 � 3.32 � 3.39
�b, g cm�3 � 0.28 � 0.34 � 0.34 � 0.30

� � � �SO3
2�, % � 0.62 � 0.81 � 0.72 � 0.82

Na2O, % � 0.032 � 0.032 � 0.032 � 0.032
������������������������������������������������������������������������������������
* I, height of peaks in pore size distribution; Dav = 4Vdes /Sdes; Kav, average strength coefficient for Al2O3 grains.

** Die diameter 3.5 mm; the same for Table 2.

This is confirmed by the increase in the height of
peaks in the pore size distribution at 25 and 36 �
upon peptization. Irrespective of the nature of the acid
anion, the peptizing agent attacks the places of contact
between pseudoboehmite microcrystallites [probably,
at the (010) plane]], which is accompanied by partial
deaggregation of the porous system. The peptizing ac-
tivity of the acids studied, judged from the degree of

breakdown of pores with largest diameters, decreases
in the order CH3COOH > HNO3 > H3PO4.

Acid peptization leads to partial dissolution of
the hydroxide to give basic salts, which, as shown in
[10, 11], diffuse into the thinnest pores and fill them,
thus reducing the contribution of these pores to
the porometric volume. In the case of peptization with
HNO3 and CH3COOH, the forming basic salts are
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Table 2. Effect of the nature of peptizing agent on the texture and physicomechanical properties of blended AHs
������������������������������������������������������������������������������������

Parameter

� Peptizing agent, M, for indicated sample
������������������������������������������������������������������
�

no. 1,
� no. 2, � no. 3, � no. 4, � no. 5, � no. 6, � no. 7, � no. 8,

�
absent

� HNO3, � H3PO4, � H3BO3, �CH3COOH,�CH3COOH,�CH3COOH,�CH3COOH,
� � 0.007 � 0.008 � 0.010 � 0.010 � 0.020 � 0.020 � 0.040

������������������������������������������������������������������������������������
I �104, cm3 g�1 ��1, � � � � � � � �
for indicated diameter, �:� � � � � � � �

25 � 8 � 5 � 8 � 5 � 14 � 10 � 18 � 21
36 �118 � 97 � 118 � 117 � 113 � 88 � 98 � 108
170 � 23 � 34 � 27 � 31 � 33 � 41 � 38 � 46

Ssp, cm2 g�1 �224 �235 � 236 � 229 � 248 � 230 � 270 � 281
� � � � � � � �Vdes, cm3 g�1 � 0.587 � 0.668 � 0.607 � 0.617 � 0.672 � 0.711 � 0.712 � 0.670
� � � � � � � �Vp, cm3 g�1, for indicated� � � � � � � �

diameters, �: � � � � � � � �
18�50 � 0.105 � 0.082 � 0.096 � 0.088 � 0.122 � 0.103 � 0.122 � 0.136
50�100 � 0.094 � 0.152 � 0.111 � 0.102 � 0.162 � 0.164 � 0.169 � 0.197

>100 � 0.387 � 0.434 � 0.399 � 0.427 � 0.388 � 0.443 � 0.421 � 0.364
Kav, kg mm�1 � 2.51 � 2.64 � 2.57 � 2.84 � 2.52 � 2.70 � 3.35 � 3.30
Grain diameter, mm � 2.51 � 2.73 � 2.53 � 2.50 � 2.69 � 2.76 � 2.35 � 2.33
�b, g cm�3 � 0.54 � 0.55 � 0.52 � 0.54 � 0.51 � 0.51 � 0.50 � 0.49

� � � � � � � �SO3
2�, % � 1.20 � 1.10 � 1.06 � 1.16 � 0.94 � 1.06 � 0.84 � 0.97

Na2O, % � 0.039 � 0.028 � 0.037 � 0.031 � 0.030 � 0.029 � 0.037 � 0.030
������������������������������������������������������������������������������������

water-soluble, which reduces the height of the peak
in the pore size distribution at 34 �. With H3PO4, no
diffusion of basic phosphates occurs because of their
low solubility [12]. It may be assumed that basic salts
are accommodated in pores with diameter exceeding
40 �, which must diminish the corresponding peaks
in the pore size distribution. However, account should
also be taken of the formation of an additional po-
rometric volume (pores 25 and 34 � in diameter) by
products formed in breakdown of larger pores. The
observed changes in the heights of peaks in the pore
size distribution at 25 and 34 � are due to occurrence
of both these processes.

The texture of hot-precipitated AH is characterized
by a shoulder at around 24 � (0.0021 cm3 g�1 ��1),
a peak at 35 � (0.0094 cm3 g�1 ��1), and a broad
asymmetric peak at 48 �, which is probably a super-
position of peaks at 46 and 60 � (Table 1, Fig. 1b).

Acid peptization affects the specific surface area
most strongly, and the porometric volume, to much
lesser extent. Treatment with 0.04 M nitric acid
(Fig. 1b) makes larger the height of the peak at 48 �,
with the heights of the other peaks either remaining
unchanged (25 �) or decreasing (35 �). The last fact
may be due to filling of these pores with basic salts of
aluminum, which are formed in peptization. The
volume of pores less than 68 � in diameter increases

from 0.24 to 0.34 cm3 g�1, and that of pores with
diameter exceeding 68 � decreases from 0.47 to
0.40 cm3 g�1, and it is this circumstance that leads to
a certain decrease in the total porometric volume from
0.78 to 0.74 cm3 g�1, with Ssp = 319 m2 g�1 un-
changed. Peptization with 0.04 M acetic acid (Fig. 1b)
leads to similar changes in texture.

The peptizing action of 0.04 M H3PO4 on the AH
texture is somewhat different from that considered
above (Fig. 1b). It follows from porograms that poro-
metric curves of the samples subjected to peptization
with HNO3 and CH3COOH run above the porometric
curve of the initial AH at 17�78 �, and below it at
pore diameters exceeding 78 �. It may be assumed
that, in AH peptization, the rise in the porometric
volume is due to breakdown of pore-forming particles
responsible for porosity at diameters larger than 78 �.

The higher peptizing activity of H3PO4 with re-
spect to AH is indicated by the fact that the point of
intersection of the porometric curves measured before
and after AH peptization lies at 53 �. The significant
increase in the height of the peak at 35 �, from 0.0094
to 0.0151 cm3 g�1 ��1, is probably due to stronger
beakdown of pores with diameters in the range 53�
78 � to give fragments with pores 35 � in diameter,
and also to the absence of water-soluble salts of alu-
minum and H3PO4, which could fill these pores.
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In the given case, the increase in the specific sur-
face area from 319 to 364 m2 g�1 is probably due just
to the formation of thin pores with the distribution
peak at 35 �, rather than to breakdown of pore-form-
ing fragments, which is indicated by the preservation
of the total porometric volume (0.78 cm3 g�1).

Thus, in peptization of hot-precipitated AH, the
porometric volume changes to a much lesser extent,
which is probably due to higher strength of contacts
between microcrystalline pseudoboehmite particles
forming the secondary porosity, and the peptizing
activity of the acids under study decreases in the order
H3PO4 > CH3COOH 	 HNO3.

In mixing of precipitates [9], finely porous cold-
precipitated hydroxide is accommodated within pores
of high-temperature AH, which leads to a certain
decrease in the porometric volume and formation
of a precipitate with intermediate type of texture
(Table 2, Fig. 3a).

The AH texture is defined by a strong peak at 36 �
(0.011 cm3 g�1 ��1) and a broad peak at 170 �
(0.0023 cm3 g�1 ��1). The porogram also shows a
peak in the pore size distribution at 25 � in the form
of a shoulder (0.0008 cm3 g�1 ��1). The porometric
volume is distributed as follows (cm3 g�1): <50 �,
0.105 (18%); 50�100 �, 0.094 (16%); >100 �, 0.387
(66%).

Peptization of blended AH with nitric acid does not
lead to any significant change in the pore size distribu-
tion: no new pores are formed, with only the heights
of the peaks in the pore size distribution changing
(Table 2). A virtually similar pattern is observed in
peptization of the same hydroxide with other acids
(H3PO4, H3BO3) taken in about the same concentra-
tions; however, the change in the total porometric
volume and specific surface area of AH is less pro-
nounced in this case.

Use of acetic acid (0.01 and 0.02 mol mol�1 Al2O3)
favors even greater increase, to 0.0041 cm3 g�1 ��1,
in the height of the peak in the pore size distribution
at 170 �. However, even at such a high concentration
of the peptizing agent, there occurs no breakdown of
fragments responsible for pores 170 � in diameter.
And only raising the CH3COOH concentration to
0.04 M (Table 2) leads to an increase in the height of
the peak at 36 � and to partial breakdown of sec-
ondary pores, which is indicated by the increasing
height of the peak in the pore size distribution at
170 � and to its shift to smaller values (140 �)
(Fig. 3b).

(a)

D, �

(b)

D, �

dVp/dD, cm3 g�1 ��1

Fig. 3. Pore volume (Vp) distribution curves for blended
AH peptized with (a) HNO3 and (b) CH3COOH. Acid con-
centration (M): (a) (1) 0.003 and (2) 0.007; (b) (1) 0.01,
(2) 0.02, and (3) 0.04.

The formation of the peak in the pore size distribu-
tion at 170 � is probably due to the appearance of
a secondary porous system via mutual coordination of
the fragments shown in Fig. 2. As �binder� serve
basic aluminum salts, whose minor amounts are con-
tained in the cold-precipitated hydroxide. In the
course of peptization, gel-like pseudoboehmite (cold-
precipitated hydroxide) is partly dissolved to give an
additional amount of basic aluminum salts, with the
resulting further mutual coordination of the fragments
mentioned above.

Thus, the texture of the blended AH changes in
stages. In the first stage, the partial dissolution of
gel-like pseudoboehmite and the formation of basic
salts give rise to a secondary porous system. With in-
creasing concentration of the peptizing agent (to ap-
proximately 0.02 M for CH3COOH), the share of sec-
ondary pores grows, which leads to a rise in the total
porometric volume. The forming basic salts of alumi-
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num partly fill the thinnest pores 36 � in diameter,
which is indicated by a decrease in the height of the
corresponding peak in the distribution. In the sec-
ond stage (at concentrations exceeding 0.04 M for
CH3COOH), probably, the pore-forming fragments
responsible for the primary porosity partially break
down, as shown in Fig. 2. This leads to a decrease in
the overall size of these fragments and to a shift of
the peak in the size distribution of secondary pores to
lower values. The mutual coordination of fragments
formed in breakdown gives rise to pores 36 � in
diameter, which is indicated by the increasing height
of the corresponding peak in the pore size distribution
upon peptization with 0.04 M acid.

The strength characteristics of the cold- and hot-
precipitated hydroxides are listed in Table 1.

As shown in [13], the mechanical properties of
dispersed materials are commonly related to pore
volume and radius, to strength of a unit contact bet-
ween the particles, and to number of contacts per unit
grain cross-section area.

The not-too-large porometric volume and the high
bulk density (0.73 g cm�3) of the cold-precipitated
hydroxide point to a high packing density and large
number of contacts between AH particles. As a result,
forming with such an AH gives extrudates with high
strength coefficient of 3.08 kg mm�1, which substan-
tially shrink in calcination (Table 1).

The strength of contacts between primary AH par-
ticles is determined by the interplanar spacing (along
the b axis) in the unit cell of pseudoboehmite. The
contacts between particles in low-temperature AH are
of coagulation nature and can be easily disintegrated
under the action of the peptizing agent, which leads to
a decrease in the average pore diameter, and the break-
down makes larger the specific surface area. No sig-
nificant increase in the packing density occurs in
peptization, which is indicated by the observed change
in the bulk density and pore volume. The intensity of
disintegration of contacts between particles in gel-like
pseudoboehmite under the action of an acid forms
a basis for the practical definition of the �chemical
activity� of AH [14], which, in combination with the
shrinkage upon drying [9], can be used to determine
the formability and strength characteristics.

Another reason for the increase in the strength co-
efficient in peptization is the formation of basic salts
of aluminum with anions of the peptizing acid, which
are situated at places of contact between AH particles
and form a thin X-ray amorphous film in inner cavi-
ties and on the outer surface of grains, which im-

proves the physicomechanical properties of AH.
A similar process occurs when Al2O3 grains are
treated with aluminum nitrate solutions [15]. The dif-
fusing ability of the forming aluminum salts is deter-
mined by the solubility of these salts in water, and
aluminum phosphates are water-insoluble [6, 12],
which, probably, results in that the increase in the
strength coefficient upon peptization is the smallest.
Owing to the processes listed above, the strength
coefficient of cold-precipitated AH increases by
11�32% upon peptization. The absence of correlation
between the shrinkage of extrudates in calcination and
their strength characteristics [9] is probably due to
different diffusing abilities of basic aluminum salts
formed in peptization.

Hot-precipitated hydroxide is more aggregated,
which is indicated by the large porometric volume
(0.78 cm g�1) and low bulk density (0.28 g cm�3).
Peptization of hot-precipitated hydroxides also leads
to partial dissolution of gel-like pseudoboehmite (but
its amount is much smaller than in the preceding
case). The insignificant changes in the texture charac-
teristics of AH indicate that intercrystallite contacts
are virtually not disintegrated at all because of their
higher �crystallinity.� For the above reasons, alumi-
num salts are formed in AH of this kind in much
lesser amounts, and, therefore, the absolute value of
the strength coefficient of grains is much lower than
that in the case of cold-precipitated AH. However, the
relative increase in the strength characteristics in
peptization of hot-precipitated AH with a solution of
H3PO4 is 21 to 100%, which much exceeds that in
the case of cold-precipitated AH. The porometric
volume, bulk density, and texture characteristics in-
dicate an insignificant densification of the hydroxide
upon peptization. Therefore, it may be assumed that
the rise in the strength coefficient of grains is largely
due to the formation of basic aluminum salts.

Commercial blended AHs (Table 2) are charac-
terized by intermediate, between those for cold- and
hot-precipitated AH, values of bulk density, strength
coefficient, and grain shrinkage.

As follows from the data obtained, peptization
leads to a decrease in the bulk density of AH from
0.54 to 0.51 g cm�3, with the porometric volume in-
creasing from 0.59 to 0.71 cm3 g�1. Despite the rise in
the degree of precipitate aggregation, the strength
characteristics increased from 2.51 to 2.70 kg mm�1.
The phenomenon observed can be attributed to hy-
droxide strengthening by the forming basic aluminum
salts, which is indicated by the substantial decrease
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in the height of the pore size distribution peak at 36 �
from 0.0118 to 0.0088 cm3 g�1 ��1.

Raising the concentration of the CH3COOH peptiz-
ing agent to 0.04 M leads to a decrease not only in
the porometric volume, but also in the bulk density
of AH, which points to an increase in the degree of
aggregation of the precipitate, whose effect on the
strength characteristics cannot already be compensated
for by the action of the basic salts, with the result
that the strength parameters of the grains are impaired.

Thus, the increase in the strength characteristics of
blended hydroxides in peptization is determined by
the amount of cold-precipitated AH and the nature
of the peptizing agent. All the factors leading to a
decrease in the content of gel-like pseudoboehmite in
synthesis of a hydroxide (higher temperature and pH
of precipitation) impair the physicomechanical charac-
teristics of the support grains.

In peptization, the gel-like pseudoboehmite is dis-
persed and interacts with the acid to give basic salts.
These salts diffuse into the AH cavities and places of
contact between pseudoboehmite particles and form
in calcination an X-ray amorphous film improving the
physicomechanical properties of AAO. It is for this
reason that peptization with an acid yielding water-
insoluble aluminum salts leads to a much lesser im-
provement of the strength characteristics of AH.

CONCLUSIONS

(1) Pore-forming fragments of cold-precipitated
aluminum hydroxide are discretely broken down at
places of contact between primary particles at (010)
planes to give pores of smaller diameter and basic alu-
minum salts, which are situated at places of contact
between primary particles and within the thinnest
pores.

(2) Hot-precipitated hydroxides change their tex-
ture characteristics upon peptization to a much lesser
extent, which is probably due to higher strength of
intercrystallite contacts. Peptization probably leads to
partial transformation of finely crystalline pseudo-
boehmite into a gel-like substance through rehydration
of the unit cell of pseudoboehmite [incorporation of
interlayer water at the (010) plane].

(3) Secondary pores are probably formed in
blended hydroxides in the stage of peptization as
a result of sticking of the fragments responsible for
the primary porosity (<100 �) by basic salts formed
in peptization.

(4) The physicomechanical properties of cold- and
hot-precipitated aluminum hydroxides are determined

by the packing density and nature of contacts between
pseudoboehmite particles. Peptization of the hydrox-
ides with acids leads to an increase in the mechanical
strength of grains because of the disintegration of
coagulation contacts between particles of gel-like
pseudoboehmite and its partial dissolution to give
basic aluminum salts, which make stronger the places
of contact between the pseudoboehmite particles.

(5) The mechanical strength of grains based on
blended aluminum hydroxides is determined by the
amount of gel-like pseudoboehmite (cold-precipitated
aluminum hydroxide) introduced and by the nature of
the peptizing agent.
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Abstract�The activity and activity coefficients of the components of the NaNO2�KNO3 system, determined
from the experimental data on the saturated vapor pressure at 798, 823, and 848 K, are used to calculate
the relative and excess partial molar Gibbs energies (��Gi and �

�Gi
exc), entropies (��Si and �

�Si
exc), and integral

relative and excess thermodynamic functions (�G, �Gexc, �S, and �Sexc) of the system.

Among various physicochemical properties of salt
systems, of particular importance are the thermo-
dynamic functions, which reflect rigorous laws as-
sociated with the structure of melts and interionic
interactions and are common for all chemical systems.

When a melt is formed from pure components, the
thermodynamic functions characterizing the given sys-
tem change. These changes are characterized by the
Gibbs energy �G, enthalpy �H, and entropy �S of
mixing.

Based on the activities ai and activity coefficients
�i of the system components determined from the data
on the saturated vapor pressure [1�3], we calculated
the relative partial Gibbs energy �

�
Gi and the excess

partial molar Gibbs energy �
�
Gi

exc for potassium ni-
trate and sodium nitrite [4].

�
�Gi = 2.3RT log ai

�
�Gi

exc = 2.3RT log �i

The calculation results are presented in Table 1.

The relative and excess partial Gibbs energies were
used to calculate the relative integral molar and excess
integral molar Gibbs energies and the excess integral
molar Gibbs energy.

�G = x1�
�G1 + x2�

�G2,

�Gexc = x1�
�G1

exc + x2�
�G2

exc,

where x1 and x2 are mole fractions of potassium ni-
trate and sodium nitrite in the binary system.

The calculation results are presented in Table 2 and

Fig. 1. The integral molar Gibbs energy of the ideal
system at 798 K is plotted as a dashed line (Fig. 1,
curve 5).

We calculated the partial molar relative and excess

Table 1. Relative and excess partial molar Gibbs energies
of KNO3 and NaNO2 in melts with NaNO2 and KNO3,
respectively
����������������������������������������

c,

� Extensive property, kJ mol�1,

mol %

� at indicated temperature, K
����������������������������������
� ��

�Gi � ��
�Gi

exc

����������������������������������
� 798 � 823 � 848 � 798 � 823 � 848

����������������������������������������
NaNO2 melt

KNO3: � � � � � �
10 � 22.25 � 21.38 � 20.59 � 6.67 � 5.62 � 4.35
20 � 15.69 � 15.82 � 14.73 � 5.01 � 4.74 � 3.38
40 � 9.44 � 9.11 � 8.93 � 3.39 � 2.84 � 2.47
50 � 7.21 � 7.09 � 6.85 � 2.63 � 2.35 � 2.03
60 � 5.91 � 5.44 � 5.36 � 2.46 � 1.97 � 1.76
80 � 2.84 � 2.62 � 2.52 � 1.36 � 1.12 � 0.94
90 � 1.36 � 1.28 � 1.20 � 0.67 � 0.57 � 0.44

KNO3 melt

NaNO2: � � � � � �
90 � 1.09 � 1.01 � 0.97 � 0.34 � 0.28 � 0.21
80 � 2.37 � 2.25 � 2.22 � 0.92 � 0.73 � 0.67
60 � 5.20 � 5.16 � 4.89 � 1.82 � 1.59 � 1.23
50 � 6.78 � 6.62 � 6.46 � 2.19 � 1.86 � 1.57
40 � 8.69 � 8.48 � 8.26 � 2.66 � 2.06 � 1.85
20 � 14.07 � 13.96 � 13.87 � 3.39 � 3.06 � 2.52
10 � 19.76 � 19.10 � 19.02 � 4.48 � 3.34 � 2.82

����������������������������������������
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entropies of mixing of KNO3 and NaNO2 in their
binary system [5]:

�
�Si = �2.3R log ai

�
�Si

exc = �2.3R log �i

The calculation results are presented in Table 3.

The �
�
Si and �

�
Si

exc values were used to calculate
the integral molar relative and excess entropies [5]
of the system NaNO2�KNO3:

�S = x1�
�S1 + x2�

�S2,

�Sexc = x1�
�S1
exc + x2�

�S2
exc,

The calculation results are given in Table 4.

The integral molar relative and excess entropies [5]
of the system NaNO2�KNO3 are plotted in Fig. 2.
The integral entropy of mixing for the ideal system
[5] at 798 K is plotted as a dashed line (Fig. 2,
curve 5).

2

6

KNO3, mol %

��G, ��Gexc, kJ mol�1

Fig. 1. (1, 2) Relative and (3, 4) excess integral molar
Gibbs energies �G, �Gexc for the NaNO2�KNO3 system;
(5) integral molar Gibbs energy for the ideal system at
798 K. Temperature (K): (1, 3) 798 and (2, 4) 848; the
same for Fig. 2.

KNO3, mol %

2

4

8

�S, �Sexc, J mol�1 K�1

Fig. 2. (1, 2) Integral molar relative and (3, 4) excess
entropes �S, �Sexc for the NaNO2�KNO3 system; (5) in-
tegral molar entropy of mixing for the ideal system at
798 K.

Table 2. Relative and excess integral molar Gibbs energies
of the NaNO2�KNO3 system
����������������������������������������

cKNO3
,

� Extensive property, kJ mol�1,

mol %

� at indicated temperature, K
����������������������������������
� ��G � ��Gexc

����������������������������������
� 798 � 823 � 848 � 798 � 823 � 848

����������������������������������������
10 � 3.21 � 3.05 � 2.93 � 0.97 � 0.82 � 0.63
20 � 5.03 � 4.96 � 4.64 � 1.74 � 1.53 � 1.21
40 � 6.90 � 6.74 � 6.51 � 2.43 � 2.09 � 1.73
50 � 7.00 � 6.86 � 6.66 � 2.44 � 2.11 � 1.81
60 � 7.02 � 6.65 � 6.52 � 2.52 � 2.01 � 1.79
80 � 5.08 � 4.89 � 4.79 � 1.78 � 1.51 � 1.26
90 � 3.20 � 3.06 � 2.98 � 1.05 � 0.84 � 0.67

����������������������������������������

Table 3. Relative and excess partial molar entropies of
KNO3 and NaNO2 in melts with NaNO2 and KNO3,
respectively
����������������������������������������

c,

� Extensive property, kJ mol�1,

mol %

� at indicated temperature, K
����������������������������������
� �

�Si � �
�Si
exc

����������������������������������
� 798 � 823 � 848 � 798 � 823 � 848

����������������������������������������
NaNO2 melt

KNO3: � � � � � �
10 � 27.88 � 25.98 � 24.28 � 8.73 � 6.83 � 5.13
20 � 19.66 � 19.22 � 17.37 � 6.28 � 5.76 � 3.98
40 � 11.83 � 11.07 � 10.53 � 4.25 � 3.45 � 2.91
50 � 9.04 � 8.62 � 8.08 � 3.34 � 2.85 � 2.79
60 � 7.41 � 6.62 � 6.32 � 3.08 � 2.39 � 2.07
80 � 3.56 � 3.18 � 2.97 � 1.70 � 1.36 � 1.11
90 � 1.70 � 1.55 � 1.42 � 0.84 � 0.69 � 0.52

KNO3 melt

NaNO2: � � � � � �
90 � 1.36 � 1.23 � 1.15 � 0.42 � 0.35 � 0.25
80 � 2.97 � 2.74 � 2.62 � 1.15 � 0.88 � 0.79
60 � 6.45 � 6.28 � 5.76 � 2.28 � 1.93 � 1.45
50 � 8.50 � 8.04 � 7.62 � 2.84 � 2.28 � 1.86
40 � 10.90 � 10.30 � 9.75 � 3.33 � 2.51 � 2.18
20 � 17.63 � 16.96 � 16.35 � 4.25 � 3.72 � 2.97
10 � 24.76 � 23.20 � 22.43 � 5.61 � 4.06 � 3.33

����������������������������������������

The partial and integral enthalpies, Gibbs energies,
and entropies are interrelated as follows [4]:

�
�Hi = �

�Gi + T��Si,

�H = �G + T�S,
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Table 4. Integral molar relative and excess entropies
of the NaNO2�KNO3 system
����������������������������������������

cKNO3
,

� Extensive property, kJ mol�1,

mol %

� at indicated temperature, K
����������������������������������
� �S � �Sexc

����������������������������������
� 798 � 823 � 848 � 798 � 823 � 848

����������������������������������������
10 � 4.06 � 3.71 � 3.46 � 1.25 � 1.00 � 0.75
20 � 6.31 � 6.04 � 5.57 � 2.18 � 1.86 � 1.43
40 � 8.60 � 8.20 � 7.67 � 3.07 � 2.54 � 2.03
50 � 8.77 � 8.33 � 7.85 � 3.09 � 2.44 � 2.33
60 � 8.80 � 8.09 � 7.69 � 3.18 � 2.51 � 2.11
80 � 6.37 � 5.94 � 5.65 � 2.21 � 1.83 � 1.48
90 � 4.01 � 3.72 � 3.52 � 1.32 � 1.03 � 0.80

����������������������������������������

Substituting the above values of �
�
Gi, �

�
Si, �G, and

�S into these relations, we obtain

�
�Hi = 0 and �H = 0.

The lack of thermal effect in mixing the com-
ponents is characteristic of ideal systems [4]. At the
same time, for certain nonideal systems, referred to
as athermal systems, the heats of mixing are also
low [6]. In this case,

�Gexc = �T�Sexc,

and the properties show deviations from ideality main-
ly owing to the entropy term.

As seen from Fig. 1, the curves of the integral rela-
tive and excess molar Gibbs energies exhibit negative
deviations from ideal behavior and pass through a
minimum at 50 mol %. The integral curves of the
relative and excess molar entropies of mixing show
positive deviations from ideality and pass through
a maximum at the same composition (Fig. 2).

This behavior of the integral thermodynamic func-
tions shows that the component particles in the system
studied are to a certain extent ordered, i.e., the interac-
tion Na(I)�K(I) of unlike particles dominates over
that of like particles.

In the NaNO2�KNO3 system, the properties show
smaller deviations from ideality than in the previously
studied system KNO3�NaNO3 [6]. This may be due to
a decrease in the interaction of unlike cations upon
replacement of the NO3

� anion by NO2
�.

CONCLUSIONS

(1) The relative and excess partial molar Gibbs
energies (�

�
Gi and �

�
Gi

exc) and entropies (�
�
Si and

�
�
Si

exc) were calculated from the activities and activity
coefficients of the system components.

(2) The relative and excess partial molar Gibbs
energies and entropies were used to calculate the
integral relative and excess thermodynamic functions
�G, �Gexc, �S, and �Sexc in the system NaNO2�
KNO3.

(3) The concentration dependences of the thermo-
dynamic functions are presented. The integral molar
Gibbs energy of the system exhibits negative devia-
tions from the ideal behavior and passes through
a minimum at 50 mol %. The entropy of mixing
shows positive deviations and passes through a maxi-
mum at the same composition. This behavior of the
thermodynamic functions shows that the component
particles in the system studied are ordered to a certain
extent.
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Abstract�The isotherms of copper(II) sorption from aqueous solutions on freshly precipitated aluminum hy-
droxide obtained by hydrolysis of pentahydroxomonochlorodialuminum were studied. The sorption efficiency
of copper(II) was studied as influenced by pH. Sorption of copper(II) by two different mechanisms is
discussed.

Sorption of contaminants on freshly formed pre-
cipitates is widely used for decontamination of natural
and wastewater. Numerous published data on theoreti-
cal and practical aspects of sorption of microelements
on metal hydroxides were analyzed and generalized
in [1]. This analysis showed that sorption is a com-
plicated phenomenon depending on numerous param-
eters. Therefore, it is impossible to develop a general
model adequately describing diverse sorption systems.

At the same time, simplified models based on
a limited set of the main parameters can be developed
and successfully used for calculation of sorption equi-
librium isotherms characterizing the efficiency of
industrial sorption processes.

In this work we studied sorption of copper(II) from
aqueous solution on freshly precipitated aluminum
hydroxide prepared by hydrolysis of pentahydroxo-
monochlorodialuminum, the most efficient modern
flocculant, which is directly introduced into solution
to be decontaminated from copper. This study is of
interest because copper(II) is a typical toxic metal
contaminating wastewater.

All experiments were carried out under static con-
ditions at 18�20�C. The volume of the working solu-
tions was 100 ml. The Cu2+ cations were introduced
by dissolution of CuSO4 in a solution containing a
prescribed amount of Al2(OH)5Cl. Aluminum hydrox-
ide was precipitated by adding the stoichiometric
amount of NaOH. The required pH was adjusted by
adding H2SO4 or NaOH. The resulting suspension
was stirred and allowed to stand for 2 h to attain
the equilibrium. On settling, the liquid phase was
separated by filtration and the equilibrium Cu2+ con-
centration was determined by the standard method [2].

The mathematical treatment of the experimental
results was performed by the common technique of
mathematical statistics [3].

Figure 1 shows the typical isotherms of copper(II)
sorption on aluminum hydroxide. The shape of the
initial portions of these isotherms is fitted by the
equations of Henry isotherm [4, 5]:

cs = K cl, (1)

where cs is the sorbate concentration in the solid
phase, cl is the sorbate concentration in the liquid
phase, and K is the constant of sorption equilibrium
related to the Gibbs free energy of sorption by the
equation

�G = �RT ln K, (2)

where R is the gas constant and T is temperature (K).

This equation shows that K characterizes the sor-
bate�sorbent affinity. The degree of the sorption re-
covery of a sorbate S (%) can be determined by the
expression

S = K/(K + 1). (3)

The type of model isotherm suitable for describing
the nonlinear portion of the experimental sorption
isotherm should be thermodynamically consistent and
sufficiently simple. We believe that the most favor-
able is so-called exchange sorption isotherm [6] which
in the case of equivalent exchange is described by
the equation

K� cl
cs = ����������, (4)

c0 + (K � 1)cl
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cl, mg-equiv l�1

cs, mg-equiv Cu(II) mmol�1 Al(III)
(a)

(b)
1/cs

1/cl

Fig. 1. (a) Isotherms of Cu2+ sorption on freshly precipi-
tated aluminum hydroxide and (b) linearized form of Cu2+

sorption isotherms. V = 0.2 l, sorbent weight 10.8 mg.
(cs) Cu(II) concentration in the aluminum hydroxide phase;
(cl) Cu(II) concentration in the liquid phase. pH: (1) 4.78,
(2) 5.65, and (3) 6.18.

log K

Fig. 2. Plot of log K vs. pH in sorption of Cu2+ on freshly
precipitated aluminum hydroxide. (K) Sorption constant
characterizing thermodynamics of sorption.

where � is the limiting sorption capacity of a sorbent,
c0 is the initial sorbate concentration in the liquid
phase, and K is the sorption constant.

The K values listed in the table show that sorption

Parameters of Eq. (4) describing sorption of Cu2+ ions
on freshly formed Al(OH)3
����������������������������������������

pHeq � K � �, mg-equiv/mol� c0, mg-equiv/l
����������������������������������������

4.52 � 3.36 � 6.88 � 7.02
4.78 � 3.01 � 20.1 � 30.4
5.32 � 2.92 � 19.3 � 22.0
5.65 � 7.02 � 9.82 � 18.8
6.18 � 28.6 � 3.68 � 3.82
6.32 � 144 � 3.68 � 5.84

����������������������������������������

of Cu2+ on Al(OH)3 is thermodynamically favorable.

Equation (4) can be transformed to the form

c0 cl
�1 K � 1

cs
�1 = ���� + ����. (5)

K� K�

This equation shows that 1/cs is a linear function of
1/cl (Fig. 1).

The values of the limiting sorption � given in the
table show that, at the limiting saturation of sorbent
sites of aluminum hydroxide with Cu2+, the ratio of
Cu2+ and Al3+ ions in the aluminum hydroxide matrix
varies from 2 to 10. Thus, the amount of Cu(II) ions
sorbed on aluminum hydroxide exceeds the amount of
aluminum atoms in the aluminum hydroxide phase.
We believe that this excess sorption of copper(II) is
caused by incorporation of Cu2+-containing species
into the aluminum hydroxide polymeric matrix by the
mechanism of formation of mixed polymeric chains.
Thus, the total adsorption � of copper(II) is a super-
position of the ion-exchange sorption and sorption by
the mechanism of copper(II) incorporation into the
aluminum hydroxide. This superposition can be ex-
pressed by the equation:

� = x1�1 + x2�2, (6)

where x1 and x2 are the copper(II) fractions sorbed
by the incorporation and ion-exchange mechanisms,
respectively; �1 and �2 are the values of copper(II)
sorption by the first and second mechanisms.

To better understand the contribution of these
mechanisms to the total sorption, we studied how the
sorption constant K is influenced by pH.

These data show also that, at pH < 5.4, K remains
virtually constant, whereas at pH > 5.6 K substantially
increases with increasing pH.

It is known that, if a metal is sorbed by the ion-
exchange mechanism, the following equation is valid
[1]:

log K = A + zpH, (7)

where A is constant and z is the charge of exchange-
able ion.

As seen from Fig. 2, the plot of log K vs. pH is
divided into two different portions: at pH < 5.5 z � 0
and at pH > 5.5 log K is expressed by the equation

log K = �9.69 + 1.82pH, (8)

which shows that z is approximately 1.8.
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Mechanisms of sorption of ionic species on metal
hydroxides were analyzed in detail in [1]. This analy-
sis showed that, from the thermodynamic viewpoint,
the sorption by ion-exchange mechanism

R�OH + 0.5M2+ �
� R�O(0.5M2+) + H+ (8)

via replacement of protons of hydroxy groups of the
metal hydroxide by hydrated sorbable ions is in-
distinguishable from the electrochemical mechanism
treating sorption as fixation of potential-determining
ions.

Taking into account that at pH < 5.5 z � 0, we can
assume that the main mechanism of sorption in this
pH range is incorporation of electroneutral species of
Cu(II) into the polymeric Al(OH)3 chains (z � 0).

Al��
��

OH�Al
�

��

���

H O2HOOHH O2

H O2 OHH O2HO
���

�Cu
�

�
H O2

H O2

�OH�Al�
��

HO H O2

H O2 OH
��

OHAl��
��

OH�Al
�

��

���

H O2HOOHH O2

H O2 OHH O2HO
���

�Cu
�

�
H O2

H O2

�OH�Al�
��

HO H O2

H O2 OH
��

OH

At the same time, at pH > 5.5 z is close to the
value corresponding to the sorption by the mechanism
of ion exchange. These data show also that sorption
by the mechanism of incorporation is increasing with
increasing pH.

Because the hydration number of Al3+ (as a rule,
equal to 6) is higher than that of Cu2+, incorporation
of copper(II) into Al(OH)3 polymers can be accom-
panied by elimination of water molecules from the
Cu2+ coordination sphere. These effects should occur
for all cations of transition metals with the coordina-

tion number less than 6 in their coprecipitation with
aluminum hydroxide.

CONCLUSIONS

(1) Isotherms of copper(II) sorption on aluminum
hydroxide were obtained and treated in terms of the
model of equivalent exchange sorption.

(2) Assumption was made that sorption of cop-
per(II) on aluminum hydroxide is a superposition of
the ion exchange of Cu2+ ions for protons of the hy-
droxy groups of aluminum hydroxide and incorpora-
tion of Cu(II) species into the polymeric matrix of
the sorbent.
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Abstract�Hydrolysis in the Fe3+
�Cd2+

�NO3
�
�H2O system was studied by spectrophotometry, pH-metric titra-

tion, dialysis, and sorption techniques. Mutual influence of cations in their hydrolytic and sorption behavior
was discussed from the viewpoint of the heteronuclear complex formation.

Iron(III) salts are widely used as collectors in water
treatment to remove toxic metal ions. Particularly,
Hg2+ ions are precipitated in the course of hydrolysis
of Fe3+ ions [1]. The formation of an iron(III)�
mercury(II) heteronuclear hydroxide complex was
established [2]. The hydrolytic interaction of Fe3+ and
Cd2+ ions was not studied previously, and this was
the subject of the present work.

EXPERIMENTAL

The initial solutions of iron(III) and cadmium(II)
nitrates were prepared by the dissolution of carbonyl
iron and cadmium hydroxide in chemically pure grade
nitric acid.

The concentrations of Cd2+ and Fe3+ in solutions
were determined by direct complexometric titration
with Eriochrome Black T [3] and sulfosalicylic acid in
acetate buffer solution [4], respectively. When Fe3+

and Cd2+ ions were present simultaneously in solu-
tions, their total content was determined by direct
complexometric titration in the presence of sulfo-
salicylic acid and then the concentration of Fe3+

was determined by iodometric titration in a separate
aliquot. The contents of free HNO3 in the initial solu-
tions was determined potentiometrically in the pres-
ence of EDTA [5].

The initial iron(III) and cadmium(II) solutions were
used to prepare Cd2+

�NO3
�
�H2O and Fe3+

�Cd2+
�

NO3
�
�H2O solutions with various OH/M molar ratios.

The concentrations of metal ions and free nitric acid
in the initial solutions were determined. The amount
of KOH required to neutralize the free acid and to es-
tablish a certain OH/M ratio and the amount of
NaNO3 required to maintain a constant ionic strength

were calculated from these data. Then the calculated
amounts of the initial solutions of metal salts, 0.2 M
KOH, and 1 M NaNO3 were mixed. In the case of
partial neutralization of the free acid, the OH/M molar
ratio was designated by the minus sign. The solutions
prepared were kept at a required temperature for
7 days to attain the equilibrium.

The experiments were carried out under the follow-
ing conditions: concentration of metal ions 0.01 M,
total concentration of metal ions in the Fe3+

�Cd2+
�

NO3
�
�H2O system 0.02 M at the Fe3+ : Cd2+ = 1 : 1

molar ratio, temperature 25�0.1�C, and ionic strength
0.3 M (NaNO3).

Hydrolysis was studied by pH-metric titration,
spectrophotometry, dialysis, and sorption (KB-4P-2
cation exchanger in the H+ form). An I-160 ionometer
with a temperature-controlled cell was used to meas-
ure the pH values. The absorption spectra were re-
corded on an SF-46 spectrophotometer. The proce-
dures of dialysis and processing of its results are
described elsewhere [6]. Solutions were aged in the
dialyzer for 7 days.

KB-4P-2 cation exchanger was pretreated and
analyzed for the moisture content according to [7, 8].
Sorption was studied at 25�0.1�C under static condi-
tions; the establishment of the equilibrium distribution
of ions between the solution and resin was always
proved. The solution was in contact with the cation
exchanger for 7 days. The data of the chemical analy-
sis of equilibrium solutions were used to calculate
the value S of sorption of metal ions by the resin
(mmol per gram of the resin dried at 105�C).

The absorption spectra of cadmium(II) solutions
with various molar ratios OH�/Cd2+ are shown in
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Fig. 1a. In the UV region of all the spectra, there are
a weak band (� = 255 nm, � � 35) caused by the
charge transfer [9] in cadmium(II) aqua complex and
a still weaker band (� = 330 nm, � � 0.9) caused
by the charge transfer in cadmium(II) mononuclear
hydroxo complexes [9]. As the OH�/Cd2+ ratio is in-
creased, the absorption bands grow in intensity,
which suggests occurrence of equiliblia involving
protons [9]. Within the examined pH range (1.82�
1.90), cadmium(II) exists as aqua ions and Cd(OH)+

hydroxo complexes [10]. Therefore, the changes in
the spectra with changing pH are attributable to the
formation of hydrolyzed cadmium(II) species.

On the whole, the spectra of Fe3+
�Cd2+

�NO3
�
�H2O

solutions (Fig. 1b) are similar to the spectra of the
Fe3+

�NO3
�
�H2O system [11]. The maximum at

250 nm corresponding to the absorption of iron(III)
aqua complexes [9, 12] is retained. The dependence of
the ratios of the light absorption in Fe3+

�Cd2+
�NO3

�
�

H2O and Fe3+
�NO3

�
�H2O solutions at � = 320 nm

[11] on the OH/M ratio is shown in Fig. 2. Two
almost linear portions are clearly seen. The inflection
is observed at OH/M = 0, indicating that, with in-
creasing OH/M ratio, the iron(III) hydrolysis is en-
hanced in the presence of cadmium(II) to a greater
extent than in the straight Fe3+

�NO3
�
�H2O solution.

The pKa of the Cd(H2O)4
2+ aqua complex is 10.2

[10]; therefore, the first jump in the titration curve of
the Cd2+ solution corresponds to the neutralization
of free nitric acid, and the second, to the formation of
a cadmium hydroxide precipitate. The precipitation
starts at pH 7.3 and is complete at the OH/M ratio of
1.8.

Three jumps are observed in the titration curve of
the Fe3+

�Cd2+ solution (Fig. 3). The precipitation
starts at pH 2.7, which corresponds to the onset of
the first jump. The first jump is observed at the ratio
OH/�M = 1.7, the second, at 1.8, and the third, at 2.5.
Judging from the pH values, the first jump is attribut-
able to the neutralization of iron(III) ions [11], and the
third, to the neutralization of cadmium(II) ions. The
presence of the second jump cannot be explained on
the basis of the neutralization curves of the individual
ions, suggesting occurrence of a reaction between the
hydrolyzed iron(III) and cadmium(II) species.

The values of cation sorption in the systems
Cd2+

�NO3
�
�H2O and Fe3+

�Cd2+
�NO3

�
�H2O by the

weakly acidic cation exchanger KB-4P-2 (H+) are
plotted vs. OH/M ratio in Fig. 4. As the OH/M ratio is
increased, the sorption of Cd2+ ions considerably in-
creases, probably owing to the formation of mononu-

(a)

�, nm

(b)

�, nm
Fig. 1. Absorption spectra of solutions: (a) Cd2+

�NO3
�
�H2O

and (b) Fe3+
�Cd2+

�NO3
�
�H2O. (A) Optical density and

(�) wavelength. Molar ratio OH/M: (a) (1) �1, (2) �0.5, and
(3) 0.5; (b) (1) �1, (2) �0.5, (3) 0, (4) 0.5, and (5) 1.

Fig. 2. Ratio AFe/AFe�Cd of Fe3+
�NO3

�
�H2O and Fe3+

�

Cd2+
�NO3

�
�H2O solutions at � = 320 nm as a function

of the OH/M ratio.

clear hydroxo complexes. The KB-4P-2 cation ex-
changer sorbs both cations from Fe3+

�Cd2+
�NO3

�
�

H2O solutions in approximately equal amounts
(curves 2, 3). At the OH/�M ratios from �1 �o 0, the
sorption of iron(III) (curve 2) is somewhat greater
than that of cadmium(II) (curve 3) and is virtually in-
dependent of the OH/�M ratio. Sorption of both ions
rises sharply as OH/�M is increased further. Sorption
of cadmium(II) (curve 3) is significantly lower than
that from the individual solution (curve 1), and
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Dialysis coefficients Kd of iron(III) and cadmium(II)
������������������������������������������������������������������������������������

OH/M
�

Fe3+
�NO3

�
�H2O,

� Fe3+
�Cd2+

�NO3
�
�H2O, �

Cd2+
�NO3

�
�H2O,� ����������������������������������

� Kd (Fe) � Kd (Fe) � Kd (Cd) � Kd (Cd)

������������������������������������������������������������������������������������
�1 � 0.91 � 0.9 � 1 � 1
�0.5 � 0.89 � 0.88 � 1 � 1

0 � 0.82 � 0.80 � 0.98 � 1
0.5 � 0.64 � 0.59 � 0.89 � 1
1 � 0.34 � 0.24 � 0.75 �

������������������������������������������������������������������������������������

sorption of iron(III) (curve 2) is close to that from
the Fe3+

�NO3
�
�H2O solution [11]. Thus, in the system

Fe3+
�Cd2+

�NO3
�
�H2O, cadmium(II) ions lose their

individuality, and their sorption changes in parallel
with that of iron(III), suggesting formation of hetero-
nuclear hydroxo complexes in the system.

The dialysis coefficients of iron(III) and cadmi-
um(II) in individual and mixed solutions are given in

Fig. 3. Curves of pH-metric titration of Fe3+
�Cd2+

�NO3
�
�

H2O solutions: (1) integral and (2) differential.

S, mmol g�1

Fig. 4. Sorption S of iron(III) and cadmium(II) from Cd2+
�

NO3
�
�H2O and Fe3+

�Cd2+
�NO3

�
�H2O solutions by

KB-4P-2 cation exchanger. Sorption of (1) Cd2+ in the
Cd2+

�NO3
�
�H2O system; (2) Fe3+ and (3) Cd2+ in the

Fe3+
�Cd2+

�NO3
�
�H2O system.

the table. The distribution of various cadmium(II) and
iron(III) species in the Fe3+

�Cd2+
�NO3

�
�H2O system

was calculated from the data obtained according to
[13] (Fig. 5). In the Cd2+

�NO3
�
�H2O system, the

dialysis coefficient of cadmium(II) is 1 for all OH/M
ratios, which agrees with the conclusions of [10] that
only aqua complexes and mononuclear hydroxo com-
plexes are present in cadmium(II) solutions. The di-
alysis coefficients of iron(III) and cadmium(II) in
mixed and individual solutions differ. Up to the ratio
OH/�M = 0, the dialysis coefficients of iron(III) in
Fe3+

�NO3
�
�H2O and Fe3+

�Cd2+
�NO3

�
�H2O solutions

are approximately equal, whereas, as the OH/�M ratio
is increased further, the dialysis coefficients in the
Fe3+

�Cd2+
�NO3

�
�H2O system become less than those

in the individual solution. This fact suggests enhance-
ment of iron(III) hydrolysis in the presence of cadmi-
um(II), with an increase in the content of Fe(III) in
polynuclear hydroxo species.

The content of aqua complexes in the iron(III) solu-
tion decreases and that of mononuclear species in-
creases in the OH/�M range from �1 to 0 (Fig. 5).
The content of hydroxo complexes is relatively low.
A further increase in the OH/�M ratio results in a fast
growth of the content of polynuclear species, which
agrees well with the spectrophotometric data. In the
Fe3+

�Cd2+
�NO3

�
�H2O solution, cadmium(II) is in the

form of aqua ions in the OH/�M range from �1 to 0.
The relative content of its mononuclear species, which
is not shown in the diagram, is several orders of
magnitude lower. As the OH/�M ratio increases,
the relative content of cadmium(II) aqua complexes
decreases, and the content of its polynuclear species
grows. As polynuclear complex formation is untypical
of cadmium(II), the data obtained suggest the presence
of iron(III)�cadmium(II) heteropolynuclear hydroxo
complexes in the solution. The dialysis coefficients
of cadmium(II) are higher than those of iron(III),
suggesting that the relative content of cadmium(II)
in polynuclear species is less than that of iron(III)
at their equal concentrations.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 3 2003

FORMATION OF HYDROXIDE COMPLEXES 367

�, %

Fig. 5. Relative content of species � in the Fe3+
�Cd2+

�

NO3
�
�H2O system as a function of OH/�M ratio. Species:

(1) Cd(H2O)4
2+, (2) Fe(H2O)6

3+, (3) FeOH(H2O)5
2+,

(4) Fe(III) in polynuclear species, and (5) Cd(II) in poly-
nuclear species.

CONCLUSIONS

(1) It was found by independent methods that, in
Fe(III)�Cd(II) solutions, the cations interact with each
other, which causes their mutual influence in sorption
and hydrolytic processes.

(2) Heteronuclear hydroxo complexes are formed
in solutions of the Fe3+

�Cd2+
�NO3

�
�H2O system at

the ratios OH/�M > 0.
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Abstract�Chemical and thermal methods for obtaining calcium and magnesium phosphates from natural
carbonate raw materials were studied. The activity of these compounds in uptake of lead(II) ions from solution
was evaluated.

Phosphates and carbonates of alkaline-earth metals
are actively studied as sorbents for ions of heavy and
non-ferrous metals [1�14]. The mechanism of their
action is peculiar. The recovery of metal ions from
a solution is a result of chemical reactions occurring
between solid phosphates or carbonates of alkaline-
earth metals and multicharged metal cations, yielding
compounds with lower solubility products. By this
process, metal ions are removed from solutions to a
significant extent. It was shown earlier [4�9] that
1 g of calcium phosphate binds up to 25 mg-equiv of
ions of heavy and non-ferrous metals in these reac-
tions. This exceeds by almost an order of magnitude
the capacity of ion-exchange materials traditionally
used to recover metal ions from solutions.

Unlike phosphates, carbonates are cheap natural
materials. However, phosphates have significant
advantages in using for water treatment.

First, the pH range for the formation of phosphates
of heavy and nonferrous metals to be recovered is
very wide, namely, from 1 (iron phosphate [4, 9]) to
10�12. Carbonates can be used for the removal
of metal ions from solutions only in neutral or alka-
line media to yield either carbonates or hydroxides
of multicharged metal ions [11, 13].

Second, the solubility of phosphates of heavy and
non-ferrous metals is lower than that of the corre-
sponding carbonates and hydroxides by several orders
of magnitude [15]. Correspondingly, when phosphates
are used, the degree of solution purification is many
times higher.

In view of these advantages of using phosphates for
the removal of metal ions from solutions and also

of the fact that natural carbonates are often chemically
inactive and require preliminary activation by chemi-
cal, thermal, or mechanical methods [16] for the use
in sorption processes, it becomes economically ex-
pedient to convert calcium and magnesium carbonates
to the phosphates.

A simple way of obtaining calcium and magnesium
hydrophosphates by the treatment of natural dolomite
with phosphoric acid at room temperature is described
in [17]. The resulting phosphates have a cost quite
reasonable for the practical use.

Phosphates can be also obtained from natural car-
bonates by chemical or thermal methods, which would
expand the assortment of sorption materials intended
for water treatment and water preparation required
to meet sanitary regulations concerning noxious metal
ions.

Unlike phosphates, hydrated phosphates precipi-
tated from aqueous solutions do not lose chemical
activity on dehydration up to 800�900�C [18], which
is important for their practical application. They can
be obtained in the granular form by the calcination of
granules with a clay binder at 600�C.

Here we report on the synthesis of calcium magne-
sium phosphates from natural chalk CaCO3 and
dolomite CaMg(CO3)2 by chemical and thermal meth-
ods and also on their activity in the treatment of aque-
ous solutions to remove lead(II) ions.

EXPERIMENTAL

Dolomite and chalk industrially produced in the
Vitebsk oblast of Belarus Republic were used as raw
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materials. According to the DTA data, dolomite con-
tained 84% calcium magnesium carbonate, and, ac-
cording to X-ray phase analysis (XPA), it contained
impurities of quartz, iron oxide, and mica. Natural
chalk (Volkovysk) was calcite containing 96% main
substance. Our experiments were carried out using
sifted fractions of dolomite and chalk with the particle
size of 0.09�0.25 mm.

Phosphates were synthesized from natural carbo-
nates by two methods: by chemical precipitation at
pH 10 after preliminary dissolution of the carbonate
in concentrated HNO3 and by sintering CaCO3 and
MgCO3 with ammonium phosphate in the stoichio-
metric amounts at 900�C.

The chemical precipitation was performed by two
procedures. According to the first procedure [19],
a Ca- and Mg-containing solution was alkalized to
pH 10 using NH3 �H2O and rapidly combined with
a solution of ammonium phosphate with pH 10, which
was obtained by the addition of NH3 �H2O to H3PO4.
In the second procedure, an acidic solution of dolo-
mite or chalk was mixed with a solution of H3PO4,
and then calcium and magnesium phosphates were
precipitated with concentrated NH3 �H2O at pH 10.
In both cases, the molar ratio Min : P (Min = Ca or
Ca + Mg) in the initial solution was varied from 1.5
to 2.0. The samples synthesized were washed with
a dilute ammonia solution, filtered, and dried in air,
first at room temperature and then at 70�C.

The phase composition of the synthesized samples
was determined by XPA (DRF-2 diffractometer,
CuK� radiation) and IR spectroscopy (UR-20 spec-
trometer, KBr pellets, weighed sample 2 mg).

The chemical compositions were determined after
dissolution of the weighed samples of 50.00�0.01 mg
in concentrated nitric acid. The content of calcium(II),
and also the total amount of calcium(II) and magnesi-
um(II) were determined by complexometric back-titra-
tion with a solution of zinc sulfate [20]; the content of
magnesium(II), by titration of the solution after pre-
liminary precipitation of calcium oxalate [21]; and
the content of ammonia, by distilling off from an alka-
line solution (Kjeldahl’s method) [22]. The content of
phosphorus(V) was determined by the colorimetric
method in the form of a phosphorovanadomolybdate
complex [21]. The error in the determination of the
elements was �0.02 mmol g�1.

The value of the absorption of lead(II) ions under
static conditions APb (mg-equiv g�1) by the phos-
phates synthesized was used, as previously [13, 17,
18], as the measure of their chemical activity in re-

covery of heavy and non-ferrous metal ions from solu-
tions. For this purpose, a weighed sample of the
sorbent (0.2 g) was placed in 25 ml of a 0.2 N solu-
tion of lead(II) nitrate and kept for a day with inter-
mittent stirring at 18�2�C. The solution was sepa-
rated from the solid phase, and the residual content of
lead(II) in the solution after filtration was determined
by complexometric back-titration [20]. The error of
the determination of APb was �0.02 mg-equiv g�1.

The chemical composition of the synthesized phos-
phates (Tables 1, 2) strongly depends on the nature
of the starting natural material. According to the XPA
data, the products dried at 70�C are amorphous sub-
stances. When natural chalk is used as a raw material
(Table 1), the molar ratio Ca : P and the water content
allow the resulting compounds to be identified as
the phosphate Ca3(PO4)2 �2H2O exhibiting slight
deviations from the stoichiometry. The samples ob-
tained by the first procedure correspond to the stoi-
chiometry to a greater extent. When phosphates are
precipitated from dolomite solutions, cations of cal-
cium, magnesium, and ammonium enter into the
resulting materials (Table 2), and the composition
of these products corresponds to the empirical formula
Ca3Mg2NH4(PO4)3.67 �8H2O or Ca6Mg4NH4(PO4)7 �
14H2O. Thus, the chemical composition of the triple
phosphates corresponds to the neutral salts with the
ratio Mnat : P = 1.5 (Mnat = Ca + Mg + NH4). The
composition of the samples was closer to the stoi-
chiometry when they were synthesized by both the
first and the second precipitation procedures in the
presence of excess calcium and magnesium ions in
the starting solutions. Furthermore, at excess of metal
cations in solution, the content of ammonium ions
in the product was lower (sample nos. 11, 12).

The IR spectra of the phosphates obtained from
a solution of chalk (see figure, curves 1, 2) contain
strong absorption bands with maxima at 1060�965
and 620�570 cm�1, corresponding to the stretching,
�(PO4), and bending, �(PO4), vibrations of ortho-
phosphate ions PO4. The spectra of the phosphates ob-
tained from dolomite solutions (curves 3, 4) contain,
along with these bands, also bands with maxima at
1475 and 1410 cm�1, corresponding to the bending
vibrations of ammonium ions �(NH4

+), and 1275, 910,
and 800 cm�1, corresponding to the bending vibra-
tions �(POH) and �(POH) of H2PO4

� anions [23, 24].

Along with the above-mentioned methods for deter-
mining the phase composition of the synthesized
materials, we also used the thermal method. Almost
all of the known phosphates crystallize on heating
at temperatures of up to 900�C [25]. It is seen from
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Table 1. Composition and properties of compounds precipitated from chalk solutions at pH 10
������������������������������������������������������������������������������������

Sam-
�

Precipita-
�

Min : P
� Product before heat treatment � Heat treatment at 900�C

� � ��������������������������������������������������������������
ple � tion tech- � molar � Ca � PO4 � H2O �

Ca : P
�

APb,
�

phase
�

APb,� � ����������������������� � � �no.
�

nique*
�

ratio
� % (mol) �molar ratio �mg-equiv g�1

� composition� mg-equiv g�1

������������������������������������������������������������������������������������
1** � I � 1.5 � 33.80 � 55.39 � 10.22 � 1.45 � 16.19 ��-Ca3(PO4)3 � 20.44

� � � (3.00) � (2.07) � (2.02) � � � �
� � � � � � � � �2 � I � 1.5 � 33.90 � 54.39 � 10.11 � 1.48 � 18.06 �� � 23.94
� � � (3.00) � (2.03) � (1.99) � � � �
� � � � � � � � �3** � I � 2.0 � 34.41 � 54.48 � 10.31 � 1.50 � 16.75 �� � 22.06
� � � (3.00) � (2.01) � (2.00) � � � �
� � � � � � � � �4 � I � 2.0 � 33.73 � 54.47 � 10.10 � 1.47 � 17.44 �� � 21.94
� � � (3.00) � (2.04) � (1.99) � � � �
� � � � � � � � �5** � II � 1.5 � 33.16 � 56.62 � 9.72 � 1.39 � 21.00 �� � 22.00
� � � (3.00) � (2.16) � (1.95) � � � �
� � � � � � � � �6 � II � 1.5 � 33.52 � 56.05 � 9.96 � 1.42 � 20.25 �� � 23.88
� � � (3.00) � (2.11) � (1.98) � � � �
� � � � � � � � �7** � II � 2.0 � 33.21 � 55.98 � 9.91 � 1.41 � 18.00 �� � 23.59
� � � (3.00) � (2.13) � (1.99) � � � �
� � � � � � � � �8 � II � 2.0 � 32.96 � 55.20 � 10.05 � 1.42 � 19.00 �� � 22.76
� � � (3.00) � (2.12) � (2.03) � � � �

������������������������������������������������������������������������������������
* (I) Quick combining of Min

2+- and PO4
3�-containing solutions with pH 10 (Min = Ca, Mg); (II) precipitation with concentrated

NH3 �H2O from acid solution containing Min
2+ and PO4

3� ions; the same for Table 2.
** Dissolved carbonate was preliminarily filtered to remove insoluble impurities.

Table 2. Composition and properties of compounds precipitated from dolomite solutions at pH 10
������������������������������������������������������������������������������������

Sam-
� Pre- �

Min : P
� Product before heat treatment � Heat treatment at 900�C

� � ��������������������������������������������������������������������
ple �

cipita-
� molar � Ca � Mg � NH4 � PO4 � H2O � Mnat : P�

APb,
�

phase com-
�

APb,� � ������������������������������ � � �no.
�

tion

�
ratio

� % (mol) �
molar

�mg-equiv g�1� position �mg-equiv g�1

�

tech-
� � � ratio � � �

�
nique � � � � � �

������������������������������������������������������������������������������������
9* � I � 1.5 � 16.78 � 6.82 � 2.63 � 52.06 � 19.21 � 1.42 � 13.70 �Ca3Mg3(PO4)4 +� 12.63

� � � (3.00) �(2.03)� (1.04) � (3.90) � (7.62)� � �Ca7Mg2(PO4)6 +�
� � � � � � � � � ��-Mg2P2O7 �

10 � I � 1.5 � 16.40 � 6.62 � 2.50 � 50.83 � 18.16 � 1.41 � 13.60 �� � 12.25
� � � (3.00) �(2.10)� (1.02) � (3.92) � (7.38)� � � �

11* � I � 2.0 � 18.73 � 7.34 � 1.44 � 51.49 � 19.60 � 1.50 � 16.00 �Ca3Mg3(PO4)4 +� 16.50
� � � (6.00) �(3.92)� (1.03) � (6.95) �(13.96)� � �Ca7Mg2(PO4)6 �

12 � I � 2.0 � 18.05 � 7.06 � 1.24 � 48.74 � 19.11 � 1.52 � 14.40 �� � 16.36
� � � (6.00) �(3.91)� (0.92) � (6.82) �(14.13)� � � �

13* � II � 1.5 � 16.73 � 6.77 � 2.52 � 50.95 � 19.43 � 1.43 � 13.10 �Ca3Mg3(PO4)4 +� 14.38
� � � (3.00) �(2.02)� (1.00) � (3.85) � (7.74)� � �Ca7Mg2(PO4)6 +�
� � � � � � � � � ��-Mg2P2O7 �

14 � II � 1.5 � 16.48 � 6.51 � 2.42 � 49.57 � 19.62 � 1.44 � 12.60 �� � 14.06
� � � (3.00) �(1.97)� (0.98) � (3.80) � (7.94)� � � �

15* � II � 2.0 � 17.07 � 6.99 � 2.65 � 50.44 � 19.95 � 1.49 � 13.61 �� � 12.19
� � � (3.00) �(2.04)� (1.03) � (3.73) � (7.78)� � � �

16 � II � 2.0 � 16.15 � 6.72 � 2.54 � 49.45 � 19.44 � 1.45 � 13.81 �� � 12.54
� � � (3.00) �(2.08)� (1.05) � (3.87) � (8.02)� � � �

������������������������������������������������������������������������������������
* Dissolved carbonate was preliminarily filtered to remove insoluble impurities.
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Tables 1 and 2 that the heat treatment of the phos-
phates obtained from a chalk solution results in crys-
tallization of �-Ca3(PO4)2. We have shown earlier
[18] that the crystallization of phosphates free from
impurities on heat treatment indicates that the starting
compounds are also phosphates. The heat treatment of
the phosphates precipitated from the dolomite solution
results in the crystallization of compounds identified
as double calcium and magnesium orthophosphates
Ca3Mg3(PO4)4 and Ca7Mg2(PO4)6, and also of the
pyrophosphate Mg2P2O7. The formation of magnesi-
um pyrophosphate Mg2P2O7 is due to the presence of
ammonium ions in the synthesized compounds. The
removal of ammonia results in the release of hydrogen
ions participating in the polymerization [26]. This
salt was not detected in the X-ray pattern of sample
nos. 11 and 12, which may be due to the low content
of ammonia.

The IR data agree with the XPA results for the
heat-treated samples. The bands in the spectra of the
samples precipitated from chalk solutions become
stronger owing to the formation of a crystalline struc-
ture. The bands at 425 and 450 cm�1 of the bending
vibrations of phosphate ions �(PO4) appear. The spec-
trum as a whole characterizes only orthophosphate
anions. The spectra of samples synthesized from
dolomite solutions contain, along with the bands char-
acteristic of orthophosphate, weak bands with the
maxima corresponding to stretching antisymmetric,
�as(POP) (1010 and 980 cm�1), and symmetric,
�s(POP) (780 and 740 cm�1), vibrations of the P�O�P
bonds in condensed phosphate species [26, 27].

Thus, according to our data, the synthesized com-
pounds are calcium and magnesium phosphates free
from impurities of acid phosphates, and the lower
Mnat : P ratio, as compared to the stoichiometry, is
apparently due to the presence of impurities of other
metal ions, e.g., iron ions.

Our data on the chemical activity of the materials
synthesized under various conditions are also given in
Tables 1 and 2, which contain the data for both the
starting materials dried at 70�C and the products of
their heat treatment at 900�C. As indicated above, cal-
cium and magnesium phosphates preserve the chemi-
cal activity after the heat treatment. As these data were
obtained for the sample synthesized from reagent-
grade salts [25], it seemed appropriate to find whether
calcium and magnesium phosphates obtained from
natural raw materials containing certain soluble and
insoluble impurities have similar properties.

The absorption capacity for lead(II) ions of calcium
phosphates obtained from chalk (Table 1) before the

�, cm�1

IR spectra of phosphates synthesized from (1, 2) chalk and
(3, 4) dolomite: (1, 3) before and (2, 4) after heat treatment.
(T) Transmission and (�) wave number.

heat treatment is 16�20 mg-equiv g�1, and it only
slightly depends on the synthesis conditions. The
X-ray phase analysis of the products of the reaction of
the phosphates synthesized by the first procedure with
lead(II) ions shows that the compound Pb5(PO4)3OH
is the main product. A similar reaction with phos-
phates synthesized by the second procedure yields
also lead nitrate phosphate Pb2PO4NO3 �H2O, which
is responsible for a slight increase in the absorption of
lead(II) ions by samples synthesized by the second
way. The increase in the chemical activity of the
phosphates based on chalk after their heat treatment is
due to the removal of water of crystallization.

The phosphates precipitated from dolomite solu-
tions (Table 2) absorb less lead(II), and their activity
is 12.6�16.0 mg-equiv g�1 lead(II). As shown above,
the precipitation conditions affect the chemical activ-
ity of the forming phases. The heat treatment of am-
monium-containing phosphates results in a decrease in
their chemical activity owing to the formation of
Mg2P2O7, which is chemically inert in reactions with
metal ions.

No appreciable difference was observed in proper-
ties of the compounds obtained by precipitation in the
presence or in the absence of insoluble impurities, i.e.,
with or without filtration of the solutions of the initial
carbonates.

Anhydrous calcium and magnesium phosphates
were also obtained by sintering with carbonates. The
Min : P ratio in the starting mixtures was 1.5. The
phase composition and chemical activity of the phos-
phates obtained by sintering of natural carbonates
with ammonium phosphates at 900�C are presented in
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Table 3. Phase composition and chemical activity of calcium and magnesium phosphates obtained by sintering of chalk
and dolomite with ammonium phosphates at 900�C
������������������������������������������������������������������������������������

System � Phase composition � APb, mg-equiv g�1

������������������������������������������������������������������������������������
CaMg(CO3)2 (natural)�NH4H2PO4 �CaMgP2O7 + (CaMg)3(PO4)2 � 6.38
CaMg(CO3)2 (natural)�(NH4)3PO4 �CaMgP2O7 + (CaMg)3(PO4)2 � 2.50
CaCO3 (natural)�NH4H2PO4 ��-Ca2P2O7 + �-Ca3(PO4)2 � 6.25
CaCO3 (natural)�(NH4)3PO4 ��-Ca2P2O7 � 1.94
CaCO3 (cp grade)�NH4H2PO4 ��-Ca3(PO4)2 � 1.64
CaCO3 (cp grade)�(NH4)3PO4 ��-Ca2P2O7 � 0
������������������������������������������������������������������������������������

Table 3. To examine the possible effect of impurities
present in natural minerals, we used two samples of
calcium carbonate, namely, natural chalk and chemi-
cally pure grade calcium carbonate.

The sintering of natural carbonates with ammoni-
um phosphates at 900�C yields orthophosphates con-
taining impurities of calcium diphosphate and amor-
phous calcium oxide (Table 3). The capacity of this
mixture for lead(II) is 1.9�6.4 mg-equiv g�1. Fairly
high APb values (about 6 mg-equiv g�1) for the prod-
ucts of sintering natural carbonates with ammonium
phosphates at 900�C are due to the presence of un-
changed amorphous calcium oxide when chalk is used
and by the presence of a mixture of calcium and mag-
nesium oxides when dolomite is used. Therefore, the
phosphates obtained from chalk and dolomite have
almost equal chemical activity. The use of ammonium
phosphates considerably affects the chemical activity.
When ammonium hydrophosphate is applied, the
chemical activity is much higher, which is due to in-
complete reaction between the carbonates and am-
monium phosphate. According to the published data
[25], to obtain pure orthophosphates, the temperature
should be raised to 1100�C. At the same time, the
sintering of chemically pure reagent chalk with am-
monium phosphates results in the formation of the
pure orthophosphate �-Ca3(PO4)2 at 900�C. Its capac-
ity for lead(II) is 0�1.64 mg-equiv g�1. Impurities
present in natural calcite cause the temperature of
Ca3(PO4)2 crystallization to increase.

The comparison of the chemical activities of the
anhydrous phosphates obtained by sintering of carbo-
nates with phosphates and by dehydration of the
hydrates precipitated from solutions (Tables 1�3)
shows that samples of the first type, in contrast to
those of the second type, are inactive in reactions with
metal ions. Thus, the genesis of calcium and magnesi-
um phosphates is an important factor determining
their chemical activity.

CONCLUSION

Neutral calcium and magnesium phosphates can be
obtained from natural carbonates by chemical and
thermal methods. The precipitated phosphates are
sorption-active up to the temperature of 900�C,
whereas anhydrous phosphates obtained by sintering
of carbonates with ammonium phosphates at 900�C
are chemically inactive in reactions with multicharged
metal ions.
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Abstract�A simple and efficient liquid-phase procedure was developed for the oxidative-degradation regen-
eration of the spent respirator charge yielding oxidized carbon with fairly high sorption capacity to heavy
metal ions with a minimal loss in the strength and in the amount of the carbon material.

Gas protection is the oldest field of the activated
carbon application [1]. To improve the protection effi-
ciency, the respirator carbons are treated with various
modifying agents containing metal oxides, hydrox-
ides, carbonates, and other salts. In the case of modi-
fied carbons, detrimental and toxic compounds are
removed from respirable air by physical sorption,
chemisorption, and catalytic conversion into harmless
products.

The typical composition of modifying agents is
well known. According to [2, 3], 100-kg portion of
activated carbon is impregnated using three solutions:
(1) copper hydroxycarbonate (6 kg), ammonium car-
bonate (5 kg), 25% aqueous ammonia (10 l), and
water (10 l); (2) potassium dichromate (6 kg) and
water (34 l); and (3) silver nitrate (170 g) and water
(0.5 l).

As seen from the above data, the resulting activated
carbon sorbent-catalyst contains 12�15 wt % of in-
organic additives.

Due to accumulation of spent respirators and aging
of strategic stocks, their complete utilization (especial-
ly for the sake of national economy) becomes an
urgent problem. However, high content of modifying
agents hinders direct use of the sorbent-catalyst charge
as activated carbon because of its environmental
impact. Thus, it is necessary to develop procedures for
conversion of the respirator charge into activated
carbon.

Depending on the nature of the modifying agent to
be removed, regeneration and reactivation of activated
carbons can be performed by various procedures
[4, 5]: displacement desorption, thermal treatment
in an inert or oxidizing atmosphere or in a vacuum,
desorption with superheated or live steam, extraction
with various organic solvents, and external high-

energy treatment (ultrahigh frequency fields, radiation-
chemical or electrochemical processes, etc.).

In this work we developed a simple and efficient
procedure of conversion of the spent respirator charge
into a sorbent with a minimal loss of the carbon
material. This procedure is based on the liquid-phase
oxidative-degradation treatment of the respirator
charge with a nitric acid solution, i.e., on deminerali-
zation with simultaneous partial oxidation of carbon
surface and organic compounds occurring in the pores
of the initial material.

Regeneration can be accompanied by partial loss of
carbon material (due to burning out, corrosion, and
dissolution) and surface oxidation of carbons to form
proton-donor functional groups capable of ion ex-
change. These processes are accelerated (catalyzed)
by transition metal ions, whose content in the charge
is fairly high. Hence, optimization of the regeneration
conditions is required.

EXPERIMENTAL

The respirator charge sample was regenerated in
refluxing 25% HNO3 for 4 h. The sample was sepa-
rated from the liquid phase, washed with water to
pH 7, and then successively treated with 5% am-
monia, distilled water, 3% hydrochloric acid (conver-
sion into the H form [1]), and again with distilled
water to pH 7. After drying, the structural and sorp-
tion properties of the resulting sorbent were deter-
mined by common procedures [6]: static sorption
capacity for Na+ cations and Cl� anions, by titration
with NaOH and HCl solutions; sorption capacity for
Methylene Blue and iodine in aqueous solutions, spec-
trophotometrically; pore structure and pore volume
distribution, by mercury porosimetry; and specific
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Table 1. Carbon properties
������������������������������������������������������������������������������������

Carbon properties � Carbon after regeneration � SKT-3 carbon, TU* 6-16-2727�84
������������������������������������������������������������������������������������
Granulometric composition: residue, wt %, on�1 mm, 67.7; 0.5 mm, 33.3�3.6 mm, no more than 20; 2.8, 2.0 mm,
the sieve with hole size d, mm � �no more than 61; 1.0 mm, no more than 0.7
Content, wt %, no more than: � �

moisture � 15.8 � 13
ash � � 15

Granule abrasion resistance, %, no less than � 75 � 71
Bulk density, g dm�3, no more than � 560 � 550
Total pore volume for moisture, cm3 g�1 � 0.75 � No more than 0.7
Dynamic activity for benzene, min, no less than� 130 � 125
Static capacity for benzene, g l�1, no less than� 158 � 145
������������������������������������������������������������������������������������
* Technical Specifications.

Table 2. Structural and sorption properties of respirator carbon before and after treatment*
������������������������������������������������������������������������������������

Sample
� Ash content � Moisture content �

P, g cm�3
�

Ws, cm3 g�1
�

Ssp, m2 g�1
�

pH
�

MB, mg g�1�������������������������� � � � �
� % � � � � �

������������������������������������������������������������������������������������
Initial � 19.9 � 15.8 � 0.56 � 0.3 � 505 � 7.75 � 53
Oxidized � 6.4 � 13 � � � 0.4 � 570 � 5.8 � 60
Activated � 6.2 � 5 � � � 0.4 � 650 � � � 71
SKT-3 [7] � � � 10 � 0.58 � 0.33�0.36 � � � � � �

������������������������������������������������������������������������������������������������������������������������������������������������������������������������

Sample
�

I2, %
� NaOH � HCl � V

�
� Vmi � Vme � Vma

� ���������������������������������������������������������������
� � mg-equiv g�1 � cm3 g�1

������������������������������������������������������������������������������������
Initial � 25.4 � � � � � 0.442 � � � � � �

Oxidized � 19 � 1.8 � 0.0 � 0.56 � � � � � �

Activated � � � 0.2 � 0.4 � 0.74 � 0.36 � 0.28 � 0.018
SKT-3 [7] � � � � � 0.6 � 0.28 � 0.27 � 0.05 � 0.27
������������������������������������������������������������������������������������
* (P) Bulk density, (pH) pH of aqueous solution, (MB) sorption of Methylene Blue, (I2) sorption of iodine; (Vmi, Vme, and

Vma) volumes of micro-, meso-, and macropores, respectively.

pore area, chromatographically, by thermal desorption
of argon.

Then, the oxidized carbon was additionally an-
nealed at 850�C for 1 h in an argon flow to decom-
pose surface oxides and to convert the oxidized ma-
terial into common activated carbon [1]. The resulting
activated carbon was tested in parallel with the sample
of the oxidized carbon by the standard procedures.

Our experimental data (Tables 1, 2; Fig. 1) allowed
us to classify the resulting carbon sorbents and to
determine their analogs in accordance with [7].

As seen, the samples prepared by regeneration of
respirator charge mainly correspond to commercial
carbon SKT-3, whose properties are regulated by

r, �

dV/d log r [cm3 g�1, �]

Fig. 1. Differential curve dV/dlog r of pore radius (r) distri-
bution in the (1) initial and (2) oxidized carbon.
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P, %

�, min
Fig. 2. Kinetics of decomposition of 1% hydrogen peroxide
solution in (1) initial, (2) oxidized, and (3) activated
respirator carbons. (P) Degree of decomposition and
(�) time.

A, mg-equiv g�1

ce, mg-equiv l�1

Fig. 3. Isotherms of sorption A of (1) chromium(III),
(2) copper(II), and (3) iron(III) ions from aqueous nitrate
solutions. (ce) Equilibrium concentration of metal ions.

TU (Technical Specifications) 6-16-2727�84 �SKT-3
Activated Carbon.�

It was found that, after prolonged oxidative regen-
eration, the ash content decreased from 19.9 to 6.4%.
Probably, due to the removal of the impregnating salts
(13.5% content), the sorption pore volume for benzene
Ws (determined by the desiccator procedure [6]) and
the total pore volume V� also slightly increased:
from 0.30 and 0.44 to 0.40 and 0.56 cm3 g�1, re-
spectively. The resulting sample exhibited the cation-
exchange properties with the exchange capacity of
1.8 mg-equiv g�1. Moreover, after such oxidative
treatment carbons preserved their strength, and no loss
of the carbon material was observed.

Additionally, we studied the catalytic properties of
two samples of the carbon material prepared by regen-
eration of the respirator charge using a 1% model
solution of hydrogen peroxide. The results are shown
in Fig. 2 as the kinetic curves of H2O2 decomposition
in the initial and oxidized carbon material. The con-
centration of hydrogen peroxide in solution was deter-
mined by titration with potassium permanganate
[1, 8].

As seen, the highest and lowest decomposition
rates are observed with activated and oxidized car-
bons, respectively, which agrees with published data.
The initial respirator charge containing ions of copper
and other metals exhibits fairly high catalytic activity,
because the transition metal ions, as a rule, accelerate
decomposition of hydrogen peroxide.

We also studied the ion-exchange properties of the
oxidized sample toward copper(II), chromium(III),
and iron(III) ions (Fig. 3). It was found that this car-
bon cation exchanger strongly retains Fe3+ and Cu2+

ions, whereas the sorption of Cr3+ ions is lower; this
phenomenon is typical for the majority of oxidized
carbons under the similar conditions [1].

Thus, regeneration of the respirator charge by
liquid-phase oxidative degradation yields two types of
carbon sorbents: activated carbon with the sorption
properties similar to those of commercial SKT-3
carbon and its oxidized modification exhibiting
cation-exchange properties.

Similarly to SKT-3 carbon, the activated carbon
prepared by regeneration (conversion) of the respirator
charge can be used to remove organic compounds of
various classes (volatile solvents, dyes, gasoline,
diesel oil, etc.) from gas exhausts and also as catalyst
support to disinfect gas wastes containing organic
contaminants, carbon oxides, etc.

CONCLUSIONS

(1) The liquid-phase procedure of oxidative-degra-
dation regeneration (conversion) of spent respirator
charge (without loss in the strength and in the amount
of the carbon material) was developed. This procedure
causes demineralization and simultaneous partial oxi-
dation of the carbon surface, imparting to it cation-
exchange properties.

(2) Additional thermal treatment of the oxidized
material in an inert atmosphere yields the activated
form of the regenerated carbon sorbent.

(3) Some physicochemical, structural, and sorption
properties of the initial respirator carbons and modi-
fied carbon materials were determined by the standard
procedures. In the set of properties, the resulting
regenerated carbon is similar to SKT-3 brand com-
mercial carbon.

REFERENCES

1. Tarkovskaya, I.A., Okislennyi ugol’ (Oxidized Carbon),
Kiev: Naukova Dumka, 1981.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 3 2003

CONVERSION OF RESPIRATOR CHARGE INTO CARBON SORBENTS 377

2. Tarkovskaya, I.A., Sto �professii� uglya (A Hundred
Jobs of Coal), Kiev: Naukova Dumka, 1983.

3. Von Kinle, H. and Bader, E., Aktivkohle und ihre in-
dustrielle Anwendung, Stuttgart: Enke, 1980.

4. Lukin, N.D. and Antsypovich, I.S., Regeneratsiya ad-
sorbentov (Sorbent Regeneration), Leningrad: Khimiya,
1983.

5. Tarkovskaya, I.A., Tomashevskaya, A.N., Shvets, D.I.,
and Puzii, G.V., Khimicheskaya, kataliticheskaya i
radiatsionnaya regeneratsiya uglerodnykh sorbentov

(Chemical, Catalytic, and Radiation Regeneration of
Carbon Sorbents), Chisinau: Shtiintsa, 1986.

6. Kel’tsev, N.V., Osnovy adsorbtsionnoi tekhniki (Prin-
ciples of Adsorption Techniques), Moscow: Khimiya,
1984.

7. Ugli aktivnye: Katalog (Activated Carbons: Catalog),
Cherkassy: NIITEKhIM, 1990.

8. Babko, A.I. and Pyatnitskii, I.V., Kolichestvennyi
analiz (Quantitative Analysis), Kiev: Naukova Dumka,
1961.



1070-4272/03/7603-0378$25.00�2003 MAIK �Nauka/Interperiodica�

Russian Journal of Applied Chemistry, Vol. 76, No. 3, 2003, pp. 378�382. Translated from Zhurnal Prikladnoi Khimii, Vol. 76, No. 3,
2003, pp. 393�397.
Original Russian Text Copyright � 2003 by Iordanova, Korsakov, Tsvetkova, Mitev.

SORPTION
����������������������� �����������������������

AND ION-EXCHANGE PROCESSES

Effect of the Surface Nonuniformity of Dispersed Diabase
on Properties of Composites

E. N. Iordanova, V. G. Korsakov, M. N. Tsvetkova, and D. T. Mitev

St. Petersburg State Technological Institute, St. Petersburg, Russia
Zlatarov University, Burgas, Bulgaria

Received January 23, 2001; in final form, November 2002

Abstract�Adsorption of acid�base (Hammett) indicators and Fe(III) hydroxo complexes on the surface
of dispersed diabase containing 45�52% silica, which is a promising polymer filler, was studied. Changes
in the energy-related characteristics of the surface in the course of grinding and chemical modification of
diabase with carbon from a mixture of CCl4 and CH4 were analyzed.

Controlling the energy-related characteristics of
the surface of dispersed solids is a promising direction
in developing structural and functional polymeric
composites with prescribed properties. By varying the
dispersity and the composition of functional groups,
one can affect the donor�acceptor properties of com-
ponents, interactions at the interface between the
dispersed component and the polymer, and properties
of composites. Wide use of inexpensive natural ma-
terials instead of synthetic materials as fillers of poly-
meric composites is hindered by their inhomogeneity.
The reproducibility of properties can be improved,
and the interaction energy at the interface between the
dispersed filler and the polymer and the structure of
the interfacial layer can be optimized by polymer
grafting [1], local chemical modification of the sur-
face, or synthesis of nanometer coatings by chemical
assembly technique [2]. This is only possible for
dispersed materials whose particles have a strong 3D
(mainly covalent) framework and bear reactive func-
tional groups on the surface.

In this work we examined the possibility of chemi-
cally modifying with carbon the surface of dispersed
diabase produced as waste in manufacture of building
materials and also studied the functional composition
and energy nonuniformity of the initial and modified
samples.

EXPERIMENTAL

Diabase samples [magmatic rock strongly modified
by secondary processes, with silica content of 45�52%
[3]; Dzhebel deposit, Bulgaria; mineralogical (phase)
composition: plagioclase, pyroxene, olivine, horn-

blende] were ground in a ball mill and fractionated
(particle diameter in different fractions 20�125 �m).
The diabase surface was modified with carbon on
a laboratory setup (Fig. 1) in fixed bed in a quartz
reactor from a mixture of CCl4 and CH4 at 500�C for
1 h. Methane was purified with active copper and
sorbents to remove oxygen and water vapor in units 1
and 2 and was saturated with tetrachloromethane
vapor in a bubbler 3 and fed into reactor 4 having
the form of a quartz tube 260 mm long and 46 mm in
diameter with external Nichrome coil for heating.
A quartz grid with 0.5�1-mm openings was welded
within the reactor at a height of 60 mm. The grid was
covered with glass fiber fabric on which a 50-g por-
tion of diabase was placed. The temperature of the
diabase bed was measured with a thermocouple and
controlled and recorded with EPP-09 electronic poten-
tiometers 5 and 6. The reaction proceeds in accor-
dance with the equation

CH4 + CCl4 � 2C + 4HCl.

Hydrogen chloride formed in the reaction was ab-
sorbed with a 0.1 N NaOH solution in vessel 7.

Fig. 1. Schematic of the laboratory setup for modification
of dispersed diabase with carbon in fixed bed (for explana-
tions, see text).
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Changes in donor�acceptor properties of the dia-
base surface were evaluated by Tanabe’s spectropho-
tometric version [4] of the indicator method, based on
adsorption of acid�base (Hammett) indicators with
known pKa in the range from �4 to 12.8 [4, 5]. The
optical densities D0 of the initial indicator solutions
were measured with an SF-26 spectrophotometer, after
which suspensions of modified diabase in these solu-
tions were prepared and optical densities D1 of the
solutions were measured after the adsorption equi-
librium was attained and the solution was separated
from the sediment by decanting or centrifuging. To
take into account the influence exerted on the optical
density by changes in the pH value on contact of
a sample with solution and partial dissolution of
the sample, a suspension of the initial and modified
diabase in distilled water was prepared, the sediment
formed was separated after 30 min, an indicator solu-
tion was added, and the optical density D2 was meas-
ured. The content of active centers qpKa

(mmol g�1)
with a given pKa value was calculated by the formula

cin Vin
qpKa

= �������D0 � D1�/m1��D0 � D1�/m2�,
D0

where cin and Vin are the concentration and volume of
the indicator solution, m1 and m2 are weighed portions
of diabase, and the � sign corresponds to oppositely
directed changes in D1 and D2 with respect to D0.

The distribution of adsorption centers over the sur-
face of the samples studied was plotted in the coor-
dinates qpKa

= f (pKa).

The overall energy-related characteristics of the
surface of modified diabase were determined using
a high-sensitivity method based on potentiometric
recording of the potential curves of adsorption of
iron hydroxoaqua complexes from solution [6, 7].
A reversible redox system Fe3+/Fe2+ and an electro-
chemical cell with indifferent (platinum) electrode and
calomel reference electrode were used in measure-
ments. The concentration of Fe(III) and Fe(II) ions in
the starting solution was 10�4 and 10�5 M, respec-
tively. The potentials of the indifferent electrode in
the starting solution and in a suspension of diabase
in this solution were measured. The potential curves
were calculated using the equation

��Q = ��mF + RT lnQ,

where ��Q is the adsorption potential for hydroxo
complexes of iron ions; ��m, the difference of poten-
tials of the indifferent electrode in the starting solution
and in the suspension; F, the Faraday number. The

(a)

(b)

qpKa
� 10�3, mmol g�1

qpKa
� 10�3, mmol g�1

Fig. 2. Distribution with respect to donor�acceptor proper-
ties of adsorption centers over the surface of (a) initial dia-
base of different fractions and (b) that modified with car-
bon. (qpKa

) Content of centers with the corresponding pKa
value; the same for Fig. 3. Diabase particle size (�m):
(1) 40, (2) 40�80, and (3) 80�125.

surface fraction Q (filling of the surface with adsorbed
iron hydroxoaqua complexes at constant solution con-
centration) is determined by the amount m of the solid
in the suspension.

In the given method, the concentration measure-
ments commonly made in studying adsorption iso-
therms are replaced by the potential measurements in
dilute solutions, which allows a study at low surface
filling of dispersed materials with the adsorbate (down
to Q = 0.01�0.001). Therefore, this method is used to
prognosticate the properties of fillers for polymers,
catalysts, and other active materials [8, 9].

Figure 2 [for clarity, the points in 1D distributions
(histograms) are connected] shows that the surface
of the initial diabase samples is characterized by high
nonuniformity depending on dispersity, which is
probably due to the complex mineralogical (phase)
composition of diabase. Lewis (electron-donor and
-acceptor) adsorption centers characterized by pKa
values of �4.4 and �0.29 and Brønsted (proton-donor
and -acceptor) centers with pKa 1.3, 3.4, 5.0, 6.4, 8.8,
10.5 are present on the surface of diabase of different
fractions. Figure 3a shows the content Lewis base and
Brønsted acid and base centers as functions of the
fraction size. The total content of adsorption centers
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(a)

(b)

d, �m

qpKa
� 10�3, mmol g�1

qpKa
� 10�3, mmol g�1

Fig. 3. Content of acid�base centers on the surface of
(a) initial and (b) modified diabase as a function of dis-
persity. (d) Particle size of diabase. pKa value: (a) (1) �4.4,
(2) �0.29, (3) 3.46, (4) 8.8 and (5) 12.8; (b) (1) �4.4,
(2) �0.91, (3) �0.29, (4) 7.3, (5) 8.8, and (6) 12.8.

��2 [kJ mol�1]

Fig. 4. Potential curves of adsorption of iron(III) ions on
(1�3) initial and (4�6) modified diabase, plotted in the
coordinates of the Dubinin equation. (��) Adsorption
potential of Fe(III) ions and (Q) surface filling. Fraction
size (�m): (1, 4) 40, (2, 5) 40�80, and (3, 6) 80�125.

and centers with pKa �0.29 is the highest for the 40�
80-�m fraction. The increase in the content of the
centers upon grinding of the initial diabase (80�
125 �m) to 40�80 �m is due to a rise in the specific
surface area, surface activation (formation of macro-
radicals), and changes in the phase composition as a

result of mechanochemical processes. However, sub-
sequent grinding to less than 40 �m leads to a de-
crease in the content of the centers, which is probably
due to interaction of particles at the most active
centers. The most sensitive to grinding are Lewis
centers with pKa �0.29 and �4.4 (radicals formed in
dehydration and dehydroxylation of the diabase sur-
face in the course of grinding), Brønsted acid centers
with pKa 3.46 (OH groups), and Brønsted base centers
with pKa 8.8, which may be formed in dissociation of
substituted functional groups of the �O�Me type.

In modification of the diabase surface with carbon,
the composition of active centers is little dependent
on the dispersity, but the number of centers changes
(Fig. 2b). A large number of Lewis centers (possibly
carbon macroradicals) with pKa �4.4 and �0.29 ap-
pear on the surface of dispersed diabase (<40-�m frac-
tion). Their content increases to a much greater extent
than does the surface area upon grinding (Fig. 3b).
This points to weaker influence of the phase (min-
eralogical composition) heterogeneity of particles on
the surface properties. For the <40-�m fraction, the
number of Brønsted base centers with pKa 7.3 and 8.8
also grows. However, the content of these centers for
all fractions of modified diabase is much lower than
that for the 80-�m fraction of the initial sample.

Changes in the qualitative and quantitative com-
position of active centers upon grinding and modifica-
tion of diabase lead to changes in the overall energy-
related characteristics found potentiometrically. Fig-
ure 4 shows the potential curves of adsorption of
Fe(III) hydroxoaqua complexes on the diabase surface
in the coordinates of the Dubinin equation [10] ��2 =
f (ln Q). The equation was derived in this form by Du-
binin [10] for porous adsorbents. However, it is also
successfully used for describing monolayer adsorption
onto solid surfaces from solutions [11], since only
the assumption of a Gaussian distribution of the
volume of the adsorption space with respect to poten-
tials was made in deriving this equation.

Figure 4 shows that the potential curves plotted
in these coordinates include one or several linear
(homotatic) portions corresponding to filling of cen-
ters of varied nature. (The term �homotatic� is used
in the adsorption theory, e.g., in the Ross�Olivier
method [12], for designation of areas of the same type
on an energetically nonuniform surface.)

In accordance with the physical meaning of the
Dubinin equation, the slopes of the ��2 regression
with respect to ln Q characterize the surface nonuni-
formity and its changes in the course of chemical
modification. The surface of the initial diabase is non-
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uniform because of the diversity of the mineralogical
composition; mechanochemical processes and chemi-
cal modification lead to changes in the surface com-
position. The results are summarized in the table.

Samples of the initial diabase of the 80�125- and
40�80-�m fractions are characterized by high surface
nonuniformity. As seen from the table, the slopes of
the ���ln Q dependences are only slightly different
(82 and 86) for these fractions in the ln Q range from
�4.3 to �5.0. However, the potential curve for the
80�125-�m fraction contains a portion with smaller
slope at fillings Q 	 0.02, which may be due to phase
heterogeneity of the initial sample before grinding.
The potential curve for the <40-�m fraction has only
a single portion, i.e., the surface becomes more uni-
form after grinding.

Much stronger influence is exerted on the surface
uniformity by modification of coarsely dispersed dia-
base with carbon. The slope of the linear dependence
��2�ln Q decreases by two orders of magnitude for the
80�125-�m fraction. The slopes of the linear portions
for 40�80- and <40-�m fractions of modified diabase
are close (which points to filling of adsorption centers
of the same type) and much exceed that for the 80�
125-�m fraction. The increase in the adsorption poten-
tial and in the slope of the ��2�ln Q regression after
modification of the <40-�m fraction of diabase (see
table) indicates that the surface activity becomes higher.

The linear regressions of the potential curves in-
tersect the abscissa at ln Q from �4.0 to �4.2 (Q from
0.01 to 0.15), i.e., the adsorption potential is zero at
the surface filling exceeding 0.02.

The low adsorption potentials of modified diabase
of the 80�125-�m fraction can be accounted for by
the fact that carbon deposited onto the diabase surface
blocks oxygen-containing donor�acceptor centers on
the surface of the initial coarsely dispersed sample
(containing a comparatively small amount of func-
tional groups). This leads to hydrophobization of the
surface and precludes adsorption of hydroxo com-
plexes (which are adsorbed by the outer-sphere mech-
anism into a film of adsorbed water [6]). Naturally,
the coefficient of the ��2�ln Q correlation decreases at
the exceedingly narrow range of variation of the
chemical potential.

The results of potentiometric measurements are in
full agreement with the data obtained in studying the
distribution of adsorption centers with respect to
donor�acceptor properties (Figs. 2 and 3b), according
to which the highest content of these centers on the
initial diabase is observed for the 40�80-�m fraction,
and after modification the content of all the centers

Regression equation for ��2�ln Q correlation
����������������������������������������
Diabase fraction � Regression � Correlation

size, �m � equation � coefficient
����������������������������������������

Initial samples

80�125 � 82��2 � 310 � 0.994
40�80 � 86��2 � 240 � 0.996
< 40 � 16��2 � 70 � 0.982

Samples modified with carbon

80�125 � 0.63��2 � 1.30 � 0.810
40�80 � 34��2 � 130 � 0.976
< 40 � 28��2 � 110 � 0.942

����������������������������������������

decreases. An increase in the adsorption energy after
modification is only observed for the <40-�m frac-
tion, i.e., modification must presumably enhance the
reactivity of these samples and the interaction energy
at the filler�polymer interface.

In other words, the initial and modified samples
with different dispersities differ both in the composi-
tion of adsorption centers and in overall energy-
related characteristics of the surface, which must
reflect on their properties as fillers for composites
and, in particular, for rubbers.

To evaluate the influence exerted by the surface
properties of initial and modified diabase samples on
the physicomechanical characteristics of rubbers,
vulcanizates were prepared from SKMS-30ARKP
(nonpolar) and SKN-40AM (polar) rubbers with
50 wt parts of filler per 100 wt parts of rubber. The
vulcanization was effected with a sulfur vulcanizing
group. For comparison, vulcanizates containing the
same volume amount of chalk and PGM-33 carbon
black were prepared.

Physicomechanical tests demonstrated that vulcani-
zates based on SKMS-30ARKP rubber are charac-
terized by weak enhancing effect: nominal rupture
strength 
r �2 MPa (
r = 1.3, 2.7, and 16.7 MPa for,
respectively, rubber without filler and that with chalk
and carbon black). This is in agreement with the in-
creasing elasticity of the rubbers: relative elongation
� = 430% (� = 320, 420, and 300%, respectively). The
rise in dispersity upon diabase grinding and the sur-
face modification of diabase with carbon improve
somewhat the nominal strength and the modulus of
elasticity of the rubbers and do not affect the degree
of equilibrium swelling of vulcanizates in benzine,
i.e., leave unchanged the density of the 3D network.
This confirms the weak interaction between nonpolar
SKMS-30ARKP rubber and fillers.
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d, �m

	, kgf cm�2

M-100, kgf cm�2

Fig. 5. (1, 2) Nominal rupture strength � and (3, 4) stress at
100% relative elongation, M-100, for vulcanizates based on
SKN-40AM rubber vs. dispersity d of filler: (1, 3) initial
and (2, 4) modified diabase.

Much stronger influence is exerted by the type and
dispersity of a filler on the properties of vulcanizates
based on SKN-40AM rubber containing nitrile groups.
As seen from Fig. 5, the nominal strength, modulus of
elasticity, and relative elongation of the rubbers
depend on the particle size and on modification of the
diabase surface with carbon. The strength of rubbers
filled with dispersed diabase of 20-, 40-, 63-, and
80-�m fractions is 10�12 MPa, which is 2 times the
value for similar rubbers with chalk (�6 MPa). The
strength of rubbers modified with carbon decreases
and their modulus grows, which can be accounted for
by an increase in their density and decrease in the
energy of cross-linking bonds (density and strength of
the network). This is also confirmed by the fact that
rubbers with carbon-modified diabase of the 20-�m
fraction exhibit high oil-and-gas resistance (close to
that of rubbers filled with PGM-33 carbon black).

Therefore, the initial dispersed diabase can be used
as weakly reinforcing filler for rubbers, together with
such widely used mineral fillers as chalk and kaolin.
Dispersion and modification of the initial diabase with
carbon enhance its adsorption activity. This favors an
increase in the number of weak cross-linking bonds and
in the density of the 3D network, especially for vulca-
nizates based on polar rubbers, and leads to substan-
tial improvement of physicomechanical characteristics
in comparison with rubbers filled with active chalk.

CONCLUSIONS

(1) The possibility of directed control of energy-
related characteristics of the diabase surface by disper-

sion and chemical modification of diabase with nano-
meter layers of carbon in fixed bed is demonstrated.

(2) The increase in the content of donor�acceptor
centers in dispersion of diabase is due to larger specif-
ic surface area, surface activation, and changes in
phase composition. Modification of the diabase sur-
face with carbon leads to higher content of Lewis
centers and weaker influence of phase heterogeneity
on the energy-related characteristics of the surface.

(3) Changes in the composition and content of
donor�acceptor centers in dispersion and modification
with carbon improve physicomechanical character-
istics of vulcanizates based on polar rubbers and dia-
base, which allows wide use of this inexpensive na-
tural material as filler for composites, instead of
deficient mineral fillers.
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Abstract�Anodic behavior of the VK�6 alloy in phosphoric acid solutions was studied potentiometrically,
voltammetrically, and by X-ray phase and metallographic analyses. The potential range was determined in
which the phase of cobalt�tungsten alloy dissolves with formation of soluble compounds of the above metals
and the tungsten carbide phase does not dissolve. The results obtained can be used in reprocessing of hard
alloy scrap.

Tungsten carbide�cobalt alloys were the first
metal�ceramic hard alloys (HAs) applied in industry
[1]. Their use is still wide. To return valuable HA
components into the production, it is necessary to
search for a way for secondary reprocessing of wastes
containing these components. Suitable raw materials
for the HA production are matrices of spent drilling
and cutting instrument and scrap.

Current methods for separating HA components
use different treatment conditions and chemical
reagents [2]. The drawback of the dissolution of HA
components in acids and their mixtures is toxicity
of the applied chemicals. In part, this drarwback is
avoided in a reprocessing method [3] based on anodic
dissolution of spent diamond and HA instrument in
a chloride�hydroxide melt. In this method, tungsten
and carbon are transferred to the melt in the form of
tungstate and carbonate, respectively, whereas materi-
als impregnating HA matrices are accumulated near
the cathode in the form of highly disperse metallic
powders. The final product in the suggested method is
tungsten oxide WO3, which requires further reproces-
sing prior to being returned into the manufacture of
HA instrument.

In this work, we studied the separation of cobalt
and tungsten carbide WC by anodic dissolution in
phosphoric acid. A phosphoric acid solution as elec-
trolyte, unlike molten media, allows selective separa-
tion of the HA components and ensures separation of
WC suitable for return into the production. A strong
tendency of tungsten and its carbide to passivation in
aqueous solutions determines the specificity of their
electrochemical behavior. Mainly, the electrode poten-
tials, cathodic reactions of electrochemical separation

of gases, and the oxidation processes involving them
have been studied in solutions of hydrochloric and
sulfuric acids [4, 5]. The electrochemical separation
of hydrogen on WC has been studied in [6], and the
recombination of adsorbed hydrogen atoms was be-
lieved to be the limiting stage. The shape of the
anodic polarization curves for W in H2SO4 solutions
corresponds to passage of the active dissolution to the
passive state of the metal [4, 5].

The anodic dissolution of the electrodes made of
WC�Co alloy, metallic cobalt, and tungsten carbide
WC was studied in a three-electrode cell. The working
electrolyte was 1.25 M H3PO4. The solid alloy elec-
trodes were small bars made of VK-6 alloy (WC�
6% Co) obtained by traditional technology of powder
metallurgy [2]. Tungsten carbide electrodes were pre-
pared by hot pressing of tungsten and carbon powders
at 2200�C and 1000 kg mm�2. Cobalt electrodes
were plates of ultrapure metallic foil. The surface area
of the electrodes was 1�2 cm2. Prior to measurements,
the working electrodes were thoroughly abraded and
polished by the procedures proposed for the corre-
sponding materials [7]. Immediately before measure-
ments, the polished surface was washed with alcohol
and distilled water. The auxiliary electrode was a plat-
inum plate with a surface area of 1.0�1.5 cm2. The
electrode potentials were measured relative to a satu-
rated calomel electrode located outside the cell and
coupled to it with a salt bridge. All measurements
were done in nitrogen at 18�C. The steady-state poten-
tiostatic curves were obtained with a PI-50-1 potentio-
stat by fixing a steady-state current. For measurements
of the variations of current with time, the same poten-
tiostat and a PDL-4 recorder were used. The metal-
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E, V

log i [mA cm�2]

Fig. 1. Steady-state potentiostatic polarization curves
log i�E for anodic dissolution of (1) VK-6 hard alloy,
(2) Co, and (3) WC; (4) curve of hydrogen evolution on
tungsten carbide electrode in 1.25 M H3PO4. 18�C; the
same for Fig. 2.

�, h

i, mA cm�2

Fig. 2. Variatoin with time � of the rate i of dissolution of
Co�W alloy from VK-6 hard alloy. Electrode potential, V:
(1) �0.15, (2) �0.20, and (3) �0.25.

lographic analysis was performed on a Neophot-21
electron microscope. The phase composition of the
samples was identified on a DRON-4.0 diffractometer,
and that of gases, on a Selmichrom-1 chromatograph.
The carrier gas was argon or helium. The data ob-
tained were processed on an IBM-486 computer. The
concentration curves of the Co and W distribution
over the cross sections were obtained on an MS-46
Cameca X-ray microanalyzer. The partial currents for
metal dissolution were determined from comparison
of the recorded current with the value obtained from
analysis of the solutions.

The typical steady-state potentiostatic polarization
curves for the anodic dissolution of VK-6, Co, and
WC and those of the recovery of hydrogen ions on
tungsten carbide electrode are presented in Fig. 1.
The polarization curves taken on cycling potential are
reproduced with virtually no hysteresis. Moreover,
the behavior of the curves is not noticeably affected
by mixing. The steady-state potential of the VK-6
electrode is �0.32 to �0.34 V, i.e., it lies between
the steady-state potentials of the components (�0.55
to �0.57 V for carbon and �0.09 to �0.11 V for tung-
sten carbide). In the polarization curves taken on
VK-6 electrode (curve 1), three sections are clearly

10 �m

VK-6Background

Fig. 3. Photomicrograph of the cross sectional of VK-6
alloy anodically dissolved in 1.25 M H3PO4 and the con-
centration curves I�r for Co and W distribution between
the electrode region subjected to anodic dissolution and the
intact region. Electrode potential �0.10 V, dissolution time
10 h, magnification 600. Electrode region: (I) subjected
to dissolution and (II) intact.

observed. The logarithm of the current density in-
creases linearly in the first section (�0.30 to �0.05 V),
sharply drops at �0.02 V, remains virtually constant
with potential increasing to 0.7 V (section II), and
exponentially increases again at higher potentials
(section III).

The VK-6 samples were anodically dissolved in the
potentiostatic mode at the potentials varied from
�0.25 to �0.05 V, i.e., within the first section of the
potentiostatic curve. In the process, the current slowly
decreases with time (commonly during 10�12 h) and
then remains virtually constant (Fig. 2). In the cross-
sectional view of the VK-6 alloy subjected to anodic
dissolution, two zones are observed (Fig. 3): the base
not subjected to dissolution and the partially dissolved
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layer. According to the X-ray phase analysis, the
layer subjected to dissolution contains WC, whereas
metallic cobalt and tungsten are absent. These data are
also confirmed by X-ray spectral microanalysis. The
W content (93.1�93.8%) in the dissolved layer is
lower than that in the tungsten reference, which cor-
responds to its weight content in the carbide.

To confirm the predicted dissolution mechanism,
the VK-6 samples were anodically dissolved at vari-
ous potentials corresponding to sections I and II of
the polarization curve, and at varied dissolution times.
The results of analysis of the solutions obtained are
presented in the table. With increasing potential, the
rate of dissolution of Co and W and the Co/W weight
ratio in the dissolved fraction increase. The chromato-
graphic analysis revealed gaseous CO2 evolving at
the anode at the potentials more positive than 0.70 V.

The composition of the solutions after anodic dis-
solution of the alloys (see table) and the results of the
metallographic analysis, X-ray phase analysis, and
X-ray spectral microanalysis allow a conclusion that
section I of the polarization curve corresponds to
separate dissolution of the Co�W phase, with the WC
grains remaining in the material. Such dissolution
process can be represented by the reactions

Co � Co2+ + 2e, E0 � �0.59 V; (1)

W + 4H2O � WO4
2� + 8H+ + 6e, E0 � �0.12 V. (2)

The W content in the total mass of the dissolved
metals is 11.3�14.2% (Table 1), which corresponds to
its solubility in metallic cobalt [8]. It should be also
noted that most of the anodic current corresponds to
the Co dissolution. Therefore, the polarization curves
taken with VK-6 and Co electrodes are similar in ap-
pearance and quantitative characteristics (Fig. 1,
curves 1, 3).

The joint dissolution of Co and W markedly ac-
celerates with increasing potential. As the potential of
�0.02 V is attained, the current sharply drops to 15�
20% of the maximal value. According to the X-ray
phase analysis, tungsten oxide WO3 and cobalt phos-
phate are major components of the passivating film.
With further increase of the potential, the current
starts to grow slowly, and after a potential of 0.7 V is
attained, it increases sharply. This is due to the fact
that the contribution of the reaction

WC + 6H2O � WO4
2� + CO2 + 12H+ + 10e,

E0 � 0.02 V, (3)

Rates of dissolution of cobalt and tungten from VK-6 alloy
at various electrode potentials. 1.25 M H3PO4, 18�C
����������������������������������������

E, V
�

�, h
� Dissolution rate, g m�2 h�1 �

W,� ����������������������
� � Co � W � wt %

����������������������������������������
�0.33 � 30 � 0.095 � b.s.l* � �

�0.25 � 20 � 3.419 � b.s.l � �

�0.20 � 20 � 10.652 � 1.391 � 11.3
�0.15 � 20 � 18.006 � 2.876 � 12.6
�0.10 � 10 � 25.556 � 4.571 � 14.1
�0.05 � 10 � 28.373 � 5.319 � 14.2
0.80 � 5 � 16.625 � 48.315 � 87.9

����������������������������������������
* (b.s.l.) Below the sensitivity limit of atomic absorption spec-

troscopy.

to the anodic process considerably increases at the po-
tentials more positive than its reversible potential. In
this case, virtually the whole amount of dissolved W,
except for a minor amount obtained by reaction (1)
and calculated from data on the Co dissolution, is
formed by reaction (3). This conclusion is also sup-
ported by the data on the contribution of the partial
reactions to the total anodic process.

In the absence of oxygen in a solution, the cathodic
current is due to hydrogen evolution (Fig. 1, curve 4).
Extrapolation of the polarization curve to the potential
axis Ecor corresponds to the currents of the same order
as for the Co dissolution without polarization. This
also suggests that the rate of dissolution of the Co�W
phase from the solid alloys depends on the sample
thickness, Co content in the alloy, and size of Co and
WC grains. Indeed, replacement of the WC�6% Co
alloy (1.0�2.0-�m grains) by the WC�5% Co alloy
(0.5�1.0-�m grains) increases the dissolution rate
by a factor of 1.1�1.3.

Selective dissolution of the Co�W phase can be
used for reprocessing of hard alloy scrap. In this case,
it is desirable that the separation of Co from WC be
performed at low energy consumption. After dissolv-
ing the Co�W phase, the residual WC should be
ground, and then it can be used again in manufacture
of hard alloy instrument.
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Abstract�Tin electroplating from sulfate electrolyte containing organic additives was studied. The electro-
lyte formulation for preparing lustrous smooth tin coatings was developed.

Our previous study [1�4] on tin electroplating from
sulfate electrolyte containing organic additives show
that introduction of Syntanol, Formalin, butane-,
2-butene-, and 2-butyne-1,4-diols, and benzyl and pro-
pargyl alcohols favors formation of lustrous coatings.

In this work we studied tin electroplating from sul-
fate electrolyte containing Syntanol, Formalin, and
coumarin. Coumarin is a luster-producing and smooth-
ing additive to the nickel plating solution [5].

We studied tin electroplating in the electrolyte con-
taining from 5 to 50 g l�1 SnSO4 and from 90 to
100 g l�1 H2SO4. Synthanol DS-10, coumarin, and
Formalin (37 % formaldehyde solution) were intro-
duced in amounts of 1�4 g l�1, 0.1�2 g l�1, and 1�
10 ml l�1, respectively.

The coumarin solubility in the electrolyte was
found to be 2 g l�1. The equilibrium concentration is
attained within 20 h. Tin films 6�15 �m thick were
deposited on copper supports. The polarization curves
were recorded with a P-5828 potentiostat. The luster
of the samples was measured on an FB-2 photoelectric
luster meter.

The degree of the surface filling with the organic
additives � was estimated from the polarization data
by the equation [6]

� = 1 � exp (�E /b),

where �E is the cathodic polarization; b is the con-
stant of the Tafel equation, determined form the po-
larization curves in the �E�log ic coordinates.

The smothing power of the electrolytes P was
determined by direct profilographic measurements of
the sample surface with a sinusoid microprofile. The
calculation was performed by the equation [7]

P = 2.3a /[2�havlog (H0 /Hi)],

where a is the wave amplitude of the sinusoid micro-
profile (�m), hav is the average thickness of the coat-
ing (�m), and H0 and Hi are the initial and final am-
plitude of the sinusoid microprofile, respectively (�m).

The capacitance of the electrical double layer in the
course of electrolysis was measured by the sequential
substitution scheme using a P-5021 ac bridge operat-
ing at 30 kHz.

Tin was plated at 18�25�C without stirring or with
stirring of the electrolyte with a petal stirrer.

We studied the appearance of the coating as in-
fluenced by the organic additives to an electrolyte
containing, respectively, 30 and 100 g l�1 of SnSO4
and H2SO4. Dull coatings were obtained in the pres-
ence of 1�4 g l�1 Syntanol. Low-quality coatings
were plated from the electrolytes containing Formalin
(1�10 ml l�1), coumarin (0.1�2 g l�1), or both these
additives. Dull coating are formed in the electrolyte
containing Syntanol (1�4 g l�1) and coumarin (0.1�
2 g l�1), or Syntanol and Formalin (6�8 ml l�1).

The quality of the coatings is substantially im-
proved after addition of coumarin to the electrolyte
containing Syntanol (2�3 g l�1) and Formalin (6�
8 ml l�1). At the coumarin concentration of 0.5�
1 g l�1, lustrous coatings with dark strips along the
edges are obtained. At the coumarin concentration
from 1.5 to 2 g l�1, the whole cathode surface is
lustrous.

When the Formalin concentration is out of the in-
dicated range, silvery coatings are formed. At the
Syntanol concentration of 1 g l�1, the range of the
current densities providing formation of lustrous coat-
ings strongly narrows down. At the Syntanol concen-
tration of 4 g l�1, the range of the current densities
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CE, %

ic, A dm�2

Fig. 1. Current efficiency (CE) of tin electroplating as
a function of the current density ic. Electrolyte contains
100, 2, and 2 g l�1 of H2SO4, Syntanol, and coumarin,
respectively, and 6 ml l�1 of Formalin; mechanical stirring.
SnSO4 concentration, g l�1: (1) 5, (2) 10, (3) 20, (4) 30,
and (5) 50.

�Ec, V

ic, A dm�2 C, �F cm�2

Fig. 2. (1�7) Cathodic polarization curves of tin, recorded
on a rotating disc electrode, and (8, 9) the capacitance of the
electrical double layer C as a function of cathodic potential
Ec (vs. SHE) in the tin plating solutions. Electrolyte con-
tains 30 and 100 g l�1 of SnSO4 and H2SO4, respectively.
(ic) Cathodic current density. (1, 8) Initial electrolyte; (2�7,
9) the electrolyte containing Syntanol and coumarin (2 g l�1

each) and 6 ml l�1 of Formalin. Cathode rotation rate (rpm):
(1, 2) 0, (3) 100, (4) 500, (5) 900, (6) 1500, and (7) 2000.

providing formation of lustrous coatings does not
change, but the electrolyte foams on stirring, which
complicates tin plating.

The range of working current densities providing
formation of lustrous coatings was also studied as
influenced by the SnSO4 concentration. We found that
the current density required to obtain lustrous coating
increased as the SnSO4 concentration was increased
from 5 to 50 g l�1 in the electrolyte containing H2SO4
(90�100 g l�1), Syntanol (2�3 g l�1), Formalin (6�
8 ml l�1), and coumarin (1.5�2 g l�1). At the SnSO4

concentration of 5, 10, and 20 g l�1, the lustrous coat-
ings are plated at ic = 1�5 A dm�2; at [SnSO4] =
30 g l�1, at ic = 2�8 A dm�2; and at [SnSO4] =
50 g l�1, at ic = 4�10 A dm�2.

The sulfuric acid concentration in the electrolyte
should be in the range 90�100 g l�1. At the concentra-
tions below 90 g l�1, the electrolyte is unstable in
the course of tin plating and the range of ic providing
formation of lustrous coatings narrows down. At the
sulfuric acid concentration higher than 100 g l�1, the
range of current densities for obtaining lustrous coat-
ings does not change. It should be noted that high-
quality lustrous coatings are plated only in the stirred
electrolyte. Without stirring, dull coatings are formed.

The dependence of the current efficiency (CE) on
the current density in the electrolyte with the organic
additives is shown in Fig. 1. The current efficiency
decreases with increasing ic and grows with increasing
the SnSO4 concentration. At the SnSO4 concentration
of 5 g l�1 and ic = 1�5 A dm�2, CE ranges from 96 to
71% and at the SnSO4 concentration of 50 g l�1 and
ic = 4�10 A dm�2, from 99.9 to 90.1 % (Fig. 1,
curves 1, 5).

To determine the effect of the organic additives on
tin plating, we recorded cathodic polarization curves
on a rotating disc electrode. As seen from Fig. 2, in
the presence of the organic compounds, the cathodic
polarization �Ec increases and the cathodic polari-
zation curves flatten out at the limiting currents
(curves 1, 2). Curves 1 and 2 were recorded on the
stationary disc electrode. At the rotation rate of the
disc electrode increased from 200 to 500 rpm, ilim
increases, and the cathodic polarization decreases
(curves 3, 4). When the rotation rate increases to
900�2000 rpm, the section of the limiting current
disappears and �Ec is 320 mV (curves 5�7).

The plateau of the limiting current in the polariza-
tion curves is due to adsorption of the organic com-
pounds on the cathode surface, which is confirmed by
variation of the capacitance of the electrical double
layer. As seen from Fig. 2 (curves 8, 9), the capacit-
ance of the electrical double layer decreases after
introduction of the organic compounds. In the range
of potentials E from �0.3 to �0.4 V, the capacitance
decreases from 32 to 18 �F cm�2. At higher cathodic
potentials, the organic compounds are desorbed from
the electrode surface and the continuity of the adsorp-
tion layer gets broken, thus increasing the capacitance
of the double layer.

The dependences of the coverage of the cathode
surface � (curve 1) and of the degree of the coating
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luster (curve 2) on the current density are shown in
Fig. 3. The degree of the coating luster increases and
the surface coverage decreases with increasing current
density ic. The surface coverage � ranges from 13.8 to
6.8 % at ic providing formation of lustrous coatings. It
should be noted that the lustrous coatings are plated
from the electrolyte with organic additives only in a
definite range of ic and �. Probably, at the optimal
values of these parameters the roughness of the grow-
ing films is minimal.

We measured the smoothing power of the sulfate
electrolyte as influenced by the cathodic current den-
sity and the coumarin and SnSO4 concentrations.
The results are shown in Fig. 4. As seen from Fig. 4,
the electrolytes containing Syntanol, Formalin, and
coumarin smooth the coating surface. When ic in-
creases from 1 to 5 A dm�2 in the electrolyte con-
taining 10 g l�1 SnSO4, S decreases from 0.5 to 0.4
(Fig. 4, curve 1). At the same time, at the SnSO4 con-
centration of 30 g l�1 and ic = 1�8 A dm�2, the
smoothing power increases from 0.62 to 0.98 (Fig. 4,
curve 2). The dependences of the smoothing power of
the electrolytes containing 10 and 30 g l�1 SnSO4 on
the coumarin concentration in the range 0.25�2 g l�1

differ. As seen from Fig. 4, the S�c dependence at the
SnSO4 concentration of 10 g l�1 passes through
a minimum (curve 3), and at the SnSO4 concentra-
tion of 30 g l�1, through a maximum (curve 4). The
smoothing power of the electrolyte containing 30 g l�1

SnSO4 is higher.

The mechanism of surface smoothing can be ex-
plained in the framework of the conventional adsorp-
tion�diffusion theory [7] which suggests that the
polarization curves recorded on a rotating disc elec-
trode at various rotation rates qualitatively simulate
the cathodic process on profile micropeaks (high rota-
tion rate) and microvalleys (low rate). To estimate the
influence of various additives, the cathodic potential
in the electrolyte with an additive (or additives) was
measured at two rates of electrode rotation. If the
polarization increases with increasing rotation rate,
the additive(s) will have the smoothing effect.

Analysis of the cathodic polarization curves re-
corded in a tin sulfate electrolyte on a rotating disc
electrode (Fig. 2, curves 3�7) shows that these curves
do not simulate the distribution of tin plating rates
over the microprofile. This is probably due to adsorp-
tion of organic compounds on the electrode surface.
Intensification of the hydrodynamic conditions affects
formation and degradation of the adsorption layer. In
this case, tin plating on all microprofile sections ac-

�, % L, %

ic, A dm�2

Fig. 3. (1) Coverage of the cathode surface � and (2) degree
of coating luster L as functions of the cathodic current
density ic. Electrolyte contains, respectively, 30, 100, 2,
and 2 g l�1 of SnSO4, H2SO4, Syntanol, and coumarin and
6 ml l�1 of Formalin; mechanical stirring.

S

ic, A dm�2

c, g l�1

Fig. 4. Smoothing power S of tin sulfate electrolytes as
a function of the (1, 2) cathodic current density ic and
(3, 4) coumarin concentration c. Electrolyte contains, re-
spectively, 100 and 2 g l�1 of H2SO4 and Syntanol and
6 ml l�1 of Formalin; mechanical stirring. (1, 2) Electro-
lyte + 2 g l�1 coumarin + 10 and 30 g l�1 SnSO4, respec-
tively; (3, 4) electrolyte + 10 and 30 g l�1 SnSO4, respec-
tively.

celerates, i.e., the change in the tin plating rate looks
like a manifestation of the antismoothing effect. It
should be also noted that this phenomenon was ob-
served during tin plating from the sulfate electrolyte
with other organic additives [1�4] and during electro-
deposition of an Sn�Sb alloy [8].

Based on the above results, we propose the follow-
ing formulation of the sulfate electrolyte for plating
lustrous and smooth tin coatings: SnSO4 (5�50 g l�1),
H2SO4 (90�100 g l�1), Syntanol DS-10 (2�3 g l�1),
coumarin (1.5�2 g l�1), and 37% formaldehyde solu-
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tion (6�8 ml l�1); ic = 1�10 A dm�2. The current ef-
ficiency of tin electroplating is 71�99.9%. The elec-
trolyte temperature is 18�25�C. At higher tempera-
ture, the electrolyte becomes turbid and low-quality
deposits are formed. The electrolyte should be mech-
anically stirred. To decrease contamination of the
electrolyte with the anodic slime, the tin anodes
should be placed in woven polypropylene bags.

The electrolyte was highly stable during prolonged
lab trials. However, after prolonged operation, a light
yellow precipitate deteriorating the film quality was
accumulated on the bath bottom. The precipitate
should be filtered off at regular intervals.

The IR spectrum of the precipitate (KBr pellet)
contains a strong broad band of OH stretching vibra-
tions in the range 3400�3600 cm�1 [9]. The band at
895 cm�1 can be due to bending vibrations of the
Sn�O�H group [10]. In addition, weak coumarin
bands are observed at 3040, 1720, 1610, 1260, 1180,
1125, and 760 cm�1. We suggest that the precipitate is
a mixture of tin hydroxide and coumarin.

The SnSO4, H2SO4, Formalin, and coumarin con-
centrations in the electrolyte were adjusted on the
basis of chemical analysis data [11]. After passage of
100 A l�1 of electricity, 1 g l�1 of Syntanol should be
added to the bath. Coumarin can be added in the
amount exceeding its solubility. In this case, the
coumarin concentration equal to its solubility is main-
tained throughout the tin plating. Excess coumarin
is introduced in woven polypropylene bags in the
amount no less than the weekly consumption. The
presence of coumarin in the bags placed between
the electrodes is monitored visually. In this case,
the analysis of the electrolyte for coumarin is not
required, since its concentration is self-adjusted. The
coumarin consumption is 0.01 g A�1 h�1.

CONCLUSIONS

(1) Lustrous tin coatings are plated from the sul-
fate electrolyte containing Syntanol, Formalin, and
coumarin at ic = 1�10 A dm�2 depending on the
SnSO4 concentration.

(2) The organic additives inhibit tin electroplating.
The cathodic polarization curves recorded on a rotat-
ing disc electrode in the presence of these additives
flatten out at limiting current. The length of this

plateau increases and the cathodic polarization de-
creases with increasing rotation rate.

(3) The coverage of the cathode surface decreases
and the degree of coating luster grows with increasing
ic. Lustrous coatings are formed at the coverage from
6.8 to 13.8%.

(4) The smoothing power of the sulfate electrolyte
containing the organic additives was studied. These
electrolytes exhibit the positive smoothing effect
which depends on ic and on the coumarin and SnSO4
concentrations.

(5) The distribution of tin electroplating rate over
the microprofile cannot be simulated by the polariza-
tion curves recorded at different rates of electrode
rotation, since the adsorption layer inhibiting the elec-
trodeposition is sensitive to the hydrodynamic con-
ditions.

(6) A self-adjusted electrolyte for electroplating of
smooth and lustrous tin coatings was developed.
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Abstract�The concentrations of ionic species in polysulfide electrolytes of photoelectrochemical converters,
calculated from the results of potentiometric and spectrophotometric measurements in concentrated polysul-
fide solutions, are presented. The possible processes that occur at the semiconducting CdSe photoelectrode and
involve electrically active species are discussed.

Concentrated polysulfide solutions are used as elec-
trolytes in photoelectrochemical converters of solar
radiation [1, 2]. Such solutions contain, in addition to
water and alkali metal cations, OH�, HS�, S2�, MS�

(M = Na, K), and Sx
2� (x = 2�5) ions [3�7]. The equi-

libria between various polysulfide species are de-
scribed by the equation [3]

(x � 1)S2+
x + 1 + HS� + OH� = xSx

2� + H2O, (1)

where x = 2�4.

To describe and control processes occurring in
electrochemical converters, it is necessary to perform
a quantitative analysis of the electrolyte composition.

The aim of this study was to determine the ionic
composition of concentrated polysulfide solutions by
spectrophotometry and potentiometry.

EXPERIMENTAL

The concentration of sulfide ions was determined
by a direct potentiometric procedure assuming the
existence of a calibration plot �-vs-log [S2�], where �
is the potential of the sulfide-selective electrode (SSE)
in solution [8]. It is known that the sulfide ion under-
goes hydrolysis in aqueous solutions:

S2� + H2O = HS� + OH�. (2)

It is assumed in [8] that, already at alkali concentra-
tion c = 1 M, the entire amount of alkali metal sulfide
introduced into solution is present in the form of

sulfide ions, and, therefore, it suffices to prepare solu-
tions with just this alkali concentration for construct-
ing the calibration plot. However, as follows from [9]
and data on the second dissociation constant of H2S
[4], equilibrium (2) is not completely shifted to the left
even at very high alkali concentrations (�8 M), and
a perceptible amount of hydrosulfide ions is present
in solution. Therefore, the calibration plot should be
constructed using the conversion formulas [10]

St
[S2�] = �����������, (3)

1 + Kh/[OH�]

[OH�] = 0.5{cOH� � Kh + [(Kh + cOH�)
2 + 4KhSt]

1/2}, (4)

where [S2�] and [OH�] are the concentrations of sul-
fide and hydroxide ions; cOH�, the concentration of
introduced alkali; St, the sum of the concentrations of
HS� and S2� ions (for sulfide solutions, St = [HS�] +
[S2�] = cNa2S); and Kh, the hydrolysis constant

Kh = [HS�][OH�]/[S2�]. (5)

The potential of the indicator electrode was meas-
ured with an OR-205/1 pH-meter with an accuracy of
0.25 mV. An industrial EA-2 argentite electrode
served as the indicator electrode, and an EVL-1M
silver chloride electrode, as reference. Polysulfide
solutions were obtained by dissolving required
amounts of Na2S �9H2O (analytically pure), NaOH,
and S (both of ultrapure grade) in deaerated double-
distilled water, after which argon (ultrapure grade) was
bubbled through for 20 min. The resulting solutions
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Table 1. Distribution of ionic species in concentrated polysulfide electrolytes*
������������������������������������������������������������������������������������

Species
� Concentration, M, at indicated cNaOH : cNa2S : cS molar ratio
�����������������������������������������������������������������������
� 1 : 1 : 1 � 1 : 1 : 1.5 � 1 : 1 : 2 � 1 : 1 : 0

������������������������������������������������������������������������������������
[S2�]c � 5.41 � 10�2 � 3.16 � 10�2 � 1.47 � 10�2 � 8.32 � 10�2

[HS�]c � � � � 6.82 � 10�2

[S2�]p � 5.51 � 10�2 � 3.39 � 10�2 � 1.44 � 10�2 �
[HS�]p � 5.51 � 10�1 � 3.81 � 10�1 � 1.88 � 10�1 �
[OH�] � 1.55 � 1.38 � 1.19 �
[S2

2�] � 6.28 � 10�3 � 7.39 � 10�3 � 7.94 � 10�3 �
� � � �[S3

2�] � 1.24 � 10�1 � 1.67 � 10�1 � 2.19 � 10�1 �
� � � �[S4

2�] � 2.49 � 10�1 � 3.85 � 10�1 � 5.18 � 10�1 �
� � � �[S5

2�] � 1.83 � 10�3 � 3.24 � 10�3 � 5.025 � 10�3 �
[NaS�] � 1.3 � 10�4 � 2.25 � 10�4 � 4.84 � 10�4 �
[S2�]sp � � � � 9.36 � 10�2

[HS�]sp � � � � 7.66 � 10�2

������������������������������������������������������������������������������������
* [S2�]c, [HS�]c, [S2�]p, [HS�]p, [S2�]sp, and [HS�]sp are the ion concentrations found, respectively, from the calibration plots,

from the difference of SSE potentials in sulfide and polysulfide solutions with the same content of alkali and sodium sulfide, and
from spectrophotometric data. The Kh = 15.5 value [9] was used in the calculations.

were stored in hermetically sealed vessels. All meas-
urements were done at the ionic strength of solution
I = 5 M, adjusted with NaCl.

The concentration of sulfide ions [S2�]c, found
from the calibration plot for a set of polysulfide solu-
tions, are listed in Table 1.

However, the given method gives no way of deter-
mining the concentration of hydrosulfide ions in a
polysulfide solution since the sum St is unknown.
Previously, a method has been proposed for determin-
ing the concentrations of HS� and S2� ions and the

5
total concentration of polysulfide ions Sn = �Si

2� from
i = 2

the difference of SSE potentials in sulfide and poly-
sulfide solutions. The former has the same composi-
tion as the latter with respect to alkali and sodium
sulfide, but contains no sulfur. The difference between
SSE potentials in sulfide and polysulfide solutions is
given by the expression [10]

�� = �s � �n = b log [cNa2S/(cNa2S � Sn) � A],

2Kh
����������������������������� + 1
cOH� � Kh + [4KhcNa2S + (Kh + cOH�)

2]1/2

A = b log����������������������������������.
2Kh

��������������������������������+ 1
cOH� � Kh + [4Kh(cNa2S � Sn) + (Kh + cOH�)

2]1/2

(6)

After calculating the total concentration of poly-

sulfide ions Sn by Eq. (6), St can be found from

St = cNa2S � Sn,

and then the concentrations of OH�, HS�, and S2�

ions can be determined using Eqs. (3)�(5). The results
obtained in calculating the concentration of sulfide
ions from the difference of SSE potentials ([S2�]p) are
also listed in Table 1. As follows from Table 1, the
difference between the concentrations of sulfide ions,
found by the above methods, does not exceed 7%.

In this study, we examined the absorption spectra
of concentrated polysulfide solutions (cNaOH =
cNa2S = 1 M) with varied ratio XS of sulfur and alkali
metal sulfide introduced into the solution. The absorp-
tion spectra were measured with a Specord M-40
spectrophotometer in the wave number range 25 �
103�50 �103 cm�1 at small thickness of the optical
cell (d = 4.14 �10�4 cm). Figure 1a shows an absorp-
tion spectrum of a solution with the composition (M)
1NaOH : 1Na2S : 2S. Origin 6.0 software was applied
to resolve separate absorption bands and determine
their parameters: position xc of a band, its width, and
peak height h. It is known that polysulfide ions absorb
at wave numbers of 23 � 103�37 � 103 cm, and sul-
fide and hydrosulfide ions, and also the ion pair NaS�,
at 40 �103�47 �103 cm�1. To improve the accuracy
of the parameters being determined, the absorption
spectra were processed in two stages. In the first
stage, the absorption bands of the HS�, S2�, and NaS�
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ions were subtracted from the overall spectrum and
the parameters of the absorption bands of polysulfide
ions were determined (see Fig. 1b). In the second
stage, the contributions from the absorption bands of
polysulfide ions were subtracted from the overall
spectrum and the parameters of the absorption bands
of the HS�, S2�, and NaS� ions were found. The cal-
culated data are listed in Table 2. It can be seen that
mainly S3

2� and S4
2� ions are present in solution

nos. 1�3, and their redistribution toward higher con-
tent of S4

2� occurs with increasing XS. At XS = 2 a new
band corresponding to the ion pair NaS� appears in
the absorption spectra at (40�5)�103 cm�1 [5].

Approximate concentrations of polysulfide ions can
be estimated using published values of the constants
of equilibria between different polysulfide ions, K2/3,
K3/4, and K4/5, by solving a system of equations
describing equilibria in concentrated polysulfide solu-
tions.

In addition to equilibria (1) and (2), account should
also be taken, in concentrated polysulfide solutions, of
ion association processes [5]

Na+ + S2� = NaS�. (7)

Writing the equilibrium constants corresponding to
processes (1), (2), and (7)

[S2
2�]2

K2/3 = ������������, (8)
[S3

2�][HS�][OH�]

[S3
2�]3

K3/4 = �������������, (9)
[S4

2�]2[HS�][OH�]

[S4
2�]4

K4/5 = �������������, (10)
[S5

2�]3[HS�][OH�]

[HS�][OH�]
Kh = ����������, (11)

[S2�]

[NaS�]
Kt = ���������. (12)

[Na+][S2�]

(Kt is the ion association constant), together with
material balance conditions for sodium sulfide, sulfur,
and hydroxide ion introduced:

cNa2S = [HS�] + [S2�] + [NaS�] + Sn, (13)

5
cS0

= � (i � 1)[Si
2�], (14)

i = 2

[OH�] = cOH� + [HS�], (15)

(a)

� � 10�3, cm�1

� � 10�3, cm�1

(b)

Fig. 1. (a) Absorption spectrum of a solution (M)
1NaOH : 1Na2S : 2S and results of its processing with Ori-
gin 6.0 software and (b) absorption spectrum of the same
solution after subtraction of the contributions from absorp-
tion bands of the HS�, S2�, and NaS� ions. Optical cell
thickness d = 4.14�10�4 cm. (D) Optical density and
(�) wave number.

yields a system of Eqs. (8)�(15), whose solution
enables calculation of the distribution of polysulfide
species in concentrated solutions. Since the ionic
strength of all the solutions was maintained constant
(�5 M) at strongly dominating Na+ cation, the concen-
tration equilibrium constants in Eqs. (8)�(11) were
considered to be invariable.

The results obtained in calculating the concentra-
tions of ion species in solution nos. 1�3 from Table 2
are listed in Table 1. The calculations were done using
the constants of equilibrium between different poly-
sulfide ions K2/3, K3/4, and K4/5, and also the con-
stants Kh and Kt [5, 9]. The concentrations of HS�,
S2�, and OH� ions, and also Sn, were determined from
the measured difference of SSE potentials in sulfide
and polysulfide solutions, as described above. As fol-
lows from Table 1, HS�, S3

2�, and S4
2� ions predomi-

nate in concentrated polysulfide solutions at cNaOH =
cNa2S = 1 M and varied XS (XS = 1�2). The concentra-
tions of other ion species are much lower, in good
agreement with spectrophotometric data (Table 2).
A certain discrepancy between the experimental and



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 3 2003

394 VOROBETS et al.

Table 2. Parameters of absorption bands of ionic species in polysulfide solutions, obtained with Origin 6.0 software
������������������������������������������������������������������������������������

Solution no. � cNaOH : cNa2S : cS molar ratio � xc � 10�3, cm�1 � h � Species
������������������������������������������������������������������������������������

1 � 1 : 1 : 1 � 46.3 � 1.434 � HS�

� � 37.4 � 0.181 � S2
2�

� � � �� � 37.1 � 0.104 � S4
2�

� � � �� � 33.0 � 0.138 � S4
2�

� � � �2 � 1 : 1 : 1.5 � 47.0 � 1.601 � HS�

� � � �� � 36.8 � 0.088 � S4
2�

� � � �� � 36.75 � 0.112 � S3
2�

� � � �� � 32.9 � 0.262 � S4
2�

� � � �� � 27.7 � 0.041 � S3
2�

� � � �3 � 1 : 1 : 2 � 46.4 � 1.185 � HS�

� � � �� � 41.0 � 0.548 � NaS�

� � � �� � 37.1 � 0.224 � S4
2�

� � � �� � 37.0 � 0.204 � S3
2�

� � � �� � 33.1 � 0.349 � S4
2�

� � � �� � 27.6 � 0.039 � S3
2�

������������������������������������������������������������������������������������

calculated data may be due to inadequate extrapola-
tion of the equilibrium constants K2/3, K3/4, and K4/5
to high ionic strengths and also to experimental errors
in measuring the absolute values of optical density
of strongly absorbing substances in micrometer-size
cells. Table 1 lists the concentrations of sulfide and
hydrosulfide ions, determined in a solution of com-
position (M) 1 NaOH : 1 Na2S : 2S by potentiometry
and spectrophotometry. The error is 12.3%.

It was shown in [11] that singly charged species are
potential-determining species on a cadmium selenide
semiconductor photoelectrode. The assumption that
HS� ions are electrically active species at the photo-
electrode makes it possible to suggest the possible
mechanism of the electrochemical process occurring
at the CdSe photoelectrode under illumination, which
includes discharge of an electrically active HS�

species and desorption of oxidized products from the
semiconductor surface

HS� + 2h+ � H+ + Sads, (16)

Sads + Sx
2� = S2�

x + 1, (17)

where h+ are holes generated in the valence band of
the semiconductor under photoexcitation.

In the range 1.5 < XS � 2, the HS� concentration is
still sufficiently high (Table 1) to ensure high photo-
currents; however, binding of hydroxide ions in solu-
tion by H+ ions formed in accordance with Eq. (16)

shifts equilibria (1) toward formation of longer poly-
sulfide ions:

3S3
2� + H2O = 2S4

2� + HS� + OH�,

4S4
2� + H2O = 3S5

2� + HS� + OH�.

At high illumination intensity and XS � 2, when
the concentration of the electrically active species
HS� strongly decreases, diffusion of electrically active
species toward the surface of the semiconductor pho-
toelectrode becomes the rate-determining stage of
the photoelectrochemical process. A calculation of the
limiting diffusion current for typical values of the dif-
fusion coefficient D = 0.7 �10�5 cm2 s�1 and diffu-
sion layer thickness 	 = 1 �10�2 cm in an electrolyte
of composition (M) 1NaOH : 1Na2S : 2S, with con-
centration cHS� = 0.19 M of electrically active species,
demonstrated that Idiff = 12.8 mA cm�2. This corre-
sponds to experimental photocurrents on a CdSe
photoanode in polysulfide electrolyte [6].

With the concentration of HS� ions decreasing
further at XS > 2, the diffusion current will become
smaller, also in agreement with experimental data
of [6], according to which ISC (short-circuit current)
substantially decreases at XS > 2.

Thus, the electrolyte composition (M) 1NaOH :
1Na2S : 1.5S ensures high stability of CdSe photo-
electrodes because of the fast removal of adsorbed
sulfur from the surface, with the highest efficiency
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achieved in this case owing to the high concentration
of the adsorbed electrically active species HS�. The
decrease in efficiency, observed at XS > 1.5, is due to
enhancement of ion association (formation of NaS�

species), increasing absorption of visible light in the
electrolyte, and more stringent diffusion limitations at
XS > 2 (resulting from the significant decrease in the
concentration of the electrically active HS� species).

CONCLUSIONS

(1) Concentrations of the sulfide ion in concen-
trated sodium polysulfide solutions were determined
by direct potentiometry and from the difference of
potentials of a sulfide-selective electrode in sulfide
and polysulfide solutions, with the discrepancy bet-
ween the concentrations found by the above methods
not exceeding 7%.

(2) It was found that HS� ions are electrically
active species in the system constituted by the CdSe
photoelectrode and a polysulfide electrolyte. The pos-
sible stage mechanism of transformations occurring
in the given system under illumination, which in-
cludes discharge of the electrically active HS� species
and desorption of oxidized products from the semi-
conductor surface, was considered.

(3) A calculation of the limiting diffusion current
in an electrolyte of composition (M) 1NaOH : 1Na2S :
2S demonstrated that diffusion of electrically active
HS� species toward the photoelectrode surface is the
rate-determining stage of the electrochemical process
occurring in the system constituted by the CdSe pho-

toelectrode and a polysulfide electrolyte at high illu-
mination intensity and XS > 2.
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Abstract�Metal corrosion inhibitors based on secondary raw materials from chemical and by-product coke
plants are developed and their inhibiting properties are studied in acid and hydrogen sulfide-containing
solutions.

Wide range of inhibitors are known, as both in-
dividual compounds and various formulations. How-
ever, inhibitors currently used are based mostly on
reagent-grade components, which, naturally, is re-
flected in their cost.

In view of increasing demand for special inhibitors,
it appears advisable to use secondary raw materials
(process wastes, by-products, still bottoms, etc.) for
their manufacture [1�4].

It is quite reasonable to expect that the use of sec-
ondary raw materials for manufacture of acid and hy-
drogen sulfide corrosion inhibitors not only should
exert a significant influence on progress in many
branches of the industry, but it will also allow con-
siderable process advancement, eliminating many
power- and labor-consuming operations and thus
reducing the production cost. Of course, manufacture
of corrosion inhibitors from secondary raw materials
is advantageous from the environmental standpoint
also. In this work we studied new inhibitors for metal
protection against acid and hydrogen sulfide corrosion,
based on by-products from caprolactam production.

EXPERIMENTAL

As starting materials for preparation of corrosion
inhibitors we used toluene and cyclohexane oxidation
products, T-product [5, 6] and Pod oil [TU (Technical
Specifications) 113-03-476�82] [7], respectively.

Inhibitor I was prepared as follows. A mixture of
T-product and still bottoms of isoquinoline (IsSB)
was heated to 60�C, and epichlorohydrin (ECH) was
added using a dropping funnel. The reaction mixture
was heated at 100�110�C for 5�6 h. Then 5% aque-

ous NaOH was added, and the mixture was allowed to
stand at 100�C for 1 h.

Inhibitor II was obtained similarly using Pod oil
and still bottoms of higher pyridinium bases (HPBSB)
as starting products.

Inhibitor I was tested in the dynamic mode at 20,
40, and 60�C with stratal water [8, 9] of the Kras-
noyarsk oil field (Zhigulevskneft’ Oil-and-Gas Pro-
duction Department), containing 333�408 mg l�1 hy-
drogen sulfide. The inhibitor concentration cinh was
varied from 100 to 400 mg l�1. In blank experiments,
the corrosion of the same material (St. 3 steel) was
studied without inhibitor.

The inhibiting characteristics of inhibitor I are given
in Table 1 for the optimal component ratio (T-prod-

Table 1. Protective characteristics of inhibitor I with
respect to St. 3 steel in hydrogen sulfide-containing
solutions
����������������������������������������

cinh, �Protective action, %, at indicated temperature, �C
�����������������������������������

mg l�1
� 20 � 40 � 60

����������������������������������������
Composite I*

100 � 90.2 � 86.2 � 82.4
200 � 94.4 � 92.8 � 91.2
300 � 96.4 � 93.2 � 92.8
400 � 96.6 � 93.4 � 92.8

T-product

100 � 27.2 � 25.0 �Not determined
200 � 30.0 � 28.2 � �

300 � 49.8 � 48.6 � �

400 � 56.4 � 55.4 � �

����������������������������������������
* For optimal composition.
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uct : IsSB : ECH : NaOH = 46.5 : 23.3 : 23.3 : 7.0).

The results show that, at an inhibitor I concentra-
tion of 100 mg l�1 and a temperature of 20�50�C, the
protective action is 82.4�90.2%, depending on the
inhibitor formula. With increasing inhibitor concentra-
tion from 100 to 400 mg l�1, the protective action in-
creases, approaching 92.8 and 96.6% at 20 and 60�C,
respectively. The maintenance of the protective action
at elevated temperatures is of no small importance for
inhibitors. Table 1 shows that the protective action
decreases with increasing temperature from 20 to
60�C, but still remains high.

The results obtained suggest the applicability of I
as a metal corrosion inhibitor in hydrogen sulfide-
containing solutions.

T-product taken individually is of no interest: it
demonstrates the protective action below 56.4%,
which is considerably lower as compared to inhibitor I
under the same conditions.

The compositions of inhibitors II are given in
Table 2.

Inhibitor II was tested with St. 3 steel in acid (HCl,
H2SO4) solutions (Table 3).

The protective action of inhibitor II in 4 N HCl
increases with increasing inhibitor concentration,
whereas that in 4 N H2SO4 is virtually independent of
the inhibitor concentration.

The presence of secondary raw materials from
caprolactam production in formulations I and II ini-
tiates formation of a film on the sample, thus making
a barrier at the metal�solution interface. The presence
of pyridinium and quinoline bases provides a syn-
ergistic effect in hydrogen sulfide-containing corro-
sive medium. The use of ECH promotes formation of
complex branched radicals, which, along with the
inhibiting effect, also demonstrate a blocking action.
Generally, it may be suggested that composites I and
II demonstrate so-called �intramolecular synergism,�
as containing oppositely charged groups, each capable
of adsorption interaction with the metal surface.

Therefore, the observed high inhibiting perfor-
mance of formulations I and II is originated primarily
from the possibility of formation of a compact adsorp-
tion layer on the metal surface. Additionally, some
other inhibiting effects can also contribute to the total
protective action.
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Table 2. Compositions of inhibitors II
����������������������������������������

Sample
� Component content, wt %
����������������������������������

index � Pod oil � HPBSB � ECH � 5% NaOH
����������������������������������������
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����������������������������������������
* Optimal formula.

Table 3. Protective characteristics of inhibitor II with
respect to St. 3 steel in acid solutions
����������������������������������������

Sample
�

cinh,
� Protective action at 80�C, %

� ��������������������������
index � mg l�1

� 4 N HCl � 4 N H2SO4
����������������������������������������

II � 0.2 � 96.5 � 93.5
II � 0.25 � 96.9 � 93.8
II � 0.35 � 97.7 � 93.7
II � 0.4 � 98.5 �Not determined
II � 0.5 � 99.3 � �
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CONCLUSION

Multicomponent metal corrosion inhibitors based
on secondary raw materials from caprolactam produc-
tion are developed. They demonstrate high protective
action at relatively high temperatures in hydrogen
sulfide-containing and acid solutions (HCl, H2SO4).
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Abstract�The catalytic properties of the system Fe2O3�Ga2O3 in high-temperature oxidation of ammonia
and the influence exerted by the phase composition of the system on the physicochemical and catalytic proper-
ties of the catalysts were studied.

Catalytic oxidation of ammonia to nitrogen(II)
oxide is the basis for the industrial procedure for
manufacture of nitric acid [1]. The high cost, short
supply, and irreversible loss of industrial catalysts
(Pt, Rh, and Pd alloys) in industrial processes pose
a topical problem of a search for effective non-
platinum catalysts (NCs). Iron(III) oxide, which is
a promising component of NC, is used in the industry
as a component of the second stage of a combined
system for ammonia oxidation [1, 2]. The high activ-
ity and selectivity with respect to NO is commonly
preserved and the thermal and chemical stability of
Fe2O3 enhanced by using various modifying additives
and, in particular, metal oxides [1�9]. Gallium(III)
oxide Ga2O3 is employed as a modifying additive to
catalysts containing iron oxide [1, 10], but the Fe2O3�
Ga2O3 system has not been studied in a wide range of
compositions.

This study is concerned with the catalytic and
physicochemical properties of the system Fe2O3�
Ga2O3 for NH3 oxidation at high temperatures in a
wide range of compositions.

The catalysts were prepared according to [11] by
thermal decomposition in air of hydrated iron and
gallium nitrates Fe(NO3)3 �9H2O and Ga(NO3)3 �
9H2O of chemically pure grade, taken in appropriate
proportions. The temperature of the final treatment of
catalyst grains was 1143 K. X-ray phase analysis was
made on a Siemens D-500 powder diffractometer with
CuK� radiation and graphite monochromator in the
path of the diffracted beam. The phases in X-ray dif-
fraction patterns were identified using the JCPDS file
included in the software package shipped with the dif-
fractometer. The phase composition of the catalytic
system studied is listed in Table 1.

IR absorption spectra were measured on a Perkin�

Elmer 577 spectrophotometer in the range 200�
2000 cm�1 using KBr technique.

The selectivity of the catalysts with respect to NO
was determined on a flow-through installation with a
quartz reactor 2�10�2 m in diameter [12]. The height
of the bed of catalyst grains, 2�3 mm in size, was
(4�12) �10�2 m; content of ammonia in the am-
monia�air mixture (AAM), about 10 vol %; contact
time, 6.89�10�2 s (normal conditions), which is
the optimal value according to previously obtained
data [4]; pressure, 0.101 MPa. The test temperature
of 1123 K was close to the optimal value for a single-
component iron oxide catalyst; in some sets of experi-
ments it was varied within 913�1273 K.

The composition of products formed in NH3 oxida-
tion and thermal decomposition of NO on the cata-
lysts was determined chromatographically by the
known procedure [13], with the gas mixture analyzed
for the content of NH3, O2, N2, NO, NO2 before and
after passing through the catalyst bed. The detection
limit of the analytical procedure was (vol %) 3.0�
10�3 for NH3, 3.5 �10�3 for NO, and 5.0 �10�3 for
O2, N2, and N2O.

The limiting NH3 load on the catalysts was deter-
mined using a procedure [3] consisting in that the load
on the catalysts is raised to the critical state of �es-
tinguishment,� i.e., to disturbance of the heat balance
of the catalysts upon transition of the reaction from
the diffusion to the kinetic region.

Te specific surface area of the catalysts was meas-
ured by low-temperature adsorption of nitrogen and
calculated by the BET equation using the standard
technique [14].

The particle size of the catalysts was determined on
a JEM-7Y electron microscope [15]. Suspensions of
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Table 1. Phase composition of the catalytic system Fe2O3�Ga2O3
������������������������������������������������������������������������������������
Ga2O3, wt % � Phase composition* � Crystal structure � Lattice constant, nm
������������������������������������������������������������������������������������

0 ��-Fe2O3 �Trigonal, �-Al2O3 type �a = 0.5434
0�14.1 ��s.s �� �a decreases linearly with Ga2O3 content in

� � ��-Fe2O3 increasing from 0.5434 to 0.5384 wt %
14.2 ��s.s saturated �� �a = 0.5384

14.3�33.9 ��s.s + �s.s � � � �

34.0�70.2 ��s.s �Rhombic, �-Al2O3 type �a decreases linearly with increasing Ga2O3
�(Ga2 � xFexO3s.s

, x = � �content in solid solution
�0.7�1.4) � �

70.3�82.6 ��s.s + �s.s � � � �

82.7 ��s.s saturated �Monoclinic, �-Al2O3 type �a = 0.5854
82.8�99.9 ��s.s �� �a decreases linearly with �-Fe2O3 content in

� � ��-Ga2O3 increasing from 0.5802 to 0.5854 wt %
100.0 ��-Ga2O3 �� �a = 0.5802, b = 0.3040, c = 1.2230

������������������������������������������������������������������������������������
* �s.s is a solid solution of gallium(III) oxide in rhombohedral �-Fe2O3; �s.s, Ga2 � xFexO3 solid solution with x = 0.7�1.4 and

structure of �-Al2O3; �s.s, solid solution of �-Fe2O3 in gallium(III) oxide, with �-Ga2O3 structure.

catalyst samples were prepared by diluting weighed
portions of a substance in distilled water with ultra-
sonic dispersion on a UZDV-2 device. As substrates
served carbon films deposited by thermal sputtering
of graphite.

The binding energies of surface oxygen to the cata-
lysts were determined from the temperature depen-
dence of the equilibrium oxygen pressure over the
surface of the compounds [16].

The catalytic properties of the system Fe2O3�
Ga2O3 are presented in Fig. 1 and Table 2. In the
products formed in NH3 oxidation on the catalysts
under study, only N2 and NO were found, with no
�breakthrough� Y of ammonia observed. Thus, the
overall conversion of the starting substance is 100%,
with only the ratio of the amounts of NO and N2, i.e.,
the selectivity of the catalysts with respect to NO (or
to nitrogen), varying. Thermal dissociation of NO
leads to a decrease in the apparent selectivity of the

, wt %

SNO, %

Fig. 1. Catalyst selectivity with respect to nitrogen(II)
oxide, SNO, vs. composition of the system Fe2O3�Ga2O3.

catalysts with respect to nitrogen(II) oxide:

2NO = N2 + O2. (1)

Experimental data on the degree of thermal dis-
sociation of nitrogen(II) oxide on the catalysts of the
given system are listed in Table 3.

At the chosen test temperature and the optimal con-
tact time of 6.89 �10�3 s, from 0.3% (low-active and
poorly selective �-Ga2O3) to 2.1% (the most active
and highly selective composition with Ga2O3 content
of 3.0 wt %) NO undergoes thermal dissociation. The
process leads to a 2.0% decrease in selectivity with
respect to nitrogen(II) oxide for the most active cata-
lyst; the selectivity of the low-active �-Ga2O3 is vir-
tually not affected (Table 3). Catalysts of other com-
positions are characterized by intermediate values
of these quantities relative to the catalysts considered
above (Table 3).

With increasing linear flow velocity of reactants,
i.e., with the contact time decreasing to 1.1 �10�3 s
(critical conditions of catalyst extinguishment), no
thermal dissociation of NO is observed, in agreement
with data on other NCs for NH3 oxidation [1, 4, 5,
8, 9].

According to the results of X-ray phase analysis,
a number of solid solutions based on Fe2O3 and
Ga2O3 are present in the system at the chosen test
parameters (temperature, partial pressure of oxygen).
A similar conclusion was made in [17, 18], concerned
with the phase diagram of the system Fe2O3�Ga2O3.
At a gallium oxide content of up to 14.2 wt %,
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Table 2. Properties of the catalytic system Fe2O3�Ga2O3
at 1123 K*
����������������������������������������
Ga2O3,� SNO, % � s, � X �10�3, � Y,

% �(� = 6.89�10�2 s)� m2 g�1 �m3 h�1 m�2� rel. %
����������������������������������������

0 � 93.0 � 5.1 � 5.62 � 0.35
1.0 � 93.6 � 6.5 � 7.16 � 0.16
2.0 � 94.2 � 8.0 � 8.81 � 0.06
3.0 � 95.3 � 9.0 � 9.92 � 0.04
4.0 � 95.0 � 8.5 � 9.36 � 0.05
6.0 � 94.5 � 7.7 � 8.48 � 0.07

10.0 � 92.9 � 6.2 � 6.83 � 0.19
14.2 � 90.2 � 4.8 � 5.29 � 0.39
18.0 � 88.3 � 4.7 � 5.18 � 0.41
23.0 � 86.2 � 4.6 � 5.07 � 0.43
29.0 � 84.0 � 4.5 � 4.96 � 0.45
34.0 � 82.8 � 4.4 � 4.85 � 0.47
38.0 � 82.0 � 4.4 � 4.85 � 0.47
45.0 � 81.1 � 4.3 � 4.74 � 0.50
52.0 � 80.0 � 4.2 � 4.63 � 0.52
57.0 � 79.1 � 4.1 � 4.52 � 0.53
64.0 � 77.0 � 3.9 � 4.30 � 0.58
67.0 � 75.8 � 3.8 � 4.19 � 0.60
70.2 � 73.2 � 3.6 � 3.97 � 0.64
71.0 � 70.0 � 3.5 � 3.86 � 0.66
73.0 � 60.1 � 3.4 � 3.75 � 0.68
76.0 � 40.0 � 3.1 � 3.42 � 0.75
79.0 � 22.3 � 2.8 � 3.08 � 0.83
81.0 � 16.8 � 2.6 � 2.86 � 0.88
82.7 � 12.9 � 2.4 � 2.64 � 0.93
84.0 � 11.3 � 2.3 � 2.53 � 0.97
87.0 � 8.0 � 2.1 � 2.31 � 1.04
92.0 � 4.9 � 1.8 � 1.98 � 1.14
97.0 � 3.9 � 1.7 � 1.87 � 1.19

100.0 � 3.5 � 1.6 � 1.76 � 1.22
����������������������������������������
* SNO is the catalyst selectivity with respect to NO; s, the

specific surface area of a catalyst; X, the limiting load of
ammonia on a catalyst.

iron(III) oxide forms a rhombohedral solid solution
x�-Fe2O3 � (1 � x)Ga2O3 with the structure of the
�-Al2O3 type (Table 1). For example, in the X-ray
diffraction pattern of the catalyst containing 3.0 wt %
Ga2O3, the main reflections correspond to interplanar
spacings of 0.3682, 0.2693, 0.2511, 0.2214, 0.1846,
0.1695, 0.1484, and 0.1454 nm, which are typical of
the rhombohedral structure of �-Fe2O3 (hematite)
[19], but are shifted to greater reflection angles, which
corresponds to a decrease in the lattice constant a
from 0.5434 to 0.5423 nm. As the Ga2O3 concentra-
tion in the solid solution x�-Fe2O3 � (1 � x)Ga2O3 is
increased further, the lattice constant a decreases to
0.5384 nm (Table 1). No Ga2O3 lines were observed

Table 3. Degree of NO decomposition, RNO, and
decrease in selectivity with respect to nitrogen(II) oxide,
	SNO, for catalysts of the system Fe2O3�Ga2O3 at 1123 K
Gas mixture composition, vol %: NO 9.5, N2 71.3, O2 4.6,
H2O(vapor) 14.6; contact time 6.89 �10�2 s; RNO = 0 at
� = 1.1 �10�3 s
����������������������������������������

Ga2O3, �
Phase composition

�
RNO, %

� 	SNO,
wt % � � � %

����������������������������������������
0 ��-Fe2O3 � 1.2 � 1.1
3.0 ��s.s � 2.1 � 2.0

10.0 ��s.s � 1.5 � 1.4
14.2 ��s.s saturated � 1.1 � 1.0
29.0 ��s.s + �s.s � 1.1 � 0.9
34.0 ��s.s � 1.0 � 0.8
70.2 ��s.s � 0.8 � 0.6
76.0 ��s.s + ��s.s � 0.7 � 0.3
82.7 ��s.s saturated � 0.6 � 0.1
92.0 ��s.s � 0.4 � <<0.1

100.0 ��-Ga2O3 � 0.3 � <<0.1
����������������������������������������

in the diffraction patterns of the rhombohedral solid
solutions with cGa2O3

� 14.2 wt %. This indicates
that, in this composition range, the catalysts are solid
solutions of Ga2O3 in �-Fe2O3.

In the Ga2O3 content range 0.1�3.0 wt %, the
selectivity and specific surface area of the catalytic
system grow with increasing Ga2O3 content (Fig. 1,
Table 2). Raising the content of Ga2O3 in the system
Fe2O3�Ga2O3 to more than 3.0 wt % leads to a mono-
tonic decrease in the selectivity and specific surface
area of the catalysts (Fig. 1, Table 2).

The composition of a two-component catalytic
system with Ga2O3 content of 3.0 wt % is the most
efficient as regards its selectivity (95.3%) and is
characterized by the largest specific surface area
(9.0 m2 g�1); this composition exceeds in catalytic
parameters the individual components of the system.

An increase in the specific surface area of a system,
compared with that of the starting oxide components
(Ga2O3 content range 0.1�3.0 wt %), is a common
trend in the practice of catalyst fabrication [1, 20�22].
Klyachko-Gurvich and Rubinshtein [20] attributed
this phenomenon to a decrease in the lattice energy of
a solid solution, compared with the lattice energies
of the starting components forming such a solid solu-
tion. Milligan [21] accounted for the increase in the
surface area of a binary system, compared with the
starting oxides, by mutual protective action in the
process of catalyst preparation, which consists in
adsorption of one component onto the surface of crys-
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tallites of the other component, with the result that
their growth is hindered and the forming system
becomes even more dispersed.

In the Ga2O3 content range 82.8�99.9 wt %, there
is another solid solution, that of hematite in �-Ga2O3,
in the Fe2O3�Ga2O3 system. The main reflections in
the X-ray diffraction patterns for, e.g., a composition
containing 90 wt % Ga2O3 (0.3702, 0.2960, 0.2821,
0.2553, 0.2400, 0.2342, 0.2113, 0.1981, 0.1884,
0.1600, 0.1523, 0.1448, 0.1342, and 0.1037 nm) are
characteristic of a solid solution of �-Fe2O3 in
�-Ga2O3, with monoclinic lattice of the 	-Al2O3 type
[19]. No lines of Fe2O3 were observed in the mono-
clinic solid solution. With increasing Fe2O3 content of
the solid solution based on Ga2O3, the lattice constant
grows linearly from 0.5802 to 0.5854 nm (Table 1).
Raising the Ga2O3 content of the monoclinic solid
solution leads to a monotonic decrease in the selectiv-
ity and specific surface area of the catalysts in the
given range of compositions (Fig. 1, Table 2). The
selectivity with respect to NO and the specific surface
area of the catalysts, solid solutions of hematite in
�-Ga2O3, are the lowest, being much exceeded by
the similar characteristics of catalysts of the system
Fe2O3�Ga2O3 with other quantitative compositions
(Fig. 1, Table 2). The selectivity of �-Ga2O3 (3.5%)
and its specific surface area (1.6 m2 g�1) are the low-
est among all the compositions from the system
Fe2O3�Ga2O3.

In the Ga2O3 content range 34.0�70.2 wt %, solid
solutions Ga2�xFexO3 (x = 0.7�1.4) with rhombic
structure of the 
-Al2O3 type were found in the sys-
tem Fe2O3�Ga2O3. With the composition of Ga2�x �
FexO3 changing from Ga0.6Fe1.4O3 to Ga1.3Fe0.7O3,
the selectivity (82.9 and 73.1%) and the specific sur-
face area (4.4 and 3.6 m2 g�1) of the catalysts decrease
steadily (Fig. 1, Table 2). Catalysts with 
-Al2O3
structure (Ga2�xFexO3) are characterized by relatively
high values of selectivity and specific surface area
(Fig. 1, Table 2).

In the Ga2O3 content ranges 14.3�33.9 and 70.3�
82.6 wt %, 
-type solid solutions Ga2�xFexO3 coexist,
according to X-ray phase and electron microscopic
analyses, with a rhombohedral solid solution of
Ga2O3 in hematite (�s.s) and monoclinic solid solu-
tion of �-Fe2O3 in �-Ga2O3 (�s.s), respectively, in
the form of their mixtures. With the content of the
low-active �-type solid solution increasing in the
Ga2O3 content range 70.3�82.6 wt %, the selectivity
and specific surface area of catalysts fall dramatically
(Fig. 1, Table 2). The differences between the catalytic

properties of 
-type solid solutions Ga2�xFexO3 and
rhombohedral solid solutions of Ga2O3 in �-Fe2O3
(�s.s) are less significant (Fig. 1).

Thus, the selectivity of the system depends on the
composition and, in particular, on the content of the
components (Ga2O3, Fe2O3) in solid solutions based
on iron(III) and gallium(III) oxides and the quantita-
tive relationship between solid solutions of two-phase
systems.

High-temperature oxidation of ammonia on cata-
lysts proceeds by two parallel pathways [1, 23]:

4NH3 + 5O2 = 4NO + 6H2O, (2)

4NH3 + 3O2 = 2N2 + 6H2O. (3)

The occurrence of reactions by the redox mech-
anism [23] predetermines a regular relationship bet-
ween the selectivity and the strength of binding of
chemisorbed oxygen to the catalyst surface [23, 24].
As measure of the strength of oxygen binding to a
catalyst may serve the heat of chemisorption [23, 24].
For catalysts of certain nature (metals, metal oxides),
there exists the optimal energy of oxygen binding to
the surface of compounds at which the selectivity with
respect to NO is the highest [23�25]. Deviations from
the optimal oxygen binding energy make the selectiv-
ity of the catalysts with respect to NO lower, and that
with respect to N2 higher.

The experimental binding energies of surface oxy-
gen to solid solutions, qs, are listed below (oxidized
state of the catalyst surface):

Composition of a system qs, kJ mol�1 O2

�-Fe2O3 144.6
�-Ga2O3 231.5
�s.s (2.0 wt % Ga2O3) 135.2
�s.s (3.0 wt % Ga2O3) 134.3
�s.s (10.0 wt % Ga2O3) 144.8
�s.s saturated (14.2 wt % Ga2O3) 146.3
�s.s + �s.s (29.0 wt % Ga2O3) 151.4
�s.s (34.0 wt % Ga2O3) 153.2
�s.s (70.2 wt % Ga2O3) 161.9
�s.s + �s.s (76.0 wt % Ga2O3) 194.3
�s.s saturated 82.7 (wt % Ga2O3) 223.0
�s.s 92.0 (wt % Ga2O3) 229.8

The energies of oxygen binding to the �-Ga2O3
surface and to catalysts, solid solutions at Ga2O3
content higher than 9.9 wt %, exceed the correspond-
ing value for Fe2O3.

When a product of deeper NH3 oxidation, namely,
NO, is formed, a greater number of oxygen�catalyst
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bonds is ruptured as compared to formation of molec-
ular nitrogen. This means that the catalyst selectivity
with respect to NO decreases with increasing binding
energy of adsorbed oxygen [23, 25], and such a be-
havior is, indeed, observed for �-Ga2O3 and most of
solid solutions in the system Fe2O3�Ga2O3 with
Ga2O3 content exceeding 9.9 wt % (Fig. 1, Table 2).
The dramatic increase in the binding energy of ad-
sorbed oxygen to the surface of catalysts, solid solu-
tions based on �-Ga2O3 and also two-phase systems

s.s + �s.s (70.2�99.9 wt % gallium oxide; Tables 1
and 2), in comparison with �-Fe2O3 leads to a pro-
nounced decrease in the selectivity of these catalysts
with respect to NO (Fig. 1). Upon introduction of gal-
lium(III) oxide (up to 9.9 wt %) into �-Fe2O3, the
binding energy of oxygen to the surface of modified
catalysts decreases as compared to that for �-Fe2O3.
This means that a complex interaction changing the
energy state of the surface of the rhombohedral solid
solution, compared to �-Fe2O3 and Ga2O3, occurs
between separate components in the catalytic system
(in the given range of compositions). The specific sur-
face area of the catalysts increases in comparison with
that of separate components (Table 2), which can be
attributed to a decrease in the lattice energies of solid
solutions, compared to the lattice energies of the con-
stituent substances [20]. There appear areas on the
catalyst surface that are characterized by lower oxygen
binding energies, compared to that of a single-com-
ponent iron oxide catalyst. The decrease in the energy
of oxygen binding to the surface of modified catalysts,
compared to �-Fe2O3, leads to higher selectivity of
the catalysts with respect to NO (Table 2).

Probably, the composition of a modified catalyst
with the Ga2O3 content of 3.0 wt % is the optimal as
regards the energy-related characteristics of the cata-
lyst surface and, consequently, also the catalyst selec-
tivity with respect to NO. Both raising and lowering
the Ga2O3 content relative to the optimal value lead to
a decrease in the specific surface area of the catalyst
(Table 2), increase in the binding energy of adsorbed
oxygen to the catalyst surface, and decrease in the
catalyst selectivity with respect to NO (Fig. 1).

The limiting NH3 load on the catalysts grows with
an increase in their specific surface area (Table 2)
determined at the given technique of catalyst prepara-
tion by the composition of the system. The limiting
load depends on the rate of the surface chemical reac-
tion, which, in turn, is determined by the number of
active centers and the chemical composition of the
catalysts [3, 23, 24]. In fact, all active centers of a
heterogeneous catalyst come into play under critical

conditions, and the number of these centers grows
with increasing specific surface area of the system.
The limiting load characterizes the activity and the
maximum output capacity of the catalysts [1, 26].
The highest limiting load is observed for the catalyst
with the largest specific surface area, solid solution
of Ga2O3 (3.0 wt %) in �-Fe2O3 [9.92 �103 m3

NH3/(h m2)], and the lowest, for the catalyst with the
smallest specific surface area, �-Ga2O3 [1.76 �103 m3

NH3/(h m2)] (Table 2).

Under the critical conditions of the process (� =
1.1 �10�3 s), no successive decomposition of NO by
scheme (1) is observed (Table 3), but a part of un-
changed NH3 is detected after passing through the
catalyst bed, i.e., ammonia breakthrough occurs
(Table 2). With increasing specific surface area of the
catalysts, the breakthrough becomes less pronounced,
in agreement with the higher activity of such catalysts
under critical conditions of the reaction course, which
varies with the composition of the Fe2O3�Ga2O3
system. The strongest breakthrough is observed for
the �-Ga2O3 catalyst (1.22 rel. %), i.e., for a catalyst
with the smallest specific surface area, and the weak-
est, for a solid solution of Ga2O3 (3.0 wt %) in
�-Fe2O3 with the highest activity (0.04 rel. %).

The characteristics of the system Fe2O3�Ga2O3,
analyzed in this study, pass through extrema for a
solid solution of Ga2O3 (3.0 wt %) in �-Fe2O3. The
catalyst of this composition has the highest selectivity
with respect to nitrogen(II) oxide (Fig. 1), largest
specific surface area and limiting load, and lowest
amount of ammonia breakthrough under critical con-
ditions of the reaction (Table 2). Gallium(III) oxide
�-Ga2O3 is characterized by the lowest selectivity
with respect to NO, smallest specific surface area and
limiting load, and highest level of ammonia break-
through under the critical conditions of the process
(Table 2).

The components of the Fe2O3�Ga2O3 system form
a number of solid solutions, including two-phase mix-
tures of solid solutions (Table 1). As follows from
the data obtained, the properties of catalysts in such
systems vary continuously from characteristics of one
component to those of the corresponding saturated
solid solution (within the range of existence of a
single phase); from characteristics of one solid solu-
tion to those of another (two-phase regions of exist-
ence of solid solutions (Fig. 1; Tables 1 and 2). The
only exception is the region of solid solutions of
Ga2O3 (up to 14.2 wt %) in �-Fe2O3, in which the
physicochemical characteristics pass through extrema
at 3.0 wt % Ga2O3 (Fig. 1; Tables 2 and 3).
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� � 102, s
SNO, %

w, m s�1

Fig. 2. Selectivity of iron�gallium catalyst, SNO, vs.
(1) linear flow velocity of AAM, w, at � = 2.25 	10�2 s
(operating conditions) and (2) contact time � (operating
conditions) at w = 0.77 m s�1. Test temperature 1103 K;
catalyst composition (wt %): Fe2O3 97.0 and Ga2O3 3.0;
the same for Fig. 3.

T, K

h � 102, m

Fig. 3. Distribution of temperature T along the height h
of the iron�gallium catalyst bed. Linear flow velocity of
AAM (m s�1): (1) 0.77 and (2) 2.22.

T, K

SNO, %

Fig. 4. Catalyst selectivity SNO vs. process temperature T.
Linear flow velocity of AAM 19 m s�1 (normal conditions).
Catalyst: (1) 
-Fe2O3 97.0, Ga2O3 3.0 wt %; (2) �-Fe2O3.

Of practical interest among catalysts belonging to
the system Fe2O3�Ga2O3 are only compositions with
gallium(III) oxide content cGa2O3

� 9.9 wt %, which
are the most active and selective and even outperform
�-Fe2O3. The properties of a two-component catalyst
of the optimal composition (Fe2O3 97.0 and Ga2O3
3.0 wt %), a highly active and selective catalyst in
the Fe2O3�Ga2O3 system, have not been studied [1]
and, therefore, are considered below.

The dependence of the selectivity on the contact
time (Fig. 2) points to a kinetically complicated mech-
anism of NH3 oxidation [1, 3�5, 7�9] on a hetero-
geneous catalyst.

The abrupt decrease in the catalyst selectivity at a
contact time � < 1.0 �10�2 s is due to the occurrence
of a side reaction of nitrogen defixation [1, 27] in
accordance with the equation

4NH3 + 6NO = 5N2 + 6H2O. (4)

The slow decrease in the selectivity at a contact
time � > 3.2 �10�2 s is mainly due to NO dissociation
by scheme (1) [1]. The optimal contact time of the
catalyst is 6.89 �10�2 s under normal conditions, n.c.
(2.25 �10�2 s under operating conditions, o.c.).

The influence exerted by the linear flow velocity of
reactants on the catalyst selectivity (Fig. 2) points to
the outer-diffusion control of the process [1, 3�5,
7�9], in which the reaction rate is limited by NH3 dif-
fusion from the flow core to the catalyst surface.

The optimal linear flow velocity of AAM for the
catalyst is 0.77 m s�1 (o.c.) (0.19 m s�1 under n.c.).
Raising the linear flow velocity of the reactants shifts
the �hot zone� toward the end of the catalyst bed, i.e.,
lowers the temperature of its �front� layer (Fig. 3).
For example, at w = 2.22 m s�1 the temperature of the
front layer of the catalyst falls to 933 K, which favors
the occurrence of side reactions. In particular, the rate
of nitrogen defixation in accordance with Eq. (4) at
this temperature is close to its maximum value [1, 27].
In addition, the low temperature of the front layer,
within which oxidation of NH3 is the most intensive,
favors the occurrence of a parallel process (3) [1],
which impairs the catalyst selectivity with respect to
NO. According to [1, 4, 5, 8, 9], the low linear flow
velocities of AAM favor the occurrence of a side reac-
tion of NO dissociation, which leads to a gradual
decrease in the catalyst selectivity with respect to
nitrogen(II) oxide, since the rate of NO decomposition
at 1103 K is slow [1, 28].

Raising the linear flow velocity of reactants to criti-
cal values (� = 1.1 �10�3 s) leads to catalyst �ex-
tinguishment,� i.e., to disturbance of the heat balance
because of the dramatic increase in heat losses.

The temperature dependence of the catalyst selec-
tivity is shown in Fig. 4. As compared to iron(III)
oxide, the two-component catalyst is characterized by
higher selectivity at T � 1073 K, thus being an effec-
tive high-temperature catalyst for NH3 oxidation [1,
3�5, 8, 9].

The peak selectivity of the catalyst (95.5%) is
shifted to higher temperatures, compared to �-Fe2O3
(1103 and 1053 K, respectively). The catalyst is char-
acterized by wide interval of temperatures (90 K) with
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high selectivity (at the level of 94.0%), compared to
Fe2O3 for which this interval is only 50�60 K.

The kinetic characteristics of the reaction were
determined from the temperatures of �ignition� and
�extinguishment� of a catalyst pellet, i.e., the tempera-
tures at the critical points. The reaction rate was calcu-
lated using the method for determining the tempera-
ture limits of the outer-diffusion region with the use
of the effect of catalyst pellet extinguishment on low-
ering the temperature of AAM [29]. The surface tem-
perature of the catalyst was measured with a Chromel�
Alumel thermocouple inserted into the lower side of
the pellet relative to the AAM flow direction. To
prevent heat loss, a layer of catalyst grains (2.0�3.0) �
10�3 m in diameter was placed between the pellet and
the reactor walls.

The kinetic parameters of the process were calcu-
lated using the equation proposed by Buben [30] and
solved for two reaction rates at constant oxygen con-
centration. The Buben equation has the form

(1 + a)2[1 + (m � 1)a /b] � [a(1 � a/b)]/
 = 0, (5)

a = T/T0 � 1, b = Q�c0 /(�T), 
 = RT0/E,

where m is the reaction order with respect to am-
monia; T, the temperature of the catalyst surface at the
critical point (K); T0, the AAM temperature; c0, the
NH3 concentration in the flow; � and �, the mass- and
heat-transfer coefficients, respectively, calculated by
the known equations [31]; Q, the heat effect of the
reaction; E, the activation energy of the reaction.

The kinetic parameters of the reaction of NH3 oxi-
dation on a two-component catalyst are as follows:
catalyst ignition temperature 531 K, content of am-
monia in AAM 10.0 vol %, activation energy E of the
reaction 9.62 kJ mol�1, and reaction order with respect
to ammonia 0.20.

The data on the catalytic properties of the system
Fe2O3�Ga2O3 can be used in developing theoretical
and practical foundations for design of high-perfor-
mance modified catalysts for NH3 oxidation.

CONCLUSIONS

(1) The catalytic properties of the system Fe2O3�
Ga2O3 in high-temperature NH3 oxidation were
studied at component contents in the range 0�
100.0 wt %.

(2) The influence exerted by the phase composi-
tion of the system on the physicochemical and catalyt-

ic properties of the catalysts and, in particular, on
their activity and selectivity with respect to NO was
demonstrated. It was established that the activity and
selectivity of the system depend on composition, in
particular, on the content of solid solution components
and quantitative relationship between the solid solu-
tions of the system.

(3) The characteristics of the process occurring on
an iron�gallium catalyst with 3.0 wt % Ga2O3, which
is the most active and selective catalyst in the system
Fe2O3�Ga2O3, were determined.
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Abstract�The catalysts of pyrolysis of straight-run naphtha, platforming raffinate, and thermal cracking
naphtha, based on barium chloride, were developed. The strength characteristics of preformed catalysts with
addition of graphite, alkylamide of synthetic fatty acid (SFA), phenol-furan resin, and clay were studied.

Catalytic pyrolysis of naphtha fractions formed in
petroleum refining to ethylene/propylene in the pres-
ence of BaCl2 [1, 2] can be feasible only if the form
of the salt catalyst will be suitable for the industrial
process. Since in a fixed-bed reactor the use of a fine-
ly divided catalyst results in significantly increased
hydrodynamic resistance to flow of the feed, and in
the case of coking the catalyst bed becomes im-
permeable at all, BaCl2 in the form of crystalline
powder cannot be used as a catalyst in the industrial
process. Finely dispersed powder is unsuitable for
a fluidized-bed reactor (fluid-process) either, because
the catalyst particles can be carried away with the
flow of the feed and products. The feed flow rate
under conditions of catalytic pyrolysis (� = 5�20 s) is
insufficient to produce a fluidized bed [2]. Hence,
the catalyst form should provide its efficient operation
in a fixed-bed reactor.

Many promising catalysts, in particular potassium
metavanadate, were mainly considered in the sup-
ported form [3, 4]. With the available and cheap
active component, BaCl2, simpler and more efficient
procedures of production of commercial catalysts can
be considered. For fixed-bed reactors, the optimal
shapes are granules, pellets, rings, etc., produced by
pressing and extrusion. Along with the possibilities
of imparting the required geometric parameters, these
procedures allow modification of catalysts owing to
introduction of various additives, from auxiliary sub-
stances facilitating molding to components serving
as cocatalysts.

The pelletized catalysts were produced by molding
on a highly productive pelletizing machine Fette-
Exacta-21 in the form of 5 � 6-mm pellets, providing
minimal hydrodynamic resistance to the flow of the
feed [5].

The study of molding process allowed determina-
tion of the main conditions for production of suitable
catalyst forms.

Variation of the degree of dispersion of the BaCl2
powder showed that the best strength characteristics of
pellets are obtained with the 0.25�0.50-mm fraction
(Table 1). The strength of pellets is significantly
enhanced with thermal pretreatment of the catalyst
mass or in subsequent calcination of pellets. Pre-
liminary calcination of the powder fraction at 175�
300�C, i.e., at a temperature higher than the tempera-
ture of dehydration of BaCl2 crystal hydrates [6], in-
creases the strength of the resulting pellets by a factor
of 2�5. Further heating to 500�C produces no positive
effect (Table 1).

The structural-mechanical characteristics of pel-
letized catalysts are largely determined by the features
of contacts between the solid particles in molding of
the catalysts, namely, by the strength of adhesion
between the particles. This strength can be enhanced
by decreasing the surface energy in the contact area
as a result of formation of adsorption layers of sur-
factants added to the system. The granule strength can
also be enhanced by using lubricating agents which
decrease the concentration of internal stresses in the
contact areas of particles in the course of compaction.
The strengthening effect of some additives can be
caused by formation of a three-dimensional skeleton
in the form of a chemically cross-linked network, e.g.,
when using thermosetting resins.

Moistening of the catalyst mass before molding (up
to 5% water) enhances the strength of the catalyst
pellets. However, in this case, the granule strength
varies in a wide range. Addition of surfactants, e.g.,
alkylamide of SFA of the C10�C13 fraction in the
amount of 0.25�3 wt %, does not result in strengthen-
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Table 1. Strength characteristics* of pelletized catalysts based on BaCl2
������������������������������������������������������������������������������������

Catalyst mass � Thermal treatment conditions� Crushing strength, kgf per pellet
������������������������������������������������������������������������������������
fraction of BaCl2 powder, mm� addition, wt % � T, �C � �, h � axial direction � radial direction
������������������������������������������������������������������������������������

0.16�1.00 nonfractionated � � � � � � � 0.7�1.5 � 0.6�0.9
0.50�1.00 � � � � � � � 0.4�0.9 � 0.2�0.5
0.16�0.25 � � � � � � � 8.0�1.5 � 0.2�0.6
0.25�0.50 � � � � � � � 1.4�2.1 � 0.8�1.3
0.25�0.50 � � � 175 � 10 � 8.0�12.0 � 2.0�9.0
0.25�0.50 � � � 175 � 20 � 10.0�15.0 � 4.0�9.0
0.25�0.50 � � � 175 � 25 � 10.0�16.0 � 4.0�9.0
0.25�0.50 � � � 300 � 10 � 10.0�16.0 � 9.0�14.0
0.25�0.50 � � � 400 � 10 � 11.0�16.0 � 9.0�12.0
0.25�0.50 � � � 500 � 10 � 10.0�16.0 � 9.0�12.0

Graphite

0.16�1.00 � 3.00 � � � � � 19.0�23.0 � 16.0�21.0
0.16�0.25 � 0.25 � � � � � 21.0�24.0 � 7.0�13.0
0.16�0.25 � 1.00 � � � � � 34.0�48.0 � 20.0�27.0
0.16�0.25 � 3.00 � � � � � 45.0�65.0 � 32.0�37.0
0.16�0.25 � 5.00 � � � � � 39.0�50.0 � 31.0�38.0
0.25�0.50 � 3.00 � � � � � 38.0�43.0 � 30.0�37.0

Diethanolamide of SFA

0.25�0.50 � 0.25 � � � � � 10.0�16.0 � 0.5�3.0
0.25�0.50 � 0.50 � � � � � 4.0�6.0 � 1.0�3.0
0.25�0.50 � 3.00 � � � � � 2.0�3.0 � 1.0�4.0

Phenol�furan resin

0.25�0.50 � 0.5 � � � � � 1.0�1.3 � 0.5�1.3
0.25�0.50 � 0.25 � � � � � 0.6�0.9 � 0.6�0.8
0.25�0.50 � 5.0 � � � � � 1.0�1.2 � 0.5�1.2
0.25�0.50 � 0.5 � 300 � 0.5 � 6.0�9.0 � 5.0�9.0
0.25�0.50 � 2.5 � 300 � 0.5 � 10.0�15.0 � 4.0�12.0
0.25�0.50 � 5.0 � 300 � 0.5 � 20.0�24.0 � 18.0�24.0
0.25�0.50 � 5.0 � 400 � 0.5 � 50.0�64.0 � 47.0�60.0
0.25�0.50 � 5.0 � 500 � 0.5 � 55.0�61.0 � 55.0�60.0
0.25�0.50 � 5.0 � 600 � 0.5 � 56.0�66.0 � 51.0�65.0

Clay

0.25�0.50 � 5.0 � � � � � 59.0 � 38.0
������������������������������������������������������������������������������������
* The strength characteristics were determined on an Erweka-TBH28 device.

ing of granules. The use of superfine graphite in the
amount of 1�5 wt % (based on the catalyst) as a form-
ing additive is more efficient. At a graphite concentra-
tion of 3 wt %, the strength of the resulting catalysts
is 8�16 kgf per pellet with a narrow spread in values.
At the optimum choice of characteristics of compo-
nents (dispersion), formulation, and the conditions
of pretreatment of the raw materials, we were able to
obtain the catalyst with the crushing strength in
the axial and radical directions of 55 and 35 kgf per

pellet, respectively. Such catalysts are quite acceptable
for operation in industrial reactors with a fixed cata-
lyst bed.

As a rule, the strength of pellets in the radical
direction is lower than the strength in the axial direc-
tion [5], which results in their destruction during
random loading and discharge. From this standpoint,
the catalyst forms isotropic in strength are desirable,
which is reached by using thermosetting resins as an



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 3 2003

DEVELOPMENT OF PYROLYSIS CATALYSTS BASED ON BARIUM CHLORIDE 409

(a)Ssp, m2 g�1 Vsp, cm3 g�1

I II

2 4 6 8 10 12

Vsp, cm3 g�1

Ssp, m2 g�1
P, kgf per pellet(b)

I II III

1 2 3 4 5 6 7

Vsp, cm3 g�1 (c)

II IIII

Ssp, m2 g�1

P, kgf per pellet

1 2 3 4

Fig. 1. (I) Specific surface area Ssp, (II) specific pore volume Vsp, and (III) mechanical strength P of barium-containing
catalysts. (a) (1) Initial catalyst, (2) pellets calcined at 175�C, (3) pellets prepared with precalcination of the powder at 175�C,
(4) pellets calcined at 300�C, and (5) pellets prepared with precalcination of the powder at 300�C; addition, wt %: (6) graphite 1,
(7) graphite 3, (8) graphite 5, (9) diethanolamide of SFA 1, (10) water 5, (11) graphite 0.25 + water 1, and (12) phenol�furan
resin 5. (b) (1) Catalyst without additive; addition of clay as binding agent (wt %): (2) 1.0, (3) 5.0, (4) 10.0, (5) 20.0, (6) 30.0,
and (7) 45.0. (c) (1) Pelletized catalyst with 3 wt % graphite; addition of sodium tetrachloroaluminate (wt %): (2) 3.0, (3) 10.0,
and (4) 25.0.

auxiliary additive in molding. In particular, we tested
Polifuron-321 phenol�furan resin. The strength of
the catalyst pellets containing 0.5�5 wt % phenol�
furan resin and calcined at 300�400�C for 30�

60 min reaches 50�60 kgf per pellet in all directions
(Table 1).

The thermal treatment and additive affect not only
the strength but also the structural characteristics
of the catalysts: the specific surface area and pore
volume change. Calcination of the initial BaCl2
and the resulting pellets increases the surface area
(Fig. 1a). Addition of water, graphite, and diethanol-
amide of SFA significantly decreases the specific sur-
face area as compared to the initial catalyst.

The influence of the above factors on the pore
structure of the catalyst granules is ambiguous. Where-
as thermal treatment of the initial material and the
resulting catalyst always increases the pore volume,
the influence of additives strongly depends on their
nature and content in the mixture. Addition of up to
5 wt % water does not noticeably affect the pore
volume, and addition of diethanolamide of SFA
(1 wt %) significantly increases the pore volume.
Graphite added in the amount of 1 wt % somewhat in-
creases the pore volume as compared to the catalyst
molded without thermal treatment and additives.
Larger amounts of graphite decrease the porosity of
the pellets.

According to published data [7], only the outer sur-

face of a catalyst operates in catalytic pyrolysis, and
an increase in the inner surface area plays a negative
role, promoting undesirable side processes.

In production of molded catalysts, it is possible to
add agents that not only modify the mechanical and
structural characteristics but also enhance the catalytic
activity. It is of interest to produce catalysts using
natural clays as binding agents. Aluminosilicates,
zeolites, and zeolite-containing catalysts are widely
used in catalytic pyrolysis [8�11]. Despite the pres-
ence of Brønsted and Lewis acid centers at the cata-
lyst surface, the trends in the yield and composition of
gaseous products of hydrocarbon pyrolysis at 700�

800�C are similar to those in the thermal pyrolysis
[11]. It is assumed that the active centers arising in
dehydroxylation of the aluminosilicate surface partici-
pate in high-temperature pyrolysis. Centers containing
acid�base pairs Al+O� can serve as such centers [12].

We studied the catalysts containing natural clay
of the montmorillonite group of the Kuganak depos-
it, based on aluminosilicates with the structure of
xAl2O3 �ySiO2 �H2O. With the clay content of up to
5 wt %, the catalysts are easily molded by pelletizing
and give the products with satisfactory strength
(Table 1). The catalysts with a higher content of clay
(30 and 50 wt %) are best molded by extrusion with
preliminary moistening to water content of 25%. After
drying and calcination of extruded granules at 350�

400�C, the catalysts with the crushing strength of
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DTA

T, K�m, %

TG

Fig. 2. DTA and TG curves of pelletized catalysts based on
BaCl2. (�m) Weight variation and (T) temperature. Barium
chloride: (1) without thermal treatment and (2) calcined at
300�C; addition, wt %: (3) graphite 3, (4) phenol�furan
resin 3, (5) phenol�furan resin 5, (6) phenol�furan resin 3
and clay 30, and (7) clay 30. OD-102 derivatograph; heat-
ing rate 15 deg min�1.

178�240 kgf per granule in the axial direction and
140�205 kgf per granule in the radial direction are
obtained. In molding with clay, the structural charac-
teristics of the catalyst are improved with increasing
content of additive from 1 to 30 wt % (Fig. 1b).

Extrusion molding from a plastic mixture allows
production of catalysts in the form of continuous
regular macroscopic lattice or cellular structures.
These structures of the catalysts primarily ensure
favorable gas-dynamic condition in the reactor. With
increasing pressure in the reactor above 0.1 MPa,
the yield of the main target products of pyrolysis
(ethylene and propylene) decreases and the yield of
methane grows. The pressure in the reaction area also
depends on the pressure differential in flow of the
reaction gas mixture through the catalyst bed, which is
governed by the size and shape of the catalyst par-
ticles. For example, in a bed of a catalyst in the form
of cylindrical granules, the pressure is, on the average,
1.5�1.7 times higher than in the catalyst bed with par-
ticles in the form of Raschig rings. In a bed of a cata-
lyst based on potassium vanadate modified with boron
compounds and molded as Raschig rings, the yield of
ethylene at 790�795�C is, on the average, 0.5�1.0%
higher than that in a bed of the catalyst with cylin-
drical granules. It is evident that the regular cel-

lular or lattice structure ensures the best gas-dynamic
regime.

Attempts to produce catalyst blocks by addition of
BaCl2 to the initial plastic clayey mixture resulted in
production of fragile blocks easily breking after cal-
cination. Applying barium chloride from aqueous
solution to a preliminarily formed alumino ceramic
block allowed us to increase the BaCl2 content to
45 wt %. However, cellular blocks with such a content
of BaCl2 are destroyed upon subsequent calcination
at 800�C. The strength of alumino ceramic block is
retained if the amount of added BaCl2 does not ex-
ceed 18 wt %. In this case, the surface characteristics
and pore structure of the alumino ceramic matrix do
not change.

In molding of catalysts, additives modifying the
catalytic activity can be introduced relatively easily.
The catalysts based on a mixture of BaCl2 with sodi-
um tetrachloroaluminate NaAlCl4 are of interest.
These catalysts exhibit high activity in cracking and
isomerization. The physical state of NaAlCl4 (melt)
at the temperature of the catalytic pyrolysis hampers
its use. However, on its addition with graphite or clay
binder to the catalytic mixture to be molded, suitable
catalyst granules can be produced. On addition of the
complex in the amount of 3�25 wt % based on the
catalyst, the strength appreciably grows: to 98 kgf per
pellet (Fig. 1c).

The other, no less important characteristic of het-
erogeneous pyrolysis catalyst is the thermal stability.
The results of thermal gravimetric studies of the pel-
letized catalyst prepared from noncalcined and pre-
liminarily calcined BaCl2 powder are presented in
Fig. 2.

The resulting catalysts were tested in catalytic
pyrolysis in the range 500�800�C on a pilot installa-
tion equipped with a flow-type reactor with a fixed
bed of granulated catalyst, a line for preheating of
the feed, and a system of series-connected condensers
for condensation of liquid products.

The results of pyrolysis of straight-run naphtha,
platforming raffinate, and thermal cracking naphtha on
the pelletized catalyst containing 3 wt % graphite are
listed in Table 2. The catalyst produced with addition
of natural aluminosilicate (clay) as a binder showed
satisfactory activity in naphtha pyrolysis (Table 3).

In the range 650�750�C, with the catalyst contain-
ing 10 wt % NaAlCl4, the pyrolysis pathway changes
considerably. In pyrolysis of straight-run naphtha at
650�700�C, the yield of ethylene is lower than the
yields of propylene and butylenes (Table 3), and the
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Table 2. Yield Y and composition of gaseous products in pyrolysis of naphtha on the catalyst. Binder: 3 wt % graphite
������������������������������������������������������������������������������������

T, �C
�

�,* h
�

Y,
� Composition of gaseous products, wt %

� � �������������������������������������������������������������������
� � wt % � H2 � CH4 � C2H4 � C2H6 � C3H6 � C3H8 � �C4H8 � �C4H10 � �C5� � H2S

������������������������������������������������������������������������������������

Platforming raffinate

475 � 30.0 � 67.4 � 0.19 � 20.47 � 30.95 � 7.11 � 27.92 � 1.54 � 7.47 � 1.34 � 3.01 � �

550 � 5.0 � 70.6 � 0.22 � 18.70 � 32.19 � 6.45 � 28.58 � 0.90 � 9.39 � 2.01 � 1.56 � �

550 � 10.0 � 75.9 � 0.15 � 20.14 � 32.03 � 5.46 � 27.19 � 1.67 � 8.19 � 1.57 � 3.60 � �

550 � 20.0 � 82.0 � 0.20 � 21.09 � 32.19 � 6.12 � 28.73 � 1.21 � 7.14 � 0.96 � 2.36 � �

550 � 30.0 � 89.4 � 0.22 � 22.05 � 32.27 � 6.21 � 29.89 � 1.16 � 5.10 � 1.01 � 2.09 � �

600 � 0.5 � 71.3 � 0.23 � 22.41 � 30.47 � 6.40 � 28.14 � 1.19 � 7.30 � 1.65 � 2.21 � �

600 � 1.0 � 89.5 � 0.23 � 23.14 � 32.60 � 6.19 � 28.49 � 1.25 � 5.41 � 1.12 � 1.57 � �

700 � 0.5 � 78.4 � 0.25 � 23.19 � 32.96 � 6.53 � 27.25 � 1.20 � 6.12 � 1.60 � 0.90 � �

700 � 1.0 � 91.3 � 0.27 � 24.11 � 32.90 � 5.14 � 28.21 � 1.06 � 5.32 � 1.10 � 1.89 � �

Thermal cracking naphtha

450 � 20.0 � 46.4 � 0.16 � 18.30 � 30.17 � 4.25 � 19.00 � 4.52 � 11.99 � 4.67 � 6.79 � 0.06
450 � 30.0 � 51.3 � 0.17 � 20.18 � 31.66 � 3.52 � 21.41 � 4.31 � 11.69 � 4.39 � 2.55 � 0.12
475 � 10.0 � 55.8 � 0.17 � 19.40 � 30.89 � 6.53 � 18.89 � 3.05 � 10.95 � 2.07 � 7.16 � 0.08
475 � 20.0 � 59.7 � 0.18 � 19.80 � 30.73 � 4.39 � 19.29 � 3.73 � 10.43 � 5.37 � 5.95 � 0.13
500 � 5.0 � 54.0 � 0.16 � 22.21 � 30.33 � 5.17 � 18.73 � 3.14 � 7.56 � 5.33 � 7.26 � 0.11
500 � 10.0 � 72.1 � 0.18 � 22.17 � 31.80 � 5.23 � 18.99 � 2.71 � 10.67 � 2.71 � 5.41 � 0.13
500 � 20.0 � 76.8 � 0.19 � 23.83 � 32.40 � 3.68 � 19.74 � 3.16 � 7.54 � 3.39 � 5.93 � 0.14
500 � 30.0 � 79.5 � 0.21 � 24.17 � 32.70 � 2.76 � 21.06 � 3.05 � 9.81 � 3.45 � 2.67 � 0.12
550 � 5.0 � 71.2 � 0.21 � 23.47 � 31.70 � 3.42 � 18.07 � 2.63 � 8.16 � 3.08 � 9.17 � 0.09
550 � 10.0 � 82.4 � 0.20 � 24.62 � 32.68 � 2.83 � 19.76 � 2.46 � 7.55 � 4.19 � 5.89 � 0.18
550 � 20.0 � 83.9 � 0.20 � 25.62 � 32.35 � 2.71 � 18.30 � 2.46 � 7.45 � 2.56 � 8.26 � 0.10
550 � 30.0 � 88.7 � 0.24 � 26.30 � 32.44 � 2.94 � 21.31 � 3.03 � 8.89 � 2.55 � 2.20 � 0.10
600 � 0.5 � 70.8 � 0.22 � 21.93 � 31.45 � 3.51 � 20.44 � 4.69 � 10.37 � 4.64 � 2.63 � 0.12
600 � 10.0 � 88.0 � 0.24 � 22.01 � 32.53 � 3.22 � 21.25 � 4.27 � 10.38 � 2.92 � 3.05 � 0.13
700 � 0.5 � 77.9 � 0.25 � 22.46 � 31.69 � 3.00 � 20.80 � 4.45 � 12.07 � 2.69 � 2.48 � 0.11
700 � 1.0 � 91.0 � 0.28 � 23.12 � 32.81 � 2.86 � 20.89 � 4.02 � 10.04 � 4.27 � 1.59 � 0.12

������������������������������������������������������������������������������������
* (�) Contact time.

content of these latter in pyrolysis gas noticeably ex-
ceeds the characteristics of the thermal process. This
is in good agreement with published data on the
catalytic activity of NaAlCl4 in cracking of hydrocar-
bons with primary formation of C4 olefins. However,
at 725�C and higher temperatures, the content of
ethylene in the products increases, and that of butyl-
enes decreases. In this case, the yield of ethylene
exceeding 38% based on the feed was reached, with
the degree of gas formation exceeding 80%. On the
whole, the product composition becomes typical for
a high-temperature radical process.

It is well known [13, 14] that, for activation of
electrophilic catalysts based on complex metal chlor-
ides in low-temperature catalytic degradation of hy-
drocarbons, participation of water or other proton
donors is required. The role of water in activation of

MAlCl4 is governed by its dissociative adsorption on
the catalyst surface. Correspondingly, metal chlorides
catalytically active under these conditions play the
role of Brønsted acids.

The degree of dilution of the feed with superheated
steam affects the yield of ethylene (Table 4). Some
increase in the total gas formation and increase in
the yield of ethylene take place at steam supply of no
more than 75% of the feed. In addition, a noticeable
amount of carbon oxides appears in the gas.

The liquid products of pyrolysis are enriched with
aromatic hydrocarbons (Table 5).

Testing for the operation life of the catalyst showed
that the catalyst formed with 3 wt % graphite retains
its activity in the total gas formation and selectivity
with respect to the yield of ethylene and propylene for
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Table 3. Yield of gaseous* pyrolysis products of naphthas on various forms of barium-containing catalysts
������������������������������������������������������������������������������������

T, �C
�

V,**
� Yield of products, wt % based on the feed

� �����������������������������������������������������������������������
� h�1

� CH4 + H2 � C2H4 � C2H6 � C3H6 � C3H8 � �C4H8 � �C4H10 � total
������������������������������������������������������������������������������������

Straight-run naphtha/granulated catalyst with 30 wt % clay

650 � 0.5 � 9.1 � 28.2 � 10.0 � 14.9 � 2.0 � 6.5 � 0.8 � 71.5
700 � 0.5 � 12.6 � 29.1 � 7.3 � 15.1 � 1.1 � 9.1 � 0.7 � 75.0
725 � 0.5 � 17.6 � 32.9 � 7.2 � 13.8 � 0.9 � 7.0 � 0.1 � 79.5
750 � 0.5 � 25.2 � 34.9 � 7.1 � 12.0 � 0.8 � 5.5 � 0.1 � 85.6

Straight-run naphtha/pelletized catalyst with 10 wt % NaAlCl4
650 � 0.5 � 6.8 � 12.5 � 6.4 � 17.5 � 0.9 � 13.7 � Traces � 57.8
650 � 1.0 � 6.9 � 10.9 � 6.9 � 18.2 � 0.2 � 14.4 � � � 57.5
700 � 0.5 � 12.4 � 28.4 � 28.0 � 7.0 � 18.3 � 1.0 � 14.8 � 81.5
700 � 1.0 � 11.5 � 21.4 � 8.1 � 23.4 � 0.9 � 14.9 � � � 80.2
725 � 0.5 � 19.8 � 32.9 � 7.0 � 18.9 � 0.8 � 3.0 � � � 82.4
725 � 1.0 � 17.0 � 30.0 � 9.1 � 18.3 � 1.2 � 5.5 � � � 81.1
750 � 0.5 � 25.7 � 38.9 � 6.2 � 12.2 � 0.6 � 0.4 � � � 84.0
750 � 1.0 � 20.0 � 33.1 � 8.0 � 17.2 � 0.7 � 4.8 � � � 83.8

Straight-run naphtha/cellular catalyst with 18 wt % BaCl2
650 � 0.5 � 3.59 � 3.9 � 2.7 � 26.1 � 0.1 � 8.3 � 4.61 � 49.3
700 � 0.5 � 17.5 � 22.0 � 3.9 � 25.9 � 0.8 � 12.5 � 2.2 � 84.8
725 � 0.5 � 22.4 � 28.9 � 4.4 � 19.0 � 0.4 � 12.7 � 0.1 � 87.9
725 � 1.0 � 19.9 � 27.1 � 1.0 � 22.9 � 0.3 � 16.4 � 0.2 � 87.8
725 � 2.0 � 13.7 � 23.4 � 4.0 � 24.8 � 0.2 � 19.3 � 0.3 � 85.7
725 � 2.5 � 13.6 � 23.2 � 4.0 � 24.9 � 0.1 � 19.1 � 0.3 � 85.2
750 � 0.5 � 26.3 � 31.0 � 0.4 � 12.6 � 0.1 � 10.1 � 0.1 � 80.6

������������������������������������������������������������������������������������
* Hydrocarbons C5 are condensed together with liquid products in a condenser.

** V is the feed space velocity.

Table 4. Yield and composition of gaseous pyrolysis products of straight-run naphtha on granulated catalysts at dilution
of the feed with steam. Temperature 725�C, feed space velocity 0.5 h�1

������������������������������������������������������������������������������������
Dilution, � Yield of products, wt % based on feed

����������������������������������������������������������������������������wt % based
� CH4 + H2 � C2H4 � C2H6 � C3H6 � C3H8 � �C4H8 � �C4H10 �carbon oxides� totalon feed � � � � � � � �

������������������������������������������������������������������������������������
Catalyst with 3 wt % graphite

� � 19.1 � 31.6 � 7.9 � 10.9 � 0.7 � 5.5 � 0.2 � � � 75.9
50 � 20.8 � 32.5 � 4.6 � 12.9 � 1.0 � 6.5 � 0.1 � 1.2 � 79.6

100 � 25.0 � 31.9 � 4.0 � 12.0 � 0.6 � 4.0 � 0.8 � 1.9 � 80.2

Catalyst with 3 wt % clay

� � 17.6 � 32.9 � 7.2 � 13.8 � 0.9 � 7.0 � 0.1 � � � 79.5
50 � 18.1 � 34.8 � 9.1 � 16.8 � 1.0 � 7.0 � 0.3 � 1.4 � 88.5

100 � 20.0 � 34.0 � 8.0 � 16.1 � 0.4 � 5.1 � 0.1 � 2.0 � 85.7
������������������������������������������������������������������������������������

700 h at 500�C. In this case, the coke yield based on
the feed does not exceed 2.5 wt % in 30 h at 700�C
for all the catalyst modifications (Fig. 3). It is par-
ticularly remarkable that the catalyst containing

NaAlCl4 as an additive is characterized by insignifi-
cant coking. Depending on the modification, the coke
deposit at the catalyst surface can reach 10�20 wt %,
which does not affect the process characteristics.
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Table 5. Composition of light resin formed in pyrolysis of straight-run naphtha in the presence of various barium-
containing catalysts.* Feed space velocity 0.5 h�1

������������������������������������������������������������������������������������

Component of

� Catalyst I � Catalyst II � Catalyst III
���������������������������������������������������������������������

pyrocondensate
� content, wt %, at indicated pyrolysis temperature, �C
���������������������������������������������������������������������
� 650 � 700 � 725 � 750 � 650 � 700 � 725 � 750 � 650 � 700 � 725 � 750

������������������������������������������������������������������������������������
Paraffin�naphthene� � 43.5 � 41.6 � 41.2 � 39.9 � 44.7 � 41.7 � 41.4 � 39.4 � 44.4 � 43.9 � 43.7 � 39.0
olefin fraction � � � � � � � � � � � �
Benzene � 15.9 � 16.1 � 16.9 � 12.0 � 12.7 � 13.6 � 16.9 � 15.6 � 12.1 � 10.9 � 9.3 � 9.9
Toluene � 10.9 � 10.7 � 10.0 � 9.3 � 12.0 � 10.9 � 10.3 � 9.9 � 16.0 � 16.3 � 15.2 � 15.7
Ethylbenzene � 2.1 � 2.0 � 1.1 � 0.9 � 4.3 � 3.7 � 3.4 � 3.1 � 3.4 � 7.3 � 7.0 � 4.8
p, m-Xylenes � 8.9 � 7.0 � 4.3 � 4.0 � 7.0 � 6.4 � 5.2 � 4.0 � 7.1 � 7.2 � 8.4 � 3.0
o-Xylene, cumene � 3.4 � 3.2 � 3.1 � 2.8 � 7.2 � 34 � 1.9 � 0.8 � 1.1 � 0.9 � 0.4 � 0.6
Mesitylene � 0.4 � 0.3 � 0.2 � 0.1 � 0.3 � 0.1 � � � � � 0.1 � � � � � �

Styrene, pseudo- � 4.5 � 7.5 � 8.8 � 15.2 � 2.8 � 5.2 � 12.4 � 15.3 � 6.5 � 7.6 � 11.0 � 14.9
cumene � � � � � � � � � � � �
Indene � 2.0 � 3.7 � 8.2 � 10.0 � 2.7 � 6.6 � 7.0 � 7.3 � 4.3 � 3.9 � 4.3 � 9.9
Unidentified compo- � 8.4 � 7.9 � 6.2 � 5.8 � 6.3 � 8.4 � 1.5 � 4.6 � 5.0 � 2.0 � 0.7 � 2.2
nents � � � � � � � � � � � �
������������������������������������������������������������������������������������
* Catalyst molded (I) with 3 wt % graphite, (II) with 30 wt % clay, and (III) with 10 wt % NaAlCl4.

Auto-retardation of coking in the course of the process
is characteristic for all modifications of the catalysts.

The study of the coke deposit distribution on pellet
sections showed that coke is formed mainly in a thin
near-surface layer. In the process, the variation of the
pore structure and specific surface area of the catalyst
is insignificant. In particular, the specific surface
areas of the initial catalyst and catalyst coked at
500�C are 3.62 and 3.43 m2 g�1, and the pore volume
is 0.22 and 0.28 cm3 g�1, respectively. In this connec-
tion, some decrease in the rate of coke deposition at

(a)A, % Y, wt %

�, h

(b)A, % Y, wt %

�, h

(c)A, % Y, wt %

�, h

Fig. 3. Coking A (% of the catalyst weight) in the course of pyrolysis of straight-run naphtha on barium-containing catalysts
molded with various additives. Process temperature 700�C, feed space velocity 0.5 h�1. (Y) Coke yield (wt % based on feed)
and (�) process duration. Additive, wt %: (a) 3 graphite, (b) 30 clay, and (c) 10 NaAlCl4.

the catalyst may be due to partial desorption of inter-
mediate condensation products, precursors of coke,
into the gas phase. This results in some increase in the
yield of heavy resins at the expense of a decrease in
the coke yield, and it does not affect the yield of the
main gaseous products of pyrolysis.

CONCLUSION

Effective catalysts for production of light olefins
by naphtha pyrolysis can be produced on the basis
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of barium chloride. These catalysts fully meet the
requirements to heterogeneous pyrolysis catalysts.
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Abstract�X-ray phase and differential thermal analyses, IR spectroscopy, and temperature-programmed
reduction method were applied to study the formation of a manganese�aluminum�calcium system prepared by
mixing manganese hydroxocarbonate and calcium aluminates in water, which can be used as catalyst in deep
oxidation of organic substances. The influence exerted by preparation conditions on the extent of chemical
interaction in the system was considered.

Catalysts prepared by mixing metal hydroxocar-
bonates (MHC) with calcium aluminate in water or
aqueous ammonia are successfully used to accelerate
various chemical processes [1].

It was found previously that, in formation of
formulations of this kind from MHC and calcium
aluminates, carbonate ions from the MHC structure
are partly or completely replaced by aluminate and(or)
hydroxide ions formed in dissolution and hydrolysis
of calcium aluminates. In this case, the replacement of
CO3

2� with aluminate ions may occur both with struc-
tural rearrangement of MHC into metal hydroxoalumi-
nate (e.g., for ZnHC and MgHC in water and aqueous
ammonia) and without it (CoHC, MnHC, NiHC in
water). In the latter case, solid solutions of aluminum
ions in the MHC lattice are formed. The involvement
of hydroxide ions in the exchange leads to formation
of metal hydroxides, which may further decompose
to oxides.

In preparing catalysts from the given systems, it is
preferable that products of replacement of carbonate
ions with aluminate ions should be formed, since such
compounds enhance the properties of the resulting
catalysts (activity, thermal stability, service life, etc.)
[1]. Thus, a key issue in obtaining catalysts based on
calcium aluminates is directed synthesis of com-
pounds incorporating ions of an active metal and
aluminum.

There is virtually no published evidence concerning
cement-containing systems with manganese hydroxo-
carbonate. At the same time, it is known that man-
ganese compounds are effective catalysts for redox

reactions and, in particular, deep oxidation of organic
substances. In this context, it was of interest to study
in detail the manganese�aluminum�calcium catalytic
system, in which the high activity of manganese ions
would combine with such properties of cements as
high mechanical strength and thermal stability.

The aim of this study was to analyze specific fea-
tures of formation of catalysts based on a system
comprising MnHC and calcium aluminates by the
method of �chemical mixing� widely used in the tech-
nology of cement-containing catalysts. The so-called
chemical mixing assumes that the interaction of the
starting components to give precursors of the active
phase occurs in the stage of mixing of the starting
substances with a liquid reagent. The stock obtained
in mixing is then dried, calcined, and pelletized. In the
given case, calcium aluminates are mainly involved in
formation of the active phase of the catalysts, and
their binding properties are employed to a lesser
extent. The properties of the catalysts obtained are
strongly affected by the mixing conditions: tempera-
ture, time, liquid : solid ratio (l : s), and medium
(water or aqueous ammonia). The use of aqueous
ammonia as liquid reagent in preparing many of the
cement-containing systems developed previously is
due to the fact that MHCs dissolve in this solution to
form ammine complexes, which facilitates further in-
teraction with the products formed in dissolution and
hydrolysis of calcium aluminates to give metal hy-
droxoaluminates (or hydroxocarbonatoaluminates). In
the case of catalyst formation in an aqueous medium,
the interaction is localized at the interface between the
solid phase of virtually insoluble MHC and solution
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of calcium aluminates, and, therefore, the extent of
the occurring transformation is lower. Nevertheless,
water was used as liquid reagent in the given case,
since, in contrast to other MHCs studied, MnHC does
not dissolve under the action of aqueous ammonia to
give ammine complexes [8], and the degree of hydra-
tion of calcium aluminates in the presence of NH3 �
H2O markedly decreases [1, 4]. Thus, it is inadvisable
to use ammonia water in the given case; moreover,
adoption of an aqueous medium markedly improves
the environmental characteristics of the technology.

The goals of this study were to reveal how prepara-
tion parameters affect the formation of the active
phase of manganese�aluminum�calcium catalysts and
to analyze the structural, strength, and catalytic prop-
erties of the catalysts developed with varied content of
the active component.

EXPERIMENTAL

As starting components for preparing catalyst sam-
ples served manganese hydroxocarbonate MnCO3 �
mMn(OH)2 �nH2O [GOST (State Standard) 7205�
77] and high-alumina cement of the talum1 type
[CA : CA2 = 0.26), TU (Technical Specification)
5737-006-00 284 345�99]. Manganese hydroxocarbo-
nate was mixed with calcium aluminates in water, and
the resulting stock was dried at 100�C and calcined
at 400�C; dried and calcined catalysts were pelletized
(specific compaction pressure Psp = 200 MPa). The
temperature and time of mixing were varied in the
experiments; the l : s ratio was varied within the range
(1.5�3) : 1. Simultaneously, mechanical mixtures of
the starting components were studied.

X-ray phase analysis (XPA) was performed on
DRON-2 and DRON-3 diffractometers with CuK�
radiation and graphite monochromator. IR spectral
study of samples compacted into pellets with KBr was
carried out on a Specord 75-IR spectrophotometer.
Differential-thermal analysis was made on an OD-102
derivatograph; samples were heated in air to 1000�C
at a rate of 5 deg min�1. The temperature-programmed
reduction was done on a KL-1 integrated installation
in a hydrogen flow, at a heating rate of 5 deg min�1.
The specific surface area was measured by the BET
technique on the basis of low-temperature adsorption
of nitrogen. The total porosity was found from the
true and apparent densities of the samples. The pore
������������

1 Talum is a mixture of calcium monoaluminate CaO �Al2O3
and calcium dialuminate CaO �2Al2O3. Hereinafter the com-
mon designations of the chemistry of cements are used: A =
Al2O3, C = CaO, H = H2O.

volume distribution with respect to radii was studied
on a Carlo Erba Sorptomatik instrument. The me-
chanical strength of pelletized catalysts was deter-
mined under static conditions by crushing grains with
load applied to the sample edge (Shkol’nik and MP-2S
instruments). The activity of the samples was tested
in deep oxidation of benzene on a laboratory flow-
through setup at W = 30 000 h�1 and initial concentra-
tion of benzene in the air flow of 4�6 g m�3. The
activity was evaluated by the temperature at which
50% conversion of benzene was reached (T�=50%).

It was shown previously that mixing of MnHC
with talum in water leads to partial replacement of
carbonate ions in the structure of MnHC by aluminate
and hydroxide ions formed in dissolution and hydrol-
ysis of calcium aluminates. This gives calcium car-
bonate (in the form of calcite) and aluminum-contain-
ing precursors of the active phase of the catalysts:
solid solutions based on the crystal lattice of MnHC,
with partial replacement of carbonate ions by alumi-
nate ions, and on the gibbsite lattice with introduction
of manganese ions. The maximum amount of interac-
tion products is formed at middle compositions: 30�
40% manganese compounds in terms of Mn3O4.
Therefore, a composition with 40% Mn3O4 was
chosen for a more detailed study of the basic aspects
of manganese�aluminum�calcium catalyst formation
under various conditions.

An X-ray phase analysis of samples prepared by
mixing in water for 5 h demonstrated that, with in-
creasing mixing temperature, the interaction rate
grows (Fig. 1a): the intensity of reflections from the
initial phases (MnHC, CA, CA2) decreases and the
intensity of lines corresponding to the forming com-
pounds, CaCO3 (in the form of calcite) and gibbsite,
increases. The highest rate of the occurring transfor-
mations is observed at 75�90�C.

Figure 1b shows for a sample prepared at 90�C
how the intensity of diffraction reflections from the
starting and forming compounds varies with time.
Calcium monoaluminate was completely hydrated
within the first 2 h of treatment, and the degree of
conversion of calcium dialuminate after 5 h of mixing
was about 70%. By the end of the process, the in-
tensity of the lines corresponding to MnHC was 40�
45% of the initial value. The amount of forming
gibbsite increased during the entire time of mixing;
in addition, in contrast to hydrated talum (without
MnHC additives), samples contained a minor amount
of bayerite. The intensity of the lines corresponding
to calcium carbonate increased only during the first
4 h of treatment. After 3 h of mixing, the formation of
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(a)

Tmix, �C

(b)

�mix, h

Iph, mm2 Iph, mm2

Fig. 1. Intensity Iph of diffraction reflections from the forming and initial phases for samples prepared by mixing in water vs.
(a) temperature Tmix and (b) time �mix of mixing (90�C). Phase: (1) CA, (2) CA2, (3) MnHC, (4) CaCO3, (5) gibbsite + bayerite,
and (6) CCA.

calcium hydroxocarbonatoaluminate C3A �CaCO3 �
12H2O (CCA) was observed, with its amount in a
sample remaining further unchanged. Thus, the maxi-
mum extent of reaction between the starting sub-
stances is reached in 3�5 h.

The IR data obtained are in good agreement with
the results of XPA. In particular, with increasing time
(Fig. 2) and temperature of mixing, the intensity of the
absorption bands at 870 and 730 cm�1 belonging to
MnHC decreases and the bands at 880 and 720 cm�1

corresponding to CaCO3 appear. In addition, an in-
crease in intensity and change in profile are observed
for absorption bands in the range of stretching (3400�
3700 cm�1) and bending (900�1100 cm�1) vibrations
of OH� groups of gibbsite, which results in that its
spectrum becomes similar to that of bayerite. On the
whole, raising the time of mixing to more than 3 h,
and the temperature of mixing to above 75�C does not
lead to any significant changes in the spectra of the
samples.

The formation of CaCO3 and the decrease in the
intensities of diffraction reflections from MnHC in
X-ray diffraction patterns and absorption bands as-
sociated with MnHC in the IR spectra of the samples
result from partial replacement of carbonate ions in
the structure of MnHC by hydroxide and aluminate
ions formed in dissolution and hydrolysis of calcium
aluminates [7].

The exchange of CO3
2� ions for hydroxide ions

leads to partial disintegration of the MnHC struc-
ture to give, probably, X-ray amorphous compounds
Mn(OH)2 �nH2O and MnOx �yH2O, with the possible
incorporation of manganese ions into the lattice of the
forming gibbsite. In the process, a system of new

hydrogen bonds is formed in the structure of Al(OH)3,
the characteristics of the existing OH� groups are
changed, and new OH� groups appear, which leads to
partial transformation of its structure into bayerite.
As a result, the profile of the absorption bands as-
sociated with stretching and bending vibrations of the
OH� groups of gibbsite in the IR spectra and X-ray
diffraction characteristics change, and it is this fact
that was observed in studying the samples. In par-
ticular, a detailed X-ray diffraction study revealed a
shift of the diffraction reflections from gibbsite with
respect to tabulated values. For example, depending
on the mixing temperature, values ranging from d =
4.81 � (90�C) to d = 4.78 � (25�50�C) were observed
for the reflection with d = 4.82 �. This means that
lowering the mixing temperature leads to stronger

�, cm�1

Fig. 2. IR spectra of samples prepared by mixing for varied
time. (	) Transmission and (
) wave number. Mixing time
(h): (1) 0.5, (2) 2, and (3) 3.
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Fig. 3. DTG curves of samples prepared by mixing for
varied time. Mixing time (h): (1) 0 (mechanical mixture of
MnHC with talum), (2) 0.5, and (3) 3.

disordering of the structure of aluminum hydroxide,
probably, owing to an increase in the content of
manganese ions in its lattice.

Formation of disordered MO�Al2O3 solid solutions
based on the MO lattice in thermal treatment [1�7] is
an evidence of the involvement of aluminate ions in
the exchange. Calcination of the samples in a hydro-
gen flow at 500�C yielded manganese oxide MnO
whose diffraction peaks do not superimpose on reflec-
tions corresponding to other phases [7]. According to
X-ray diffraction data, the forming MnO has a smaller
lattice constant, compared to that for MnO obtained
from MnHC (4.438 �). In this case, a0MnO = 4.431�
4.437 � for catalysts obtained under various condi-
tions, and a0MnO = 4.438 � for the starting mechani-
cal mixture of substances. In addition, depending on
the mixing conditions, the intensity of reflections
from MnO, IMnO, in the samples under study was
30�50% of the intensity of MnO lines in a reduced
mechanical mixture of the reagents. This may be due,
first, to binding of manganese compounds into dif-
ficultly reducible solid solutions with the result that
only a part (30�50%) of manganese compounds is
reduced and, second, to formation in the course of
reduction of highly dispersed, X-ray amorphous par-
ticles of MnO, which leads to broadening of its reflec-
tions in X-ray diffraction patterns and to a decrease in
their intensity. The dispersity � (�) of the resulting
manganese oxides also depends on the mixing tem-
perature, being equal to 120 � for a sample prepared
at 90�C and 145 � for catalysts obtained at 25�75�C,
in contrast to a mechanical mixture of MnHC with
talum, for which �MnO = 180 �.

These results point to the formation in calcined
samples of MnOx�Al2O3 solid solutions based on
the MnOx lattice and, consequently, to the presence
(as a precursor) in the initial uncalcined samples of a
solid solution of aluminate ions in the MnHC lattice.

In view of the partial decomposition of manganese
hydroxocarbonate in the course of the reaction [7], an
assumption was made that both incorporation of man-
ganese ions into the lattice of Al(OH)3 formed in
hydration of calcium aluminates and incorporation of
aluminum ions into the structure of Mn(OH)2 are
possible under conditions of simultaneous formation
of X-ray amorphous manganese and aluminum hy-
droxides. In addition, modification with Al ions of
the forming X-ray amorphous MnOx �yH2O is also not
improbable, i.e., X-ray-amorphous manganese com-
pounds Mn(OH)2 and Mnx �yH2O with incorporation
of aluminum ions may serve as another precursor of
the MnO�Al2O3 solid solutions.

Noteworthy is the fact that the minimum values
of IMnO and the largest deviations of a0MnO of
reduced catalysts from the tabulated values are charac-
teristic of catalysts prepared at medium temperatures
(50�75�C). Presumably, the greatest extent of interac-
tion between MnHC and talum to give manganese�
aluminum-containing solid solutions based on the
MnHC, Mn(OH)2 �nH2O, and MnOx �yH2O lattices is
achieved under these conditions.

Figure 3 shows DTG curves of samples obtained at
varied mixing time. These curves were interpreted on
the basis of the results obtained in [7, 9, 10] and XPA
data. It is noteworthy that the intensities of effects
associated with Al(OH)3 decomposition (260�290�C)
and CaCO3 dissociation grow with increasing mixing
time, and also there appear minor thermal effects at
180 and 230�250�C, related to decomposition of cal-
cium hydroxocarbonatoaluminate (CCA). With in-
creasing mixing time, the intensity of the thermal ef-
fect associated with the Mn3O3 � Mn3O4 transforma-
tion at 920�940�C decreases and it is shifted to higher
temperatures (950�990�C). Of particular interest is
the change in the curve profile in the range 350�
600�C. The effects associated with MnHC decomposi-
tion (380, 420�C) and MnO2 � Mn2O3 transforma-
tion (510�C), observed for a mechanical mixture of
the starting components (Fig. 3, curve 1), are shifted
to higher temperatures and partly overlap after 30 min
of mixing (Fig. 3, curve 2), with the peak at 380�C
shifted to 400�C, the effect at 420�C shifted to 480�C
and superimposed on the MnO2 � Mn2O3 effect
(530�C), and an effect appearing at 590�C. Further
increase in the mixing time makes lower the intensity
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of the effect at 530�540�C, with the result that the
profile of the DTG curves at 400�600�C is gradually
smoothed; after 3 h of mixing the profile virtually
does not change any more. The data presented indicate
that a chemical reaction occurs in the course of mix-
ing, with the maximum extent of this reaction reached
after 3�5 h of treatment. The profiles of the DTG
curves of samples prepared at different temperatures
are similar; however, the intensities of the effects as-
sociated with Al(OH)3 and CaCO3 decomposition
grow with increasing mixing temperature, and a minor
effect related to decomposition of calcium hydroxo-
carbonatoaluminate appears at 230�C, with the maxi-
mum extent of the occurring transformations reached
at 75�90�C.

Thus, according to differential-thermogravimetric
analysis, the optimal mixing conditions are the follow-
ing: temperature 75�C and time 3 h.

In discussing the results obtained by the method of
temperature-programmed reduction of samples in a
flow of hydrogen, the following is noteworthy. The
thermochromatogram of the initial mechanical mixture
of the components shows effects of MnHC decom-
position (300�470�C). The chromatogram of a
�mixed� sample contains peaks associated with dehy-
dration of gibbsite (250�350�C) and dissociation of
calcium carbonate (550�670�C): in the interval 400�
630�C, a number of minor effects is observed, which
can be attributed to decomposition of residual MnHC
modified with aluminum ions and to reduction of
manganese oxides. Thus, the data furnished by the
method of temperature-programmed reduction are in
good agreement with the derivatographic data; how-
ever, decomposition of CaCO3 in a reductive medium
(H2) occurs at a temperature lower by nearly 150�C
than that in the oxidative medium (air). This phe-
nomenon, which has also been observed in studying
other cementcontaining systems, is associated with the
catalytic action of reduction products on the thermal
dissociation of CaCO3.

Noteworthy is the fact that manganese oxide MnO
forming in the course of reduction at temperatures of
up to 750�C has lattice constant rather close to the
tabulated value (4.445 �): 4.441 for mixed catalyst
and 4.444 � for a mechanical mixture, in contrast to
4.431 and 4.437 � for the same samples heated to
500�C, which is probably due to ordering of its struc-
ture in the course of heating. The intensity of diffrac-
tion reflections from MnO for a mixed sample (IMnO =
250 mm2) is lower than that for a mechanical mixture
(IMnO = 570 mm2), and its dispersity �MnO = 300 �
is 2 times higher. Comparison of these data with the

results for catalysts reduced at temperatures of up to
500�C shows that raising the temperature of heating
in a flow of hydrogen from 500 to 750�C leads to
caking of MnO, and in the case of the initial mixture
of MnHC with talum, its dispersity changes from 180
to 600 �, whereas for a sample obtained by mixing
in water, the decrease in MnO dispersity is less pro-
nounced: from 145 to 300 �. This phenomenon points
to higher thermal stability of the mixed catalyst and,
consequently, to positive effect of the solid solutions
formed in fabrication of catalysts on their stability.

On the basis of the analytical data and the results
of XPA and thermogravimetric analysis of samples
prepared under different conditions, the degrees of
conversion of the starting substances into reaction
products were calculated. It was found that, with in-
creasing temperature and time of mixing, the extent of
the reaction grows and reaches a maximum at tem-
peratures of 75�90�C and mixing times of 3�5 h. It
should be noted that the overall conversion of Al2O3
in the composition of calcium aluminates exceeds its
conversion into Al(OH)3 and calcium hydroxocarbo-
aluminate (DTG data). At the same time, a good
agreement was obtained as regards the conversion of
CaO in the system. On the basis of these data and the
results of [7], it may be assumed that the discrepancy
for Al2O3 can be attributed to formation of a solid
solution based on the MnHC lattice. For a sample
prepared at 75�C in the course of 5 h, approximately
10% of the total amount of Al2O3 is presumably
introduced into the lattice of manganese compounds.

To refine the optimal composition of manganese�
aluminum�calcium catalysts, which must ensure the
best structural, strength, and catalytic properties, a set
of samples with varied content of the active compo-
nent was prepared. The catalysts were obtained with
account of the optimal preparation parameters (75�C,
3 h).

The dependence of the specific surface area of
samples calcined at 400�C on composition shows a
maximum at 30�40% Mn3O4 (140 m2 g�1). The
maximum extent of surface development at medium
compositions is presumably due to formation of talum
hydration products: highly dispersed Al(OH)3 phases,
and to reaction of MnHC with talum to give at these
compositions the greatest amount of highly dispersed
compounds, manganese�aluminum-containing solid
solutions.

The total porosity of calcined samples increases
somewhat with increasing manganese content, being
at the level of 28�35%. A study of the pore volume
distribution with respect to radii demonstrated that, for
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Fig. 4. Activity of samples in test reaction of deep oxi-
dation of benzene vs. manganese content Mn3O4.
(T
�= 50%) Temperature of 50% conversion. (1, 2) Uncal-

cined and calcined (400�C) mechanical mixtures of compo-
nents, respectively; (3, 4) uncalcined and calcined (400�C)
catalysts, respectively.

�benz, %

T, �C

Fig. 5. Conversion of benzene, �enz, vs. temperature T of
the process, obtained on various catalysts. Catalyst:
(1) sample with 40% Mn3O4, (2) GTT, (3) NTK-10-7f,
(4) NTK-4, (5) NTK-10-2f, and (6) NKO-2-5.

a calcined mechanical mixture containing 40% Mn3O4
(Ssp = 53 m2 g�1), the main contribution to the surface
development comes from pores with radii of 50�
100 � (60%) and 195�405 � (25%); pore with radii
of 100�195 � account for 12% of the volume, and
the volume of very fine pores (0�50 �) is very small
(about 3%). In the case of a finished catalyst (Ssp =
140 m2 g�1), the distribution pattern changes sig-
nificantly: the share of fine pores (0�50 �) increases
dramatically (to 28%); the volume of coarse pores
(395 �) is small (7%); the volume of medium pores
constitutes 28% (50�100 �) and 38% (100�150 �).

With increasing content of manganese compounds,
the mechanical strength of calcined catalysts grows,
falling within 20�40 MPa at compositions with 20�
80% Mn3O4, which corresponds to the strength level
of other cement-containing catalysts prepared by
similar technology.

Figure 4 shows how the activity of manganese�
aluminum�calcium catalysts in the test reaction of
deep oxidation of benzene depends on the content of
manganese. The activity of uncalcined mechanical
mixtures of the starting components (curve 1) grows
with increasing content of manganese; that of calcined
(400�C) mixtures of MnHC with talum (curve 2) also
grows with increasing content of manganese com-
pounds, especially at Mn3O4 contents of up to 30�
40%. In the case of finished catalysts [uncalcined
(curve 3) and catalysts calcined at 400�C (curve 4)], a
considerable rise in activity is also observed at com-
positions of up to 30�40% Mn3O4, and, therefore,
raising further the content of the active component in
the samples is inadvisable.

The maximum activity is observed for mechanical
mixtures of MnHC with talum, calcined at 400�C,
which is probably due to the formation (evidenced by
XPA data) of a considerable amount of 	-MnO2,
which exhibits the highest activity in deep oxidation
reactions. However, the activity of mechanical mix-
tures is unstable and decreases in the course of time.
For example, it was found in testing the initial mix-
ture of MnHC with talum (containing 40% Mn3O4)
that the conversion of benzene decreases from 97 to
58% after 1.5 h of tests at 210�C.

The activity of finished samples remains virtually
unchanged after calcination at 400�C; in addition, it is
somewhat lower than that of calcined mechanical mix-
tures, which is in all probability due to formation of
solid solutions containing Mn compounds. However,
the catalysts are stable in the course of time and, as
shown by further experiments, possess high thermal
resistance, which is more important as regards the
catalyst operation.

To evaluate the thermal stability, a finished sample
(75�C, 5 h) and the starting mechanical mixture with
40% Mn3O4 were subjected to superheating in the
reaction medium at 650�C for 1.5 h, with the activity
at the working temperatures determined after that. The
tests demonstrated that superheating leads to a certain
decrease in the activity of the mixed sample: the tem-
perature of 50% conversion increases by 35�C; in
the case of a mechanical mixture of the starting com-
pounds, the decrease in activity is more pronounced;
the temperature of 50% conversion increases by nearly
70�C. Thus, the binding of a part of Mn compounds
into solid solutions, which occurs in the interaction of
MnHC with talum, stabilizes the active component
and thus exerts positive effect on the thermal stability
of the catalysts. The data presented are in good agree-
ment with changes in the dispersity of manganese
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oxides MnO after high-temperature calcination in
a reductive medium.

Figure 5 shows the dependence of the conversion
of benzene on the process temperature, obtained on
different catalysts: copper�zinc�chromium�aluminum
NTK-4, copper�nickel�aluminocalcium NKO-2-5 with
addition of palladium, copper�nickel�manganese�
aluminocalcium GTT, copper�zinc�aluminocalcium
NTK-10-2f, copper�zinc�manganese�aluminocalcium
NTK-10-7f, and mixed manganese�aluminocalcium
sample (40% Mn3O4). It can be seen from Fig. 5 that
the last catalyst is one of the best in the given set. Its
cost price is not too high, compared with that of the
other catalysts, and its preparation technology is rather
simple and virtually waste-free. Therefore, use of
the catalysts developed in this study for purification of
waste gases to remove organic impurities may prove
effective and economically advantageous, which con-
firms that further investigations in this direction are
promising.

CONCLUSIONS

(1) A combined study of the formation of catalysts
obtained on the basis of the system constituted by
manganese hydroxocarbonate and calcium aluminates
by the method of chemical mixing revealed that the
extent of interaction between the starting components
to give precursors of the active phase (manganese�
aluminum-containing solid solutions) is affected by
the conditions of the mixing stage: temperature and
time.

(2) A study of the structural, strength, and catalytic
properties of samples with varied content of the active
component led to a conclusion that raising the content
of manganese to more than 30�40% Mn3O4 is in-
advisable.

(3) It was found that partial binding of manganese
compounds into solid solutions stabilizes the active
component and has positive effect on the thermal
resistance of the catalysts.
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Abstract�X-ray phase and differential thermal analyses, IR spectroscopy, and temperature-programmed
reduction method were applied to study the formation of manganese�aluminum�calcium catalysts prepared by
�hydrothermal synthesis.�

Cement-containing formulations find increasing
use as catalysts for a number of chemical processes.
In particular, a great number of catalysts based on the
system comprising metal hydroxocarbonates (MHCs,
where M = Cu, Zn, Ni, Co, Mg) and calcium alumi-
nates are known [1].

Manganese�aluminium�calcium formulations
showed high performance as catalysts of redox reac-
tions and, in particular, afterburning processes. In this
context, a necessity arose for developing an efficient
method for preparing catalysts of this kind with wide-
ly varied properties.

Previously, we studied formation of catalysts pre-
pared on the basis of the system comprising manga-
nese hydroxocarbonate (MnHC) and calcium alumi-
nates by the method of �chemical mixing� [2]. In this
method, the interaction of starting components to give
precursors of the active phase occurs in the stage
of mixing of the starting substances with a liquid
reagent, with the role of calcium aluminates mainly
consisting in the formation of the active phase and
their binding properties used to a lesser extent. Further
experiments demonstrated that these catalysts can also
be obtained by such an efficient and convenient proc-
ess as hydrothermal synthesis (HTS), which includes
forming of granules and their subsequent keeping in
a humid air medium [humid air treatment (HAT)]
and then in hot water in the stage of hydrothermal
treatment (HTT). In this case, the interaction of the
starting components to give precursors of the active
state proceeds in a finished catalyst granule and is
accompanied by strengthening of the granule through
hydration of calcium aluminate components [1, 3].
This method assumes involvement of calcium alumi-
nates both in the formation of the active phase and

in the creation of a mechanically strong structure. The
HTS technology makes it possible to combine these
processes and to replace the labor-consuming stage
of pelletizing by the more efficient forming.

The aim of this study was to analyze specific fea-
tures of formation of catalysts prepared on the basis of
the system comprising MnHC and calcium aluminates
by the HTS technique and to examine the influence
exerted by conditions of preparation of samples on
their catalytic properties.

EXPERIMENTAL

As starting components for preparing samples
served MnCO3 �mMn(OH)2 �nH2O [GOST (State
Standard) 7205�77] and high-alumina cement of the
talum1 type (CA : CA2 = 0.26), TU (Technical Spe-
cification) 5737-006-00 284 345�99. A mechanical
mixture of MnHC and talum was mixed with water at
a low l : s ratio (0.3 : 1); the resulting plastic mass
was formed on a laboratory forming device into ex-
trudates (d = 4 mm), which were subjected to humid
air treatment and then to HTT: keeping in hot water at
90�C. The granules obtained were dried at 100�C and
calcined at 400�C. In the course of experiments, the
conditions of HAT and HTT were varied.

A composition with 40% Mn3O4 was chosen for
the experiment, since the extent of interaction between
MnHC and talum to give solid solutions containing
manganese and aluminum was the highest at this
composition [2].
������������

1 Talum is a mixture of calcium monoaluminate CaO �Al2O3
and calcium dialuminate CaO �2Al2O3. Hereinafter the com-
mon designations of the chemistry of cements are used: A =
Al2O3, C = CaO, H = H2O.
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The procedures used to study the samples were
described in [2].

To analyze the transformations occurring in a cata-
lyst grain in relation to the time of its keeping in
humid air at room temperature (20�25�C), an addi-
tional experiment was carried out in order to observe
�in slow motion� the overall pattern of active phase
formation in manganese�aluminum�calcium catalysts
obtained using the technology in question.

An X-ray phase analysis (XPA) of the samples ob-
tained demonstrated that, during the first 10 h of
HAT, the amount of calcium monoaluminate de-
creases substantially (Fig. 1a, curve 1) and a calci-
um carbonate phase appears in the form of calcite
(curve 4). The formation of Al(OH)3 (gibbsite) was
observed after 36 h of HAT (curve 5). A pronounced
decrease in the intensity of MnHC lines was observed
after approximately 48 h of HAT (curve 3); in the
same time interval, consumption of CA2 started
(curve 2) and the calcium hydroxocarbonatoaluminate
(CCA) phase, C3A �CaCO3 �12H2O (curve 6), ap-
peared. With the time of HAT increasing from 2 to
20 days, hydration of CA2, decomposition of MnHC,
and formation of CaCO3 and Al(OH)3 (in the form
of gibbsite and bayerite) became more intensive;
further keeping in humid air did not result in any sig-
nificant changes in the content of these phases in the
system. The reflections from calcium mono- and di-
aluminates completely disappeared after 42 days of
HAT, with the minimum intensity of lines associated
with residual MnHC, about 30% of the initial value,
reached in the process.

It has already been noted previously [2, 4] that the
decrease in the intensity of X-ray lines associated with
MnHC and the appearance of reflections characteristic
of CaCO3 is due to partial extraction of carbonate ions
from the MnHC lattice and their replacement by alu-
minate and hydroxide ions.

The involvement of OH� ions in the exchange as-
sumes that X-ray amorphous manganese compounds
of the MnOx �yH2O type are formed in the system. In
this case, introduction of manganese ions into the lat-
tice of gibbsite formed in hydration of calcium alumi-
nates is possible, with the X-ray diffraction character-
istics of gibbsite changed. Indeed, an X-ray diffraction
study of the samples revealed that the positions of
the diffraction peaks of the forming gibbsite differ
from the tabulated values. The maximum shift of the
diffraction lines of gibbsite was observed for samples
kept in humid air for 15�20 days and more. For exam-
ple, a shift to d = 4.78 � was observed for the peak
with d = 4.82 �.

�1, h �2, days

(a)

(b)

�, h

Iph, mm2

Iph, mm2

Fig. 1. Intensities of diffraction peaks from the forming and
initial phases, Iph, in catalyst granules vs. duration of HAT,
�1 and �2, and (b) HTT, �, stages. Phase: (1) CA, (2) CA2,
(3) MnHC, (4) calcite, (5) gibbsite + bayerite, (6) CCA,
and (7) aragonite.

The involvement of aluminate and hydroxide ions
in the exchange leads to formation of Mn�Al-contain-
ing solid solutions based on the lattices of manganese
compounds, from which MnO�Al2O3 solid solutions
based on the crystal lattice of MnO are formed in sub-
sequent heating to 500�C in a hydrogen flow [2, 4].
An X-ray study of samples heated to 500�C in H2
flow also revealed the presence of a defective MnO
phase. In this case, the maximum deviation of the lat-
tice constant of MnO, compared with the tabulated
value of 4.445 �, was observed for the samples kept
in humid air for 20 days and more. For these samples,
a0MnO = 4.430 � and the dispersity �MnO = 145 �,
whereas for a mechanical mixture of the starting re-
agents the respective values are 4.437 and 175 �.
The results obtained indicate that calcined samples
contain MnO�Al2O3 solid solutions based on the
crystal lattice of MnO, and, consequently, Mn�Al-
containing solid solutions based on MnHC, MnOx �
yH2O, and Mn(OH)2 lattices are formed in uncalcined
samples as precursors. The binding of a part of man-
ganese compounds into solid solutions is also evi-
denced by the fact that the intensity of MnO reflec-
tions in reduced samples is about 40% of that in a
mechanical mixture of the starting components.
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�, cm�1

Fig. 2. IR spectra of samples subjected to HAT of varied
duration without HTT. (�) Transmission and (�) wave
number. Sample after forming with HAT for time (days):
(1) 0, (2) 2, and (3) 20.

Thus, according to XPA data, chemical transforma-
tion occur in catalyst granules in the HAT stage at
room temperature. The extent of these transformations
grows with increasing time of treatment. However,
the rate of the reaction is very slow, and, therefore,
more than 20 days are necessary for the maximum
content of the forming phases to be reached, which is
unacceptable for commercial technology.

To accelerate the chemical reactions occurring in
forming of catalysts by the HTS technique, an HTT
stage is used. To study the transformations occurring
in the catalyst granules in this stage, a formed and
dried sample obtained without HAT was subjected
to prolonged hydrothermal treatment at 90�C with
sampling at certain intervals (Fig. 1b). According to
XPA data, the rate of chemical transformations is high
in this stage. Calcium monoaluminate was completely
consumed in 1 h, and calcium dialuminate, in 4 h of
HTT. The intensity of lines associated with residual
MnHC after 3�5 h of treatment was 40�45% of the
initial value. During the first hour of treatment, the
formation of a considerable amount of gibbsite with
shifted diffraction peaks (for instance, the peak with
d = 4.82 � was shifted to d = 4.79 �) and a minor

amount of bayerite was recorded. The content of these
phases remained virtually unchanged during HTT for
more than 3 h. An increase in the intensity of lines
related to calcium carbonate was also observed during
HTT for up to 3�4 h, with this compound formed as
calcite and aragonite. Thus, virtually 100% extent of
interaction is reached in the HTT stage in 3�4 h.

To reveal the influence exerted by preliminary
HAT on the properties of granules in preparing man-
ganese�aluminum�calcium catalysts, sample reduced
in a hydrogen flow after HTT without HAT was com-
pared with that subjected to preliminary HAT and
then HTT and characterized by the same conversion
of the starting reagents. It was found that for the latter
sample the deviations of the lattice constants of the
forming MnO are somewhat larger (4.430 � against
4.434 �), and the dispersity is higher (145 � against
180 �). For the sample with HAT, the intensity of
MnO reflections is somewhat lower (190 mm2 as
compared to 240 mm2 for a catalyst without HAT).
The data obtained indicate that, for a sample subjected
to preliminary HAT, the extent of interaction between
the starting substances to give solid solutions contain-
ing manganese and aluminum ions is greater.

An attempt was made to intensify the HAT stage
by raising the process temperature. For this purpose,
a formed sample was kept in humid air at a tempera-
ture varied within 10�90�C for 5 h. Raising the HAT
temperature accelerated the transformations occurring
in this stage. This is indicated by the fact that, with
increasing temperature, the intensity of reflections as-
sociated with calcite (the amount of aragonite formed
was virtually temperature-independent) and Al(OH)3
(gibbsite and bayerite) grows, and that of reflections
associated with the starting compounds, MnHC and
calcium aluminates, falls, with the maximum reaction
rate reached at 75�90�C. At the same time, a study of
samples subjected to HTT demonstrated that raising
the temperature of preliminary HAT to above 50�C
does not appreciably accelerate the interaction in the
subsequent HTT stage. Thus, according to XPA data,
it is advisable to perform the stage of HAT of catalyst
granules at temperatures not exceeding 50�C.

The results of an IR study of the samples obtained
are given in Fig. 2. Only the region in which the spec-
tral changes are the most pronounced is shown. With
increasing HAT duration (Fig. 2), the intensity of
absorption bands at 870 and 730 cm�1, characterizing
the bending vibrations of CO3

2� in MnHC, decreases.
New absorption bands, associated with bending vibra-
tions of carbonate groups in the forming calcium
carbonate, appear at 880 and 720 cm�1, and their
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intensity grows. The intensity of absorption in the
range of bending vibrations of hydroxide groups of
the forming Al(OH)3, and the profile of the absorption
band becomes characteristic of bayerite, with peaks
at 1030 and 980 cm�1 [5]. Analysis in the range of
stretching vibrations of OH� groups is hindered by
pronounced broadening of the corresponding bands.
The spectrally detected presence of Al(OH)3 in the
form of bayerite, rather than gibbsite, can apparently
be accounted for by introduction of manganese ions,
which leads to a shift of double layers in packages
of the gibbsite structure [6], thus transforming this
structure into that of bayerite. The maximum extent of
the occurring transformation is achieved in approxi-
mately 20 days of HAT (Fig. 2, curve 3).

The IR spectra of samples subjected after HAT to
hydrothermal treatment show that, with increasing
time of preliminary HAT, the intensity of the absorp-
tion bands at 870 and 730 cm�1 decreases and that of
the absorption bands at 880 and 720 cm�1, associated
with bending vibrations of carbonate groups in, re-
spectively, MnHC and CaCO3, increases. A steady in-
crease in intensity and change in the profile of the
OH� bending vibraiton bands at 1030 and 980 cm�1 is
observed, which points to the appearance of a bayerite
structure. In accordance with spectral data, the greatest
extent of interaction in the HTT stage is reached after
preliminary HAT for 2 days.

The spectra of samples subjected to only HAT at
different temperatures show that, with increasing proc-
ess temperature, the extent of the occurring transfor-
mations grows to reach a maximum at 75�C. For
samples subjected to subsequent HTT, the most pro-
nounced spectral changes, similar to those described
above, are observed at temperatures of preliminary
HAT of up to 30�C, and, therefore, raising the treat-
ment temperature further is inadvisable.

Figure 3 shows the results of a differential thermo-
gravimetric (DTG) analysis of the samples. The ther-
mal effects were identified on the basis of published
[2, 4, 7, 8] and XPA data. The DTG curves of cata-
lysts kept for varied time in humid air (Fig. 3) show
that, upon treatment of a mixture of MnHC and talum
with water, the thermal effects of MnHC decomposi-
tion (385�C) and �-MnO2 conversion into �-Mn2O3
(520, 540�C) are shifted to higher temperatures, com-
pared with a mechanical mixture of the starting com-
ponents, and their superposition is observed. This
leads to the appearance of a strong effect peaked at
550�C (curve 2) [2]. As the time of HAT becomes
longer, the intensity of this effect decreases and it is
first gradually shifted to the low-temperature region

Fig. 3. DTG curves of samples subjected to HAT of varied
duration without HTT. (1) Starting mechanical mixture of
MnHC and talum; sample after forming with HAT for time
(days): (2) 0, (3) 2, (4) 5, and (5) 20.

(510�520�C) and then, with the HAT duration increas-
ing further (to 5 days), starts to split into two effects,
those at 440�460 and 540�550�C. On the basis of a
comparison with XPA data, these effects can be attri-
buted to decomposition of MnHC modified with alu-
minum ions and to MnOx conversion. In addition, the
DTG curves show effects of decomposition of gibbsite
(270�290�C) and calcium carbonate (720�810�C),
whose intensity grows with increasing HAT duration;
however, the profile of the DTG curves remains vir-
tually unchanged after 2�5 days of treatment.

The DTG curves of the same samples subjected to
HTT show that, at longer time of preliminary HAT,
the effects associated with decomposition of gibbsite
(290�300�C) and CaCO3 (800�830�C) grow in in-
tensity, and the profile of the effects in the range
400�650�C is gradually smoothed. These changes are
mainly characteristic of catalysts kept in humid air
medium for up to 2�5 days; further preliminary HAT
does not lead to any significant changes in the DTG
curves of the samples.

Raising the temperature of preliminary HAT to
above 30�C does not cause any substantial changes,
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Fig. 4. Activity of samples prepared under various condi-
tions vs. temperature T of calcination in air. (T

�= 50%) Tem-
perature of 50% conversion. Sample: (1) starting mixture
of MnHC and talum, (2) no. 1 (after HTT without pre-
liminary HAT), (3) no. 2 (2 days of HAT + HTT), and
(4) no. 3 (>20 days of HAT after HTT).

either, in the profile of the DTG curves for samples
subjected to HTT. Thus, the results of the differential
thermogravimetric study confirm that it is advisable
to perform preliminary HAT at temperatures not ex-
ceeding 30�C.

Comparison of a thermochromatogram of a catalyst
after HTT without preliminary HAT and that sub-
jected to prolonged HAT (>20 days) and then to HTT
shows that, in the case of a sample without HAT, the
intensity of the effect at 200�300�C, which corre-
sponds to liberation of water in the course of gibbsite
decomposition, is much lower, and that of effects at
350�450�C, related to liberation of water and CO2 in
decomposition of residual MnHC modified with alu-
minum ions, is much higher, indicating much higher
conversion of the starting substances into the reaction
products for the sample subjected to preliminary
HAT. MnO formed in the course of catalyst reduction
at temperatures of up to 750�C has the lattice constant
close to the tabulated value (4.445 �): 4.444 for a
sample after HAT and 4.446 � for a catalyst without
HAT. For these catalysts, the intensities of diffraction
peaks related to manganese oxide, IMnO, are 350�
370 mm2, and the MnO dispersity �MnO = 220�
225 �. For a mechanical mixture of MnHC with
talum, reduced under similar conditions, IMnO =
570 mm2 and �MnO = 600 �. Thus, the dispersity
of MnO in the samples obtained is more than 2 times
higher than that of the starting mixture of MnHC with
talum, and the intensity of diffraction peaks corre-
sponding to MnO is much lower, which points to the
formation of X-ray amorphous compounds of man-
ganese. All this indicates a higher thermal stability
of the given catalysts and, consequently, a positive

influence of the transformations occurring in catalyst
fabrication to give solid solutions.

We showed previously that the activity of man-
ganese�aluminum�calcium catalysts in deep oxidation
of benzene grows with increasing content of the active
component, with the rise being the steepest at Mn3O4
concentrations of up to 30�40% [2].

Tests with the catalysts containing 40% Mn3O4,
prepared by the HTS technique, show that the activity
of uncalcined catalysts grows after prolonged pre-
liminary keeping in humid air. The highest activity
is observed for the samples kept in humid air for
20 days and more; in particular, for these samples the
temperature of 50% conversion, T	=50%, is 215�
220�C. The lowest activity is exhibited by the samples
after short HAT or without it, and also by a mechani-
cal mixture of the starting components; for instance,
for uncalcined samples T	=50% is 235�240�C.

Thus, the increase in the extent of reaction between
MnHC and talum to give Mn�Al-containing solid
solutions, favored by preliminary HAT of granules,
has a positive effect on the activity of the catalysts
obtained.

A distinctive feature of the catalysts under con-
sideration is that their activity changes after calcina-
tion in air at various temperatures. Figure 4 shows the
dependence of the activity on the calcination tempera-
ture for samples prepared under different conditions.
In the case of a mechanical mixture of MnHC with
talum, the dependence passes through a maximum at
400�C (curve 1). For a sample without preliminary
HAT this dependence also shows an extremum, but the
decrease in the temperature of 50% conversion after
calcination at 400�C is not so pronounced (curve 2).
A study of a catalyst subjected to preliminary HAT
for 2 days and then to HTT demonstrated that its
activity remains virtually unchanged after thermal
treatment at 400�C (curve 3). For a sample kept for
more than 20 days in humid air and then subjected to
HTT, the dependence of T	=50% on the calcination
temperature is somewhat different: the activity de-
creases steadily with increasing temperature of thermal
treatment (curve 4).

A mechanical mixture of MnHC with talum ex-
hibits the highest activity among the samples studied
(T	=50% = 205�C), which is due to the formation of
a large amount (according to XPA) of active �-MnO2;
however, the activity of the mixture decreases sub-
stantially in the course of time, probably because of
the caking of �-MnO2. Binding of a part of manga-
nese compounds into solid solutions makes lower the
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initial activity of the samples, compared with calcined
mechanical mixture, but they are stable with time [2].

Among the uncalcined catalysts, the highest activ-
ity is observed for sample no. 3 subjected to pro-
longed (>20 days) treatment and characterized by
the greatest extent of interaction between MnHC and
talum: for this catalyst, T	=50% = 217�C. In addition,
its activity decreases after calcination to a lesser ex-
tent, compared with other samples and, especially,
mechanical mixture. For example, T	=50% = 285�C
for the starting mixture of MnHC with talum, calcined
at 600�C, and T	=50% = 259�C for the catalyst under
consideration, i.e., this sample is not only more active,
but also more thermally stable. These facts well corre-
late with data on MnO dispersity in samples reduced
at high temperature.

Thus, the extent of interaction between MnHC and
talum, which occurs in fabrication of manganese�
aluminum�calcium catalysts, affects their activity and
thermal stability. The increase in the extent of interac-
tion to give defective structures, Mn�Al-containing
solid solutions based on the lattices of MnHC,
Mn(OH)2, MnOx �yH2O, and Al(OH)3, favored by
preliminary HAT of granules, leads to an increase in
the activity and stability of catalysts.

The catalysts obtained show fairly high activity
in deep oxidation, compared with other catalysts [2],
which confirms that further investigations in this
direction are promising.

CONCLUSIONS

(1) A comprehensive study of the formation of
catalysts prepared on the basis of the system consti-
tuted by manganese hydroxocarbonate and calcium

aluminates by the method of hydrothermal synthesis
revealed that the extent of interaction between Mn hy-
droxocarbonate and talum to give Mn�Al-containing
solid solutions based on the lattices of manganese
hydroxocarbonate, Mn(OH)2, MnOx �yH2O, and alumi-
num hydroxide depends on the temperature and time
of humid air and hydrothermal treatment.

(2) An increase in the extent of interaction bet-
ween the starting components, favored by prolonged
humid air treatment of granules, has positive effect on
the catalytic properties of the catalysts obtained and,
in particular, on their activity and thermal stability.
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Abstract�A procedure was developed for recovery and purification of ultrafine diamonds.

Superdispersed systems based on clusters or ultra-
fine diamonds (UFD) are actively studied today,
because of theoretical interest and wide possibilities of
their practical use.

Ultrafine diamonds are widely used in preparation
of abrasive materials, tools, and pastes, in composite
and electrochemical plating, in production of mech-
anical rubber goods, and as additives to diesel oils and
lubricants. Diamonds show much promise in systems
of magnetic recording, in superfine surface finishing,
when the surface quality is a decisive factor, and in
preparation of new cutting ceramic materials. At the
same time, growth of diamond films and composites
based on them is also urgent.

One of the main problems in chemical processing
of coal is the low selectivity of catalysts, because coal
contains compounds of various structures (C�C, C�N,
C�S bonds, etc.), whose selective conversion occurs
under different conditions. Therefore, development
of versatile catalysts is hardly possible, and it seems
necessary to search and study catalysts selective with
respect to separate types of compounds. In this con-
nection, it is interesting to study the reactivity of
the C�C bonds using cluster diamonds as a model.

Explosion method is the main procedure for UFD
synthesis; it is based on the detonation conversion of
carbon-containing explosives with a negative oxygen
balance [1, 2]. This process yields a carbon blend con-
taining UFD (20�60%) and non-diamond impurities
(micrographite, carbon black). The detonation blend
has a developed and active surface (�400 m2 g�1) and
exhibits specific adsorption and colloidal properties
due to elevated reactivity of superdispersed carbon
structures characterized by high density of defects.
The explosion synthesis procedure is well developed,
and several modes of its process are patented. How-
ever, relatively low efficiency of purification and
recovery of diamonds from the carbon- and metal-

containing reaction blend hinders the growth of the
cluster diamond production.

The reactivity of diamonds and composition of
impurities determine selection of the treatment and
purification procedures. The aim of the process is
the recovery of the target product with minimal losses,
and relatively high chemical stability of the diamond
phase allows this process to be performed fairly ef-
ficiently.

As seen from published data [3], in the first stage
of the diamond recovery the catalyst and carbide
phase are dissolved in acids or their mixtures [3]. In
the second stage, the non-diamond carbon phases are
selectively oxidized with various reagents. In the third
stage, the compounds insoluble in water and acid
solutions (except hydrofluoric acid) are removed if
their content is greater than 1%. Then, the purified
diamond crystals are washed with water and dried.

It should be noted that the separation of diamond
from graphite, which can be performed by physical
and chemical methods [4], is the most difficult stage
of the process. In the chemical procedure, graphite is
selectively oxidized to carbon oxides. In contrast to
physical procedures, chemical treatment provides
higher purification and, in some cases, smaller loss of
the target product.

However, the main disadvantages of physical and
chemical purification procedures are rather complex
equipment, large losses of the diamond powder, and
use of extremely aggressive compounds with release
of environmentally hazardous components.

We developed chemical procedures for recovery
and purification of UFDs from the carbon�diamond
blend providing a high yield of the diamond phase
with a high quality of the target product. These proce-
dures can be performed without additional equipment
under milder conditions as compared to the known
methods.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 3 2003

CHEMICAL PURIFICATION OF ULTRAFINE CUTTING DIAMONDS 429

EXPERIMENTAL

The diamond blend prepared by the explosion pro-
cedure is a specifically smelling viscous black mass.

In the oxidation stage, the diamond blend was
washed, dried, and oxidized; then the resulting prod-
uct was washed and dried.

First the blend sample was washed with distilled
water to pH 7 and complete removal of the strange
smells; fivefold washing was usually sufficient. The
washing water was decanted and, after neutralization,
transmitted into a sewage system.

The washed sample was filtered and centrifuged.
Then it was dried at 200�C with intermittent stirring
to the residual content of water of 5�7%. After drying,
the resulting black mass could be readily broken in
pieces. The yield of the dry carbon-containing blend
was 15�20 wt % based on the initial reaction product.

This pretreatment removes a significant fraction of
impurities from the blend and yields a pure friable
product appropriate for subsequent treatment.

Then, the blend was treated with an oxidizing mix-
ture consisting of HNO3 (64�89 wt %) and H2SO4;
the blend : oxidizing mixture weight ratio was 1 : (20�
25). The oxidation was performed in the batch mode
by addition of nitric acid in small portions after com-
plete decomposition of the previous portion.

Addition of HNO3 in small portions provides
loosening of the blend and increases its volume and
thus improves the UFD recovery.

Sulfuric acid was added only in the initial step to
accelerate oxidation. No overheating of the reaction
mixture was observed under the above operation con-
ditions, and, thus, the temperature control of the reac-
tion mixture can be eliminated.

As the reaction proceeds, the color of the reaction
mixture changed from black to gray. The number of
oxidation cycles and the amount of acids required for
complete oxidation varied insignificantly. When the
blend became gray, the reaction vessel was cooled.
The total oxidation time was about 20 h.

The reaction product was washed with distilled
water. The gray diamond phase after stirring was
settled, and the solution containing acids was decanted
and transferred into a sewage system after neutraliza-
tion. This operation was performed several times up to
neutral reaction (pH 7) of the washing solution.

Then, the diamond phase was separated from ex-
cess water by centrifuging and treated with acetone.

The mixture was stirred and centrifuged; acetone was
separated and used in washing of the other portions
of the diamond blend. This procedure was repeated
2�3 times.

The resulting mass was dried in air at room tem-
perature, ground in a porcelain mortar, and put into
a vessel for storage.

The yield of the gray diamond blend was 40�
50 wt % of the dry black mass. According to pub-
lished data, the UFD yield obtained by the other
procedures varies within 20�30%. As seen from XRD
data, the average particle size in the UFD blend was
4�5 nm and the content of nonoxidized impurities in
the final product was less than 0.1%, whereas in the
previously reported procedures [5] the content of
impurities reaches 1.1�5.7%.

To accelerate the recovery of the diamond phase,
K2SO4, K2Cr2O7, or MnO2 was added into the reac-
tion mixture, which loosens the blend, increases its
volume, and thus improves the recovery of the UFD
particles. These compounds accelerate the oxidation
of the carbon blend by a factor of 2�3. The yield of
the product increases to 60% based on the dry blend
weight.

The experimental data on the oxidation of the
diamond blend under various conditions are listed in
the table. As seen, the resulting UFDs are character-
ized by elevated dispersity with a stable particle size.

Our procedure for recovery and purification of
UFD phase from the diamond�carbon blend allows
wide variation of the experimental conditions (tem-
perature, pressure, medium, etc.) and thus provides
control of the UFD properties. The surface of dia-
monds recovered by this procedure contains various
functional groups: nitrate, keto, carbonate, sulfate, etc.

We found that, at thermal treatment of the diamond
powder under an inert gas atmosphere at 400�800�C,
nearly 1.7 mmol of CO2 per gram UFD is liberated.
The presence of various functional groups on the
diamond surface suggests the possibility of its use as
sorbent. We studied the UFD sorption power with
respect to copper(II), cobalt(II), and nickel(II) sulfates.
The sorption power was characterized by the amount
of the salt sorbed from solution per gram of the dia-
mond powder.

It was found that the UFD surface sorbed
0.15 mmol g�1 CuSO4, liberating in solution
0.09 mmol g�1 of H+ ions. In the case of CoSO4,
these parameters were 0.38 and 0.024 mmol g�1. No
sorption of NiSO4 was observed.
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Oxidation conditions of the carbon�diamond blend. Temperature 200�C, average size of the UFD crystallites 4.3�0.4 nm
������������������������������������������������������������������������������������

Sample
�

Catalysts,
� H2SO4* � HNO3* �

Blend : oxidizing mixture
�

�, h
�

Yield, %� ��������������������� � �
weight, g � mmol � ml � weight ratio � �

������������������������������������������������������������������������������������
50 � � � 150 � 500 � 1 : 21.6 � 18 � 46
60 � � � 150 � 600 � 1 : 20.7 � 23 � 53

2 � � � 6 � 24 � 1 : 24.9 � 8 � 50
2 � K2SO4, 5.75 � 4 � 20 � 1 : 19.9 � 4 � 61

60 � K2SO4, 12.75 � 300 � 570 � 1 : 24.1 � 14 � 50
5 � K2Cr2O7, 5 � 10 � 60 � 1 : 23.2 � 2.5 � 56
4 � MnO2, 5 � 10 � 50 � 1 : 24.9 � 3 � 45

������������������������������������������������������������������������������������
* Concentrated acid.

It is known [6] that the storage of ultrafine prod-
ucts is a complex problem. Owing to excess Gibbs
energy related to the large contribution of the surface
component, the system of superdispersed particles
tends to aggregate. The UFD powder prepared by our
procedure is characterized by elevated dispersity and
fairly stable particle size. Moreover, our UFD powder
shows no tendency to graphitization in prolonged
storage and successive use, and its quality meets
the international standards (according to the data of
Tajrinu Trading Co., Ltd., Japan). Our procedure for
the recovery of ultrafine diamonds from the diamond�
carbon blend is patented [7].

CONCLUSIONS

(1) A procedure is developed for purification and
recovery of ultrafine diamonds under milder condi-
tions without additional process equipment; the yield
of the high-quality diamond phase is higher by a factor
of 1.5�1.7 as compared to the known procedures.

(2) Addition into the reaction mixture of small
amounts of various metal salts decreases the reaction

time by a factor of 2�3 and increases the product yield
to 60%.

(3) The resulting ultrafine diamonds exhibit the
elevated dispersity and uniformity with a stable par-
ticle size; they show no tendency to graphitization in
prolonged storage and use.
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Abstract�Homo- and copolymers of 1-vinyl-1,2,4-triazole with acrylamide and quarternary salt of polyvinyl-
triazole were prepared. The flocculation power of these (co)polymers was studied using model kaolin sus-
pensions.

The majority of natural and artificial suspensions
consists of negatively charged particles, and, thus,
positively charged polyelectrolytes are preferable for
their flocculation. At present, such flocculants are
predominantly prepared using polymers and copoly-
mers of two main groups: ammonium and pyridinium.

The most available commercial flocculants are the
Praestols (copolymers of acrylamide with sodium
acrylate and with N,N �-trimethylammoniopropylacryl-
amide chloride, Akromidan (copolymer based on
poly(methacroyloxyethyl)trimethylammonium methyl
sulfate), and KF copolymer based on quarternary
poly-2-methyl-5-vinylpyridine, developed at the Vol-
gograd University.

The comparative data on the flocculation power
with respect to model and real systems showed that
the Praestol, Akromidan, and KF domestic cationic
flocculants are competitive products [1, 2].

Since the assortment of available cationic floc-
culants is very limited and their flocculation proper-
ties are similar, search for new flocculants of this type
is urgent. It was found [3] that vinyltetrazole polymers
are effective flocculants.

In this work, we studied the flocculation power
with respect to model kaolin suspensions of homo-
and copolymers of 1-vinyl-1,2,4-triazole (VT), its
quarternary ammonium salts, and their mixtures with
anionic polyelectrolytes.

EXPERIMENTAL

In our work we used of 1-vinyl-1,2,4-triazole with
the following properties: bp 49�C (1 mm Hg); nD

20

1.51, and d20 1.0857.
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The VT polymers and quarternary salts of poly-VT
were prepared by the procedures given elsewhere [4].
Polymerization of VT to high conversions (80%,
monitored gravimetrically) was performed in a 40%
aqueous solution at 60�C under argon in the pres-
ence of the redox system [polyethylenepolyamine :
(NH4)2S2O8 = 1 : 3]. The intrinsic viscosity [�] of
the resulting polymer was 2.75 dl g�1 (distilled water,
25�C). Then, the quarternary salt was prepared.
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For this purpose, dimethyl sulfate (2.6 g) and poly-
VT (0.85 g) were mixed in DMSO (6.65 ml) and
heated for 11 h at 60�C under argon. The resulting salt
was washed with isopropyl alcohol and dried to con-
stant weight in a vacuum desiccator. The polymer
yield was 85%, and the degree of alkylation was 84%
(elemental analysis). The copolymerization of VT
with acrylamide (AA) was performed up to 95% con-
version (VT content in copolymer �80 wt %).

The flocculation power of the polymers was eval-
uated from the kinetic dependences of the suspension
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H, %

t, s

Fig. 1. Optical transmission H of 0.4 wt % aqueous kaolin
suspensions as a function of time t; (co)polymer concentra-
tion 0.05 wt %. Flocculant: (1) none, (2) polyacrylamide,
(3) polyvinyltraizole, (4) polyacrylamide�polyvinyltraizole
mixture (1 : 1 weight ratio), and (5) copolymer of acryl-
amide with vinyltriazole (0.2 : 0.8 molar ratio).

c, mg g�1

Fig. 2. Suspension clarification efficiency Dt as a function
of the concentration of poly-VT c at various contents of
kaolin. Kaolin content, wt %: (1) 1.0, (2) 0.8, and (3) 0.4.

clarification efficiency Dt and optical transmission
H (%):

Dt = 	0/	 � 1, 	 = 2.3A/l,

where �0 is the supernatant turbidity in the absence of
the flocculant; �, supernatant turbidity after the floccu-
lant addition; l, cell thickness, and A, optical density.

The optimal flocculant concentration (mg floccu-
lant per gram kaolin) corresponding to maximal Dt
was determined.

The kaolin concentration was varied in the 0.1�
1.0 wt % range. The kaolin weighed portion was
placed in water (20 ml), and after 30 min the polymer
solution was added; the suspension volume was

brought to 100 ml, it was stirred for 2 min and stored
for 1 h. Then, the optical density of the supernatant
was measured on a KF-77 photocolorimeter (�
490 nm). When the clarification kinetics was studied,
the measurements of the optical transmission were
started immediately after the stirring.

The kinetic dependences of the optical transmission
of suspensions in the presence of various polymers are
shown in Fig. 1. As seen, polyacrylamide exhibits the
greatest flocculation power, the flocculation power
of poly-VT is significantly lower, and the copolymers
of VT and AA and the mixtures of poly-AA and
poly-VT exhibit virtually no flocculation power. This
is probably due to the fact that, as compared to homo-
polymers, the VT-AA copolymers have a lower ther-
modynamic affinity for water, and thus more compact
conformations are typical for the copolymer macro-
molecules. This assumption agrees with the intrinsic
viscosities of poly-VT and VT-AA copolymers, which
are 2.75 and 0.76 dl g�1 (water solvent, 25�C). The
lower intrinsic viscosity of the copolymer compared
to the homopolymer is probably due to lower molecu-
lar weight and compression of macromolecular ag-
gregates with decreasing thermodynamic affinity of
copolymers.

In any case, the decrease in the intrinsic viscosity
of the copolymer is directly related to the hydro-
dynamic globule radius and correspondingly to its
flocculation power.

Then, the flocculation power of quarternary poly-
VT (poly-1-vinyl-4-methyl-1,2,4-traizolium methyl
sulfate) was determined. The dependences of the clari-
fication efficiency of various flocculants in suspen-
sions with various kaolin concentrations are shown
in Fig. 2. As seen, the best flocculation is observed
for suspensions with the kaolin concentration of 0.8�
1.0 wt %. The dependences of the clarification ef-
ficiency on the polymer concentration pass through
a maximum, typical for flocculants.

It is known that, in some cases, the flocculation
efficiency can be improved by adding mixtures of
cationic and anionic polyelectrolytes [5]. In our tests,
we used copolymer of AA with sodium acrylate
(0.75 : 0.25 molar ratio); the kinematic viscosity of
0.5% solution was 394 cSt [6]. The required suspen-
sions were prepared by the procedure given above; the
concentration of polyelectrolytes in all the cases was
0.001%. As seen from Fig. 3, in the case of fairly con-
centrated solutions (0.4�1.0 wt % kaolin content) the
clarification efficiency decreases with polyelectrolyte
addition, but it increases in the case of dilute low-
turbid dispersions (<0.4 wt % kaolin content).
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ck, wt %

Fig. 3. Suspension clarification efficiency Dt as a function
of the kaolin content ck. Flocculant, mg g�1: (1) poly-VT
salt, 1�4, and (2) mixture of poly-VT with anionic poly-
electrolyte, 0.1�1.0.

As known, the dependence of the flocculation ef-
ficiency on the polymer molecular weight should be
considered to evaluate the feasibility of the flocculants
prepared. For example, the intrinsic viscosity of such
effective flocculants as KF and Praestol (650 and
655 brands) varies within 4.02�6.89 dl g�1 [2], which
is greater than that of the polymer studied in this work
by a factor of 4�5. The Praestol molecular weight is
(2.62�5.13) � 106. It was found [7] that the highest
performance of the nitrogen-containing flocculants
based on poly-1,2-dimethyl-5-vinylpyridinium methyl
sulfate is observed for the samples with the molecular
weight of 3 � 106. At the same time, the clarification
efficiency with respect to kaolin suspensions of the
samples with the molecular weight

�
M� 	 2 � 106 did

not exceed that of the agents studied in this work.

CONCLUSION

The flocculation powers of homo- and copolymers
of 1-vinyl-1,2,4-triazole with acrylamide and of
quaternary ammonium salt of polyvinyltraizole were
compared. The highest flocculation power was found
for polyvinyltriazolium dimethyl sulfate, whose per-
formance with respect to dilute suspensions (less than

0.4 wt % kaolin content) can be improved by addition
of anionic polyelectrolyte (copolymer of acrylamide
with sodium acrylate).
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Abstract�Specific influence of high shear loads on starch hydrogels containing oxyethylene-based sur-
factants was studied. It was found that a number of oxyethylated fatty alcohols can produce a steady thicken-
ing effect on starch hydrogels under high-rate shear strains owing to mechanochemically initiated complexing
with starch amylose.

Starch hydrogels (pastes) are widely used in vari-
ous industries. They are made technologically suitable
by heat treatment with chemical cleaving agents
aimed at breaking down their primary structure
formed by swollen starch grains. One way to sig-
nificantly reduce the process time and the heat con-
sumed in starch cleavage is mechanical treatment of
paste in a rotary pulse flow apparatus (RPA) [1]. For
technological purposes, in particular, for improving
the film-forming and wetting powers, starch hydrogels
are often added with surfactants. In [2], we studied
how surfactants affect the efficiency of the mechanical
cleavage of starch hygrogels. Studies of the properties
of mechanically (using RPA) produced starch hy-
drogels as influenced by various surfactants revealed
an interesting phenomenon which has not been pre-
viously described in the literature: Oxyethylated fatty
alcohols can cause steady thickening of starch hy-
drogels when exposed to strong mechanical loads. In
view of the fact that this phenomenon can be of not
only theoretical but also practical interest, it is reason-
able to study in more detail the influence of high
shear loads on starch hydrogels containing oxyethyl-
ene-based surfactants.

EXPERIMENTAL

Our study was concerned with corn starch [GOST
(State Standard) 7697�82]. Starch hydrogels intended
for subsequent mechanical treatment were prepared by
cooking a starch suspension on a water bath at 90�C
for 15 min.

Sonication was performed in a UZDN-2T disin-
tegrator at the frequency F = 22 kHz. The treatment

time was 4 min, and treatment temperature, 80�C.
The volume density of the acoustic energy was esti-
mated calorimetrically at 1.34 W cm�3.

Mechanical treatment was carried out on a labora-
tory RPA [3]. The rotor rotation rate was varied from
1000 to 5000 rpm. The treatment time was 4�30 s,
and temperature, 80�C.

The relative viscosity of the hydrogels was meas-
ured with a VPZh-2 capillary viscometer according to
GOST (State Standard) 33�36 at 80�C.

Rheological characteristics of starch hydrogels
were measured on a Rheotest-2 rotary viscometer with
a coaxial-cylinder working unit at a rate gradient with-
in 1.5�1312 s�1 at 30�C.

The surface tension of starch hydrogel at the air
interface was measured with a Rebinder’s instrument
[4] at 80�C.

The surfactants studied in this work were all oxy-
ethylated, primarily fatty, alcohols with the general
formula CnH2n +1O(C2H4O)mH (see table) [5].
Sample nos. 6 and 8 were oxyethylated alkylphenols
with the general formula CnH2n +1C6H4O(C2H4O)mH.
The surfactant concentrations were varied within 0�
0.01 M.

Figure 1 shows how the viscosity of starch hydro-
gels, mechanically treated in an RPA, varies with the
concentration of the surfactant added before the treat-
ment (curves 3�5). It is seen that, with increasing con-
centration of the surfactant added before the treatment
from 0 to 3�10�3 M, the viscosity of the starch hydro-
gels tends to substantially increase. Further increase
in the concentration of the added surfactant tends to
somewhat decrease the viscosity. Curve 2 in Fig. 1
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Characterization of oxyethylated fatty alcohols.* Treatment in RPA: n = 4000 rpm, � = 4 s; cCMC = 3 wt %; Csurf =
3.0�10�3 M
������������������������������������������������������������������������������������
Sample no. � Surfactant � n � m � HLB �MW, aver. cond.� DT
������������������������������������������������������������������������������������

1 �Oxanol L-2 � 10�12 � 2.0 � 6.3 � 260 � 5.35
2 �Syntanol DT-2 � 10�13 � 2.0 � 2.8�4.2 � 273 � 5.55
3 �Oxanol L-3 � 10�12 � 3.0 � 8.0 � 304 � 5.00
4 �Syntanol ES-3 � 12�14 � 3.0�3.5 � 2.6�3.6 � 326 � 4.57
5 �OS-2 agent � 14�18 � 2.0 � 4.9�5.3 � 359 � 4.55
6 �Neonol AF 9/4 � 9 � 4.0 � 2.5 � 396 � 1.25
7 �Oxanol KD-6 � 9 � 6.0 � 3.2 � 484 � 0.75
8 �Neonol AF 9/6 � 8�10 � 6.0�8.0 � 12.8 � 435 � 1.05
9 �Syntanol DS-10 � 10�18 � 8.0�10.0 � 3.1�6.2 � 610 � 0.78

10 �OS-20 agent � 18 � 20.0 � 14.8�17.0 � 1150 � 0.79
������������������������������������������������������������������������������������
* n is the number of carbon atoms in the alkyl radical of alcohol; m, degree of oxyethylation; HLB, hydrophilic�lipophilic balance;

and DT, degree of thickening.

shows how the viscosity of starch hydrogel varies
with the concentration of the surfactant added after
the treatment. There is no significant thickening in
this case. Thus, starch hydrogels thicken upon intro-
ducing the surfactant only when exposed to strong
mechanical loads. In an RPA, the liquid material is
exposed to a combined effect of high shear stresses
and ultrasonic cavitation. To find out which of these
factors plays the deciding role in the thickening effect,
we exposed the starch hydrogels containing surfac-
tants to sonication not complicated by shear loads.
The sonication conditions were such that the in-
tegrated ultrasonic energy transferred to the unit
mass of the gel was identical to that in the RPA. The
acoustic power for calculations was determined by
chemical dosimetry. Curve 1 in Fig. 1 shows how

�rel

c � 103, M

Fig. 1. Relative viscosity �rel of starch gels (3 wt %) as
a function of the surfactant concentration c. Mechanical
treatment of starch gels: (1) in a UZDN-2T disintegrator,
(2�5) in an RPA (n = 3000 rpm, � = 4 s); (1, 3�5) joint and
(2) separate treatment. Sample nos.: (1�3) 2, (4) 5, and
(5) 4.

the viscosity of starch paste sonicated in the presence
of the added surfactant varies with its concentration.
The run of this curve is similar to that for the starch
hydrogels mechanically treated in an RPA with sub-
sequent introduction of surfactant additives (curve 2).
Sonication in the presence of surfactants did not cause
starch hydrogels to thicken. Similar curves were ob-
tained for the other agents studied in this work. This
means that the deciding role in thickening of starch
hydrogels in the presence of surfactants studied is
played by high-rate shear strains rather than by ultra-
sonic cavitation.

Another issue to be clarified before making any
assumptions concerning the thickening mechanism
was the possibility/impossibility of such a thickening
in aqueous gel-like materials based on other polysac-
charides. To clarify this issue, we subjected Na-CMC
hydrogels and sodium alginate solution to mechanical
treatment in an RPA in the presence of surfactant in
various concentrations. Such a treatment did not in-
crease the viscosity of the studied polysaccharides
relative to those treated without surfactant. Thus,
it seems likely that only starch is able of substantial
thickening when mechanically treated in an RPA in
the presence of a number of surfactants. This suggests
that the viscosity of starch hydrogels increases owing
to complexing between starch amylose and surfactant
molecules under high shear stresses.

It is known [6] that amylose is capable of forming
nonstoichiometric compounds with alcohols and some
hydrocarbons. The X-ray diffraction patters obtained
by Zavadskii et al. [7] proved formation of such
complexes with certain surfactants at elevated tem-
peratures under static conditions. The agents utilized
in this work do not cause any marked changes in
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c � 103, M

�, erg cm�1

Fig. 2. Surface tension isotherms � for the starch gel
(3 wt %)�surfactant system (sample no. 2) in the case
of (1) joint and (2) separate mechanical treatment in an
RPA. n = 3000 rpm, � = 4 s; the same for Fig. 6. (c) Sur-
factant concentration.

�rel

c � 103, M n, rpm

Fig. 3. Relative viscosity �rel of starch hydrogels (3 wt %)
vs. the concentration c of the surfactant additive (sample
no. 2) and vs. the rate n of treatment in an RPA. Time of
treatment in an RPA � = 4 s.

�, s

�rel

Fig. 4. Relative viscosity �rel of the gel (3 wt %)�sur-
factant system (sample no. 2) as a function of the time �

of mechanical treatment in an RPA. Surfactant concentra-
tion 1.8 �10�3 M, n = 3000 rpm.

starch hydrogels indicative of formation of amylose�
surfactant complexes both under ordinary conditions
and at elevated temperatures. Intensive mechanical
treatment and, above all, high-rate shear strains seem
to be responsible for conformational changes of the
helical amylose molecules. At the same time, a com-
bination of high shear loads and ultrasonic cavitation
causes breakdown of the micelles and degradation of
the surfactant molecules [8]. All this favors formation
of complexes between highly mobile surfactant mole-
cule and unfolded amylose macromolecules. This as-
sumption is supported by the surface tension iso-
therms obtained for the 3% starch hydrogels added
with the surfactants either before (Fig. 2, curve 1) or
after (Fig. 2, curve 2) treatment in an RPA. It is seen
that, in the latter case, the isotherm exhibits an or-
dinary pattern: Even insignificant amounts of the
added surfactant tend to substantially decrease the sur-
face tension. In the case of treatment of starch added
with a surfactant, the surface tension did not decrease
at the surfactant concentration of up to 2.0 �10�3 M.
Similar surface tension isotherms were obtained for
the other surfactant samples studied in this work (see
table, sample nos. 1�5). The concentrations of the
additives at which the isotherms exhibit the ordinary
pattern varied within (1.5�2.5) �10�3 M. Such a �lag�
in the onset of decrease in the surface tension with
increasing surfactant concentration suggests that the
surfactant molecules are bound by the amylose macro-
molecules. The isotherms for sample nos. 6�10 ex-
hibit an ordinary pattern. Evidently, at the concentra-
tion corresponding to the onset of a sharp decline
of the surface tension, amylose, occurring in the hy-
drogel in the free form, exhibits the most pronounced
complexing power.

The degree of thickening of starch hydrogels with
oxyethylated alcohols is determined both by the con-
centration of the additive and the intensity of mech-
anical treatment, i.e., by the shear rate

.
�. Both depen-

dences have extrema. The 3D diagram in Fig. 3 illus-
trates the combined effect of these factors. When both
cadd and

.
� take extremal values, the viscosity can

increase by several orders of magnitude.

Figure 4 shows how the viscosities of the mechani-
cally treated 3 wt % starch hydrogels vary with the
time of treatment in an RPA when the surfactant is
added before (curve 2) and after (curve 1) treatment.
The viscosity of the hydrogels mechanically treated
in the presence of surfactants passes through a maxi-
mum at the treatment time of 4 s. Further increase of
the time of mechanical treatment causes the viscosity
to decrease, i.e., the forming complexes seem to break
down.
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It was of interest to elucidate whether the increase
in the viscosity of starch pastes is related to increase
in their structurization, which is manifested in en-
hancement of the viscosity anomaly. The degree of
deviation of the rheological behavior of liquid systems
from that of Newtonian fluids can be judged from
the position of the flow curves, which are, essentially,
the logarithmic dependences of the dynamic viscosity
on the shear stress. Figure 5 presents the flow curves
for the 6% starch pastes mechanically treated in an
RPA in the presence of the surfactant in various con-
centrations. The viscosity tends to grow with increas-
ing additive concentration, but the slope of the curve
does not change. This means that the viscosity in-
creases owing to growing asymmetry of the structural
elements, rather than to the structural component, i.e.,
to strengthening of the fluctuation network of the gel.
For example, in the ordinary state, the helical amylose
macromolecules have a loose coil conformation [9].
Under mechanical treatment, they unfold in the shear
field and remain unfolded owing to complexing with
oxyethylated alcohols, which is specifically respons-
ible for a steady viscosity increase.

Thus, thickening of starch hydrogels when treated
in an RPA in the presence of oxyethylated alcohols
under high-rate shear strains is due to complexing
with amylose initiated by this treatment and ultrasonic
cavitation. It was of interest to correlate the structure
of the surfactant with its capability to cause thicken-
ing of starch hydrogels when treated in an RPA.

The table presents the degrees of oxyethylation m
for the studied surfactants, as well as the lengths of
the alcohol residues characterized by the number of
carbon atoms n in the alkyl radical of the alcohol.
Also, the table lists the hydrophilic-lipophilic balances
(HLBs) of the agents utilized, as well as the degrees
of thickening. The latter are, essentially, the ratios of
the viscosities of starch hydrogel treated in an RPA
in the presence and absence of surfactant, respectively.
Clearly, there is no correlation between the above-
listed characteristics and the degree of thickening.
However, there is a certain relationship between the
decrease in the thickening power of the surfactant and
increase in its molecular weight (Fig. 6). Sample
nos. 6 and 8 virtually do not cause the viscosity to
increase, and sample nos. 7, 9, and 10 cause the vis-
cosity to decrease, i.e., behave as conventional non-
complexing surfactants.

Thus, we showed the possibility of widely varying
the viscosity of the mechanically cleaved starch hy-
drogels without affecting the starch concentration.
This can be utilized, e.g., in mechanical preparation of

log �

log�

Fig. 5. Flow curves log��log � of the jointly mechanically
treated starch (6 wt %)�surfactant system (sample no. 2).
Surfactant concentration, M: (1) 0, (2) 1.1, (3) 2.2, and
(4) 4.4.

DT

MW
Fig. 6. Degree of thickening DT of starch hydrogel (3 wt %)
treated in an RPA in the presence of a number of sur-
factants based in oxyethylene with different molecular
weights MW. Figures at points correspond to sample nos. in
the table.

starch size with easily controllable viscosity. By vary-
ing the size viscosity without affecting the starch con-
tent and the mechanical treatment conditions, in accor-
dance with the thread density, it will be possible to
easily optimize the size distribution over the thread
cross section.

CONCLUSIONS

(1) Certain surfactants from the series of oxy-
ethylated fatty alcohols can exert a steady thickening
effect on starch hydrogels under high-rate shear strains
realized in rotary pulse apparatuses. The plots of the
degree of thickening vs. the surfactant concentration
and the rate gradient have extrema.

(2) The thickening effect of surfactants is due to
the high-rate shear-initiated complexing between
the starch amylose and surfactant molecules.
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(3) The capability of oxyethylated fatty alcohols
for mechanochemically initiated complexing with
amylose tends to weaken with increasing molecular
weight of the surfactant.
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Abstract�A number of complex perchlorates based on 3(5)-hydrazino-4-amino-1,2,4-triazole were syn-
thesized. The physicochemical properties and the sensitivity of these complexes to laser monopulse were
studied, as well as their photosensitivity as influenced by the metal cation.

Over 70% of the Russia’s mineral raw materials is
extracted now using explosives. Increasing the effi-
ciency and safety of blast-hole drilling activities is
one of the high-priority lines of development of min-
ing and oil and gas industries in the XXI century.

Optical priming charges (OPCs) find ever widening
application in various branches of science [1, 2]. In
view of the fact that detonation excitation in charges
of photosensitive explosives is due to absorption of
the laser pulse energy, OPCs are favorably distin-
guished by safer and more reliable performance from
the presently used conventional priming charges.

In the search for new photosensitive energetic com-
pounds suitable for OPC applications among the series
of d-element complexes and with the aim to elucidate
the influence exerted by the central ion on the sensitiv-
ity of the metal complex to laser monopulse, we syn-
thesized and studied complex perchlorates of Cu(II),
Co(II), Ni(II), and Cd(II) with 3(5)-hydrazino-4-
amino-1,2,4-triazole (HATr) as ligand. The choice of
the latter was dictated by a high sensitivity to laser
monopulse exhibited by di(3(5)-hydrazino-4-amino-
1,2,4-triazole)copper(II) perchlorate (I) [3, 4].

EXPERIMENTAL

The complexes were synthesized by the general
scheme
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where M = Cu2+, Co2+, Ni2+, Cd2+.

The reactions were run in an excess of perchloric
acid at room temperature.

To a 0.002 M solution of HATr in 10 ml of 2-pro-
panol acidified with 5 ml of HClO4 (57%), a 0.01 M
solution of appropriate metal nitrate in 10 ml of
2-propanol was added. The resulting mixture was
stirred for 1 h at room temperature. The precipitate
that formed was filtered off, washed with water and
2-propanol, and dried in a vacuum desiccator at 50�C.

Compound I. IR spectrum, cm�1: 3320 m, 1670 w
(NH2), 1560 m, 1360 m [triazole ring (TrC)], 1100 s
(ClO4).

Found, %: C 9.72, H 2.92, N 34.03.
C4H12N12Cl2O8Cu.
Calculated, %: C 9.81, H 2.45, N 34.32.

Compound II. IR spectrum, cm�1: 3320 m,
1660 m (NH2), 1590 w, 1370 m (TrC), 1110 s (ClO4).

Found, %: C 9.85, H 2.77, N 34.89.
C4H12N12Cl2O8Co.
Calculated, %: C 9.90, H 2.48, N 34.65.

Compound III. IR spectrum, cm�1: 3320 m,
1660 m (NH2), 1585 m, 1360 m (TrC), 1110 s
(ClO4).

Found, %: C 10.09, H 2.78, N 34.90.
C4H12N12Cl2O8Ni.
Calculated, %: C 9.90, H 2.48, N 34.66.

Compound IV. IR spectrum, cm�1: 3320 m,
1650 m (NH2), 1570 m, 1355 w (TrC), 1100 s (ClO4).

Found, %: C 8.73, H 2.75, N 30.98.
C4H12N12Cl2O8Cd.
Calculated, %: C 8.92, H 2.23, N 31.20.
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Table 1. Derivatographic analysis of the synthesized
complexes
����������������������������������������

Thermal
�

T, �C
� Tpeak,� Residue, %

� � ��������������
decomposition � � �C � found �calculated

����������������������������������������
[Co(HATr)2](ClO4)2� 30
230� � 
 � 


� �230
285� 265 � 54.8 � 56.1
[Co(HATr)]ClO4 �285
380� 300 � 16.1 � 15.4

� � � � �
CoO � 380� � � �

[Ni(HATr)2](ClO4)2� 30
250� � 
 � 

� �250
335� 300 � 56.2 � 56.1

[Ni(HATr)]ClO4 �335
385� 360 � 15.6 � 15.4
� � � � �

NiO � 385� � � �
[Cd(HATr)2](ClO4)2� 30
290� � 
 � 


� �290
350� 325 � 59.2 � 60.4
[Cd(HATr)]ClO4 �350
390� 370 � 24.4 � 23.8

� � � � �
CdO � 390� � � �

����������������������������������������

The IR spectra (films or Nujol mulls) were re-
corded on a Perkin�Elmer M-457 spectrometer.

The thermograms were obtained with an MOM
derivatograph (Hungary) (20�500�C temperature
range, heating rate 5 deg min�1).

The sensitivity to laser monopulse was studied
on a laser setup with the following parameters: � =
1.06 �m, �pulse = 30 ns, and dbeam = 0.48 mm. The
samples were pressed into copper capsules, 5 mm
in diameter and 2 mm high, under the pressure of
400 kg cm�2.

The absorption bands in the IR spectra of the com-
plexes in the region of the stretching vibrations of the
triazole ring (1560, 1320 cm�1) are shifted by 15�
30 cm�1 relative to those of the free ligand. The ab-
sorption bands corresponding to the stretching and
bending vibrations of the �NH2 groups did not change
noticeably on complexing (3320, 1650�1670 cm�1).
Also, a strong absorption band of the ClO4

� ion was
recorded at 1100�1110 cm�1. The fact that this band
is not split suggests that the ClO4

� ion occurs in
the outer sphere of the complex and takes no part in
coordination.

Since elemental analysis confirmed the fact that, in
all cases, we obtained complexes containing two
inner-sphere ligands, the coordination number M
being equal to 4(6), and that the perchlorate ion took
no part in coordination, it can be suggested that these
compounds contain a bidentate ligand. The invariant

position of the absorption bands of the exocyclic
�NH2 groups and a blue shift of the bands of the tri-
azole ring relative to the free ligand suggest that the
ligand is coordinated via the nitrogen atoms in the
heterocyclic. The presence of a substituent at the
heterocycle nitrogen atom N3 and the assumed biden-
tate nature of this ligand suggest, most probably,
coordination via the N1 and N2 atoms in the hetero-
cycle, which is common for such complex salts of
triazole [5].

A study of thermal decomposition of the resulting
salts under nonisothermal conditions at the heating
rate of 5 deg min�1 revealed a fairly high thermal
stability of the products with the onset temperature of
intensive decomposition TOID above 230�C (Table 1).

Compounds II�IV decomposes in three stages. In
the first stage, at 230, 250, and 290�C, respectively,
they exhibit exothermic peaks with the mass loss cor-
responding to decomposition of one ligand and one
perchlorate ion (45.2, 43.8, and 40.8%, respectively),
which is, evidently, due to oxidation of the hetero-
cycle with the outer-sphere cation. The second stage
also involves exothermic effects with TOID of 285,
335, and 350�C, respectively, corresponding to de-
composition of the second ligand and of the remaining
pechlorate ion. At 380�390�C, the residue decom-
poses into the corresponding metal oxide.

Thermal decomposition of I involves one stage,
due, evidently, to a higher catalytic activity of cop-
per(II) cation compared to cobalt(II), nickel(II), and
cadmium(II) cations, which is responsible for more
intensive oxidation in thermal decomposition of this
compound.

The complex salts prepared in this work were
tested for sensitivity to laser monopulse; the results
are presented in Table 2. Here, Ecr is the minimal
energy required for initiating detonation of a complex.

The results of the tests performed in this work
suggest that compounds I�IV are energetic photosen-
sitive substances. Their sensitivity to laser monopulse
is governed by the oxidative power of the metal ion
expressed as the sum of the ionization potentials
I1 + I2 (Table 2). The larger this sum, the higher the
sensitivity of the compound to laser radiation: Cu >
Cd > Ni > Co.

Koroban et al. [6] elucidated the role played by
the metal cation in decomposition of complex d-metal
perchlorates based on hydrazine derivatives. That
study revealed the predominant inner-sphere oxidation
of the ligand by the anion, with the metal cation par-
ticipating in the initial stages. The data reported in [6]
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Table 2. Laser initiation of the detonation of the com-
plexes synthesized
����������������������������������������

Complex
�

Ecr, J
� Sum of the ionization

� �potentials of the metal
� � cation I1 + I2, eV

����������������������������������������
[Cu(HATr)2](ClO4)2� 1.1�10�5� 28.02
[Cd(HATr)2](ClO4)2� 5.03�10�4� 25.90
[Ni(HATr)2](ClO4)2� 5.75�10�4� 25.78
[Co(HATr)2](ClO4)2� 1.36�10�3� 24.92
����������������������������������������

and in the present study suggest the following oxida-
tion mechanism for the studied complexes in the
initial stages:

2ClO4
� + M2+ � ClO4

. + M+ + ClO4
�, (2)

ClO4
� + M+ � ClO4

. + M0. (3)

A two-stage reaction between the metal cation and
perchlorate anion yields a highly active perchlorate
radical participating in the subsequent oxidation of
the ligand.

CONCLUSIONS

(1) New energetic photosensitive compounds were
synthesized. The role played by the metal cations in

these complex salts under laser initiation was eluci-
dated.

(2) The compounds synthesized are suitable for
application in commercial optical priming charges.
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Abstract�The possibility for preparing an organic�inorganic nanohybrid without chemical bonds between its
components by the sol�gel procedure was studied.

Nanocomposites are intensively studied in modern
materials science [1]. These studies gave rise to
fundamentally new materials with peculiar optical,
nonlinear optical, ion-conductive, and other properties
[2�4].

Among nanocomposites known to date, we chose
organic�inorganic hybrids prepared by the sol�gel
method, which is one of the simplest, environmentally
cleanest, and most convenient procedures [5]. To a
first approximation, this method involves (in the case
of formation of SiO2 matrix) hydrolysis of tetra-
alkoxysilane with subsequent polycondensation of the
liberated silanols to form a three-dimensional network
incorporating the components added in advance.
Nanocomposites are formed owing to various inter-
facial interactions between the organic (i.e., polymers)
and inorganic (the three-dimensional network or its
fragments) components. The nanocomposites in which
the organic and inorganic components are chemically
bound are characterized by the best mechanical prop-
erties and highest heat resistance. Preparation of these
systems requires modification of the organic compo-
nent with, e.g., commercially available derivatives of
tetraalkoxysilanes: (3-glycidoxypropyl)trimethoxysi-
lane [6], (3-aminopropyl)triethoxysilane [7], and
3-(triethoxysilyl)propyl isocyanate [8].

The trialkoxysilane derivatives are cohydrolyzed
with tetraethoxysilane, which provides uniform distri-
bution of the organic component chemically bonded
with the inorganic matrix. Nanohybrids can be also
formed without special binders. In this case, the active
functional groups of the organic component (OH or
NH2) polycondense with silanol liberated in the hy-

drolysis of tetraalkoxysilanes to form chemical bonds
between the components of the system [9, 10].

However, there are nanohybrids with the micro-
structure formed exclusively by van der Waals and
hydrophilic�hydrophobic interactions or hydrogen
bonds [11]. To our knowledge, organic�inorganic
hybrids with the microstructure determined mainly
by physical interactions of the components have not
been prepared previously by the sol�gel procedure.
This is due to the fact that the organic components of
these systems should be sufficiently hydrophobic and
should not contain active functional groups, whereas
polar solvents such as alcohols and water are neces-
sarily used in modern sol�gel organic synthesis [2].
This confines the range of organic components intro-
duced into the SiO2 matrix to strongly polar structures
soluble in aqueous solutions.

The systematic studies of sol�gel synthesis of
monolithic silica gel [12�14] show that this process
can be performed in low-polar nonaqueous systems.
This prevents uncontrolled phase separation (introduc-
tion of a lyophobic organic component into the lyo-
philic system) and formation of a nonuniform material
in the first steps of the sol�gel process. In this work
we studied features of formation of organic�inorganic
hybrids with the microstructure mainly determined
by van der Waals and hydrophobic�hydrophilic inter-
actions of the organic an inorganic components.

EXPERIMENTAL

The organic component of the composite was an
ester dendrimer of the second (1) and third (2) genera-
tions with benzene groups in external layer:
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1, C153H114O30; MW 2430.74.

2, C321H234O66; MW 5147.25.

Compounds 1 and 2 were prepared by the divergent procedure schematically shown below:
������������

(a)
(b)

(b)
1 2.
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Phloroglucinol and 3,5-dibenzyloxybenzoic acid
were used as the central core and the branching agent,
respectively. (a) CH2Cl2, 3,5-dibenzyloxybenzoyl
chloride, N,N-dimethylaminopyridine, 20�C; (b) dry
acetone, 3,5-dibenzyloxybenzoic acid, dicyclohexyl-
carbodiimide, complex of N,N-dimethylaminopyridine
with p-toluenesulfonic acid, 20�C.

The procedure for preparing 1 and 2 [15] was sub-
stantially modified. In particular, to increase the purity
and yield of 3,5-dibenzyloxybenzoyl chloride [16], it
was prepared in a benzene solution of thionyl chlor-
ide. We failed to perform hydrogenolysis of benzyl
esters on the palladium catalyst by the procedure
in [15]. These compounds were hydrogenated using
dimethylacetamide as the solvent. Compounds 1 and 2
were purified by preparative column chromatography
on a silica gel (40�100 �m) using petroleum ether�
dichloromethane (gradient form 10 : 1 to 1 : 1) as the
eluent. The purity was determined by 1H and 13C
NMR spectroscopy (Bruker dpx-300, 300 MHz).

CDCl3 and DMSO-d6 were used as solvents, and
tetramethylsilane, as internal reference. Compound 1:

Found, %: C 75.23, H 4.60.
C153H114O30. Calculated, %: C 75.54, H 4.72.

1H NMR, �, ppm, CDCl3: 5.12 (24H, s, CH2),
6.91 (6H, t, J 2.0 Hz), 7.24 (3H, s), 7.3�7.55 (75H,
m), 8.01 (6H, d, J 2.0 Hz). 13C NMR, �, ppm, CDCl3:
70.2, 108.3, 113.1, 121.0, 124.2, 127.6, 128.0, 128.4,
130.4, 131.1, 136.2, 151.1, 151.3, 159.7, 162.5,
164.1.

Compound 2:

Found, %: C 74.70, H 4.58, O 20.32.
C321H234O66. Calculated, %: C 74.90, H 4.58, O 20.52.

1H NMR, �, ppm, DMSO-d6: 5.15 (48H, s, CH2),
7.01 (12H, s), 6.2�7.5 (147H, m), 7.76 (6H, s), 7.88
(3H, s), 8.05 (12H, s), 8.12 (6H, s). 13C NMR, �,
ppm, DMSO-d6: 70.5, 108.9, 114,3, 122.1, 123.1,
128.5, 128.7, 129.3, 129.8, 131.2, 131.8, 137.4,
141.3, 153.0, 153.8, 160.5, 163.7, 165.1.

The nanocomposites containing 1 and 2 were pre-
pared as follows. To a solution of tetramethoxysilane
(TMOS) (2.0 g) in acetic acid (5.0 g), a toluene solu-
tion of 1 and 2 or pure toluene was added with vigor-
ous stirring at 70�C. Five samples were obtained. The
amounts of 1 and 2 m1 and m2, used in preparation
of nanocomposites 1a, 1b, 2a, and 2b and gel 3 at
the acetic acid : TMOS : toluene ratio of 5 : 2 : 5, are

given below:

Sample 1a 1b 2a 2b 3
m1, g 0.075 0.15 � � �
m2, g � � 0.075 0.15 �

The resulting homogeneous solutions were placed
without cooling in hermetically sealed polypropylene
test tubes 15 mm in diameter (three test tubes for each
sample) and kept at 70�C for 5 days. Then the test
tubes were cooled, and their content was transferred
into test tubes with 1-mm holes. Wet samples were
dried at 60�C for 8 days, 80�C for 1 day, 90�C for
1 day, and 100�C for 3 days at the heating rate of
5 deg h�1.

We measured the open porosity Wopen and apparent
porosity of the samples by the Archimedian proce-
dure. Of course, these measurements were performed
with the samples that did not crack during drying or
measurements. The sample hardness was determined
on a PMT-3 microhardness gage. The thermal analysis
curves were recorded on a Q-1500D derivatograph by
heating to 1000�C at a rate of 20 deg min�1. The
percentage of SiO2 in composites 1a and 2a and gel 3
was determined from the thermal analysis curves.
Electron microscopic study of the gels was performed
on an EM-125 electron microscope at the accelerating
voltage of 75 kV. For this purpose, cellulose�carbon
replicas of the surface of fresh chips of the samples
were prepared. TMOS, toluene, acetic acid, and or-
ganic amides were distilled on a 10 TP column, col-
lecting 0.1�0.3�C fractions.

We used dendrimer molecules of the second and
third generation as the organic component of the
nanohybrid, since these molecules, owing to their
monodispersity and spherical structure of their frame-
work, are convenient models for studying interphase
interactions of the components. Unfortunately, com-
plex synthesis of dendrite molecules restricts their use
for preparing nanocomposites. Experiments on intro-
duction of dendrimers in the three-dimensional silica
framework are mainly performed with polyamid-
amines, the most available dendrimers to date [6, 9,
17, 18]. The aromatic ester dendirmes studied here as
the organic components have the following advant-
ages over polyamidamines: more symmetrical struc-
ture and the presence of benzene rings in the internal
sphere of the molecules. This structure of aromatic
ester dendrimers (contrary to polyamide dendrimers
whose internal sphere consists of mobile aliphatic
chains) increases their rigidity, makes their molecules
more spherical, and provides the absence of nucleo-
philic groups in the internal sphere of the molecules.
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At the same time, compounds 1 and 2 differ only in
the generation degree, i.e., in the size of their mole-
cules, spherical to a first approximation. The sizes for
the dendrimers of the second 1 and third 2 generation,
indirectly estimated from the data of [19], are 2�3 and
3�5 nm, respectively. As shown below, this has a key
effect on formation of nanocomposites.

Chemical reactions occurring in the course of trans-
formation of TMOS into the SiO2 matrix under the
action of acetic acid without adding water were de-
scribed in detail in our previous paper [20]. It should
only be noted that no visual deterioration of the homo-
geneity and monolithic charter of the dispersed phase
during syneresis was observed. However, the content
of the initial dendrimer in the disperse phase of 1a
and 2a it is low (<1�2%); in 1b it reaches 10, and in
sample 2b is high as 25% of the initial content.

Dried composites 1a and 2a were obtained in the
form of monolithic transparent cylinders; 1b, in the
form of partially cracked cylinders; and sample 2b
was completely cracked. Gel 3 prepared as the refer-
ence without the organic component was a monolithic
transparent cylinder. The physicochemical properties
of the samples are summarized in the table.

These results can be explained as follows. The
components of sample 2b and, to a lesser extent, 1b
are in the form of a mechanical mixture. A sharp
decrease in the density and hardness of these samples
and an increase in their porosity as compared to gel 3
indicate that the organic component interferes with the
sol�gel process. On the contrary, an increase in the
density and a decrease in the porosity and hardness of
samples 1a and 2a suggest formation of the organic�
inorganic hybrid.

In addition, a sharp increase in the hardness of
composite 1a and a decrease in the carbon content
in the composite (as indicated above, the dendrimer
was introduced in the same amounts in the samples)
as compared to samples 2a and 3 indicates more com-
plete formation of the SiO2 matrix with lower residual
content of the Si�O�CH3 bonds. This can be due to
definite physical interactions of the organic com-
ponent with the three-dimensional SiO2 matrix.

This assumption is confirmed by TG and DTA
curves of samples 1a, 2a, and 3 (Fig. 1). The charac-
teristic peaks in the DTA curves in the range 100�
250�C are due to intense evaporation of volatile prod-
ucts of the sol�gel process (methanol, excess acetic
acid, methyl acetate, water, etc.). It should be noted
that the maxima of these peaks in the curves for 1a
and 2a are shifted by 20�C to high temperatures as

Physicochemical properties of the samples
����������������������������������������

Sample
� SiO2, � �app, �

Wopen, %
� Hardness,

� % � g cm�1 � � kg mm�2

����������������������������������������
1a � 70 � 1.36 � 29.5 � 53.5
1b � � 0.95 � 52.5 � 12.0
2a � 68 � 1.26 � 30.5 � 25.0
2b � � � � � � �
3 � 77 � 1.20 � 34.0 � 23.0

����������������������������������������

compared to that of gel 3. At 300�650�C, the unhy-
drolyzed methoxy groups and the organic components
burn out and thermally decompose. The exothermic
peaks in the DTA curves of 1a and 2a are strongly
shifted to high temperatures as compared to gel 3.
Of special note is the fact that the DTA curve of 1a
contains a sharp peak at 610�C, and an inflection point
at 500�C is observed in its TG curve. Clearly, both
organic components are structurally similar and con-
sist of the same fragments. Thermolysis of these com-
ponents (evaporation of these high-molecular-weight
compounds is improbable) should occur by the similar
mechanism and at close temperatures. Hence, the fact
that the hardness and thermolysis temperature of
composite 1a are appreciably higher than those of
2a suggests the presence of an appreciable amount of
the organic component of composite 1a in the SiO2

�m, %

Endo

Exo

DTA

3

3

2a

2a

1a

1a

T, �C

Fig. 1. TG and DTA curves for composites 1a and 2a and
gel 3. (�m) Weight loss and (T) temperature.
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Fig. 2. Electron micrograph of gel 3. Magnification 90 000.

V, cm3 g�1

r, �

(�V/�r) � 102, cm2 g�1 ��1

Fig. 3. Isotherm of (1) adsorption and (2) desoprtion of
ethanol on gel 3 at 18�C and (3) pore-size distribution
derived from the isotherm. (V) pore volume in 1 g of the
sample, (P /Ps) ratio of ethanol pressure to its saturated
vapor pressure, and (r) pore radius.

matrix. This is possible only owing to hydrophilic�
hydrophobic and van der Waals interactions. To ac-
count for substantially higher energy of this interac-
tion in composite 1a as compared to sample 2a, let us
consider the structure of these samples.

Hybrids 1a and 2a are structurally similar to gel 3
(Fig. 2). The diameter of visible nanopores is 22�
26 nm. However, the number of channel pores in
hybrid 1a is seemingly higher, and their nanostructure
differs. It is known [4] that the pores of the SiO2
matrix prepared by the sol�gel procedure form TMOS
are filled with particles of a fine dispersion. The size
of these particles can be estimated from the isotherm
of ethanol adsorption on gel 3 and from the pore-size
distribution (Fig. 3). Clearly, the molecular size of
dendrimer 1 is slightly smaller than the pore diameter.
At 9% content of dendrimer 1 in composite 1a Wopen =
29.5; however, introduction of the organic component
in the amount of 6�7% sharply deteriorates the com-
posite properties. It is also evident that the molecular
size of the organic component matches the diameter

of pores of the inorganic matrix, which provides
strong intermolecular interaction between them. Since
the size of dendrimer molecules in hybrid 2a is sub-
stantially larger (3�5 nm), the energy of intermolecu-
lar interaction of the component in this system only
negligibly compensates the energy loss in formation
of the SiO2 matrix under nonoptimal conditions.

CONCLUSIONS

(1) Organic�inorganic hybrids were prepared by
the sol�gel procedure. The properties of these hybrids
are exclusively determined by hydrophilic�hydro-
phobic and van der Waals interactions.

(2) The energy of these interaction at a definite
molecular size of the organic component can be so
high that it can provide sharp increase in the hardness
and heat resistance of the composite.

(3) Unlike chemically bound organic�inorganic
hybrids, even a slight change in the concentration of
one of the components of a composite formed by
hydrophilic�hydrophobic and van der Waals interac-
tions strongly deteriorates its properties.
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Abstract�The degree of cross-linking of epoxy�acrylate polymers prepared by photopolymerization of
epoxy�acrylate oligomers was evaluated from the swellability in trichloroethylene.

UV-curable epoxy�acrylate oligomers are used as
adhesives, sealants, as protective coatings in wave-
guide systems, and in radioelectronics for protection
of printed-circuit boards [1, 2]. The properties of these
polymers are largely determined by the degree of their
cross-linking. The degrees of cross-linking of epoxy�
acrylate polymeric compounds prepared, e.g., by radi-
ation curing were studied previously [3]. At the same
time, no data are available on the degree of cross-link-
ing of epoxy�acrylate polymers prepared by photo-
polymerization.

In this study we evaluated the density of cross-
linking of some UV-cured epoxy�acrylate polymers
from their swellability in trichloroethane.

EXPERIMENTAL

Epoxy�acrylate oligomers were prepared by esteri-
fication of acrylic acid (AA) with equimolar amounts

of epoxy oligomers at 120�C in the presence of poly-
merization inhibitor (hydroquinone) and tertiary amine
as a catalyst of epoxy ring opening:

������̂̂.�R�����
O

+ HO��
���

		
O

��������̂̂.�R����
OH
�O����
		O������̂̂.�R�����

O

+ HO��
���

		
O

��������̂̂.�R����
OH
�O����
		O

where R is an oligomeric block of an epoxy oligomer.

As epoxy oligomers we used UP-612, Oksilin
(product of etherification of glycerol with epichloro-
hydrin), and ED-16. Acrylic acid was distilled before
use. The oligomers mainly contain diacrylates and
epoxy acrylates. Their structural formulas are given
below.
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The structures of the oligomers were determined
by 13C and 1H NMR spectroscopy. The NMR spectra
were taken on a Bruker AM-300 spectrometer (1H,
300 MHz; 13C, 76.46 MHz; solvent CDCl3; internal

reference TMS). The spectra were interpreted using
two-dimensional correlation technique (COSY H�H,
C�H). The molar content of epoxy groups in the
epoxy�acrylate oligomer decreases from 24 (in the
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initial epoxide) to 9 mol % (oligomers studied in this
work). The composition of the oligomers does not
change in the course of 6-month storage. The molecu-
lar weights and molecular-weight distributions of the
oligomers were determined by GPC using polystyrene
references. The double bonds and epoxy number in
the oligomers were determined by elemental analysis.

Samples of UP-612�AA, Oksilin�AA, and ED-16�
AA polymers for studying the degree of cross-linking
were prepared as films from acetone solutions of the
initial oligomers in the presence of a photoinitiator.
Benzophenone (BP) was recrystallized from ethanol;
benzoin isobutyl ether (IBEB) was purified according
to [4�6]. The UV-induced polymerization was per-
formed using a PRK-400 medium-pressure mercury
lamp. The distance from the lamp to the irradiation
objects was 14 cm in all the runs. The film thickness
was about 20 �m. The sol fraction was extracted from
the polymers with trichloroethylene in a Soxhlet appa-
ratus. The cross-linking density was calculated from
the sol�gel analysis data. First, the number-average
molecular weight of chains between the network
points

�
Mc was determined according to the Charlesby

theory [7]:

�

Mc =
�

Mw(s + s1/2)/2(1 + s),

where s is the sol fraction content. Then, the degree
of cross-linking was evaluated as

�

Mw/
�

Mc � 1 = 
,

where � is the cross-linking coefficient.

The volumetric degree of equilibrium swelling of
epoxy�acrylate polymers was determined with a Do-
gadkin device in various solvents at 50�C:

q = V1/m0,

where V1 is the volume of the solvent absorbed by the
polymer and m0 is the weight of the cross-linked
polymer sample.

The deformation and strength properties of films
were measured with an IR 5047-50 tensile-testing
machine, with automatic data recording.

The degrees of swelling of epoxy�acrylate poly-
mers derived from ED-16�AA and UP-612�AA are
plotted in Fig. 1 vs. irradiation time. All the epoxy�
acrylate polymers tested swell only slightly in any
solvents; the swellabilities of the polymers prepared
in an inert medium and in air differ insignificantly
(Fig. 1, curves 1, 3). It is seen that the degree of

t, min

q, g g�1

Fig. 1. Degree of swelling of polymers q as a function of
UV irradiation time t (5% BP, trichloroethylene, 50�C):
(1, 2) ED-16�AA and UD-612�AA, respectively, polymer-
ized in air; (3) ED-16�AA polymerized in an inert atmos-
phere.

g, %

t, min
Fig. 2. Gel fraction content g in the polymer derived from
ED-16�AA as a function of UV irradiation time t. Initiator,
wt %: (1) BP, 5; (2) BP, 10; (3) IBEB, 5; and (4) IBEB, 10;
the same for Figs. 4 and 5.

cross-linking of the polymer derived from UP-612�
AA is higher compared to ED-16�AA at the same
time of UV curing. The kinetic curves of gelation of
ED-16�AA oligomer during irradiation in the pres-
ence of various polymerization initiators (BP, IBEB)
are shown in Fig. 2. At IBEB concentrations of 5 and
10 wt % and BP concentration of 10 wt %, the gela-
tion is mainly complete in 3�7 min (curves 2�4), and
at a BP content of 5 wt % the gelation of the oligomer
follows approximately linear law (curve 1).

Although, according to the IR spectra, the content
of hydroxy and epoxy groups decreases in the course
of UV irradiation (Fig. 3), we cannot unambiguously
evaluate the contributions of epoxy and secondary
hydroxy groups to the mechanism of the polymer
cross-linking. Our results agree with those obtained
in [8, 9].

The participation of hydrocarbon fragments of the
oligomer in cross-linking under conditions of UV cur-
ing cannot be ruled out either. For example, Kachan
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t, min

I, rel. units

Fig. 3. Variation of the IR spectrum of the compound
ED-16�AA + 5% BP with irradiation time t. (I) Absorption.
Bands: (1) OH bending, (2) CH2=CH stretching, and
(3) carbonyl in BP.

t�1 � 10�2 [min]

Fig. 4. Variation of the parameter s + s1/2 of the polymer
derived from ED-16�AA with UV irradiation time t.

t, min
Fig. 5. Kinetic curves of cross-linking of the polymer de-
rived from ED-16�AA. � = Mw/Mc � 1; (t) irradiation time.

and Shrubovich [10] reported on structural changes in
benzophenone upon its UV irradiation in saturated
hydrocarbons and polyethylene. The structures of both
BP and saturated hydrocarbon undergo changes. The
possibility of reaction of hydroxy groups with singlet
oxygen in polymers is assumed in [11]; singlet oxy-
gen can be generated by quenching of singlet and
triplet excited states of BP. It should be particularly

emphasized that the photoinitiator consumption during
the polymerization is large, suggesting that BP is
directly involved both in the cross-linking of epoxy
acrylates (Fig. 3) and in formation of by-products of
BP photolysis.

Figure 4 illustrates the dependence

s + s1/2 = p0/q0 + 1/q0nU,

where s is the content of the soluble fraction corre-
sponding to definite irradiation dose U; n is the degree
of polymerization calculated from the weight-average
molecular weight of the oligomer; and q0 and p0 are
the probabilities of cross-linking and degradation.

We assumed that the UV energy is absorbed linear-
ly throughout the polymerization period. The ratio of
the probabilities of degradation and cross-linking of
the epoxy�acrylate polymer derived from ED-16�AA,
p0/q0, calculated from data in Fig. 3, is 0.10�0.14,
i.e., cross-linking is much more probable than degra-
dation. For comparison, the ratio p0/q0 for polyethyl-
ene subjected to ionizing radiation is close to 0.3 [10].

The parameter Mc was calculated from the strain�
stress dependences for the same samples of polymers
derived from ED-16�AA, UP-612�AA, and Oksilin�
AA as those taken for swellability measurements,
using the formula [12]

RT�2

 = ���� (�c � �c

�2),
Mc

where �c = l/l0, l and l0 are the lengths of the strained
and initial samples, �2 is the polymer density, and T
is temperature.

We obtained Mc ranging from 190.0 to 1000. The
parameters Mc evaluated for the same polymers from
the swellability range from 100 to 1000. The physical
and chemical methods can give different values of Mc;
however, in any case, the epoxy�acrylate polymers
can be classed with densely cross-linked materials.

The kinetic curves of cross-linking of ED-16�AA
(Fig. 5) upon UV irradiation show that the cross-
linking rate depends both on particular photoinitiator
and on the irradiation time. The flattening out of the
kinetic curves of cross-linking indicates that the poly-
merization under these conditions is complete. The
induction period (Fig. 5, curve 1) is probably due to
BP consumption for formation of benzpinacones [10,
11]. With benzoin isobutyl ether as photoinitiator,
the gelation occurs at a higher rate than with benzo-
phenone.
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CONCLUSIONS

(1) Polymers with a high degree of cross-linking
are prepared by photopolymerization of epoxy�acry-
late oligomers in the presence of various initiators.

(2) The degree of cross-linking of the final product
can be controlled by varying the UV irradiation time.

(3) With respect to the degree of cross-linking, ep-
oxy�acrylate polymers can be ranked in the following
order: UP-612�acrylic acid > ED-16�acrylic acid >
Oksilin�acrylic acid.
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Abstract�Reactions occuring in mixtures of polyacrylonitrile with fullerene C60 at 20�1000�C were studied
by thermal analysis. The greatest thermal effects were observed in diffusion-controlled reactions of anionic
polyacrylonitrile with fullerene. Carbonizate is formed with the yield of about 60%, which is of practical
interest.

Polyacrylonitrile (PAN) is one of the most interest-
ing polymers, and features of its formation and trans-
formation are still the matter of discussion [1�4]. In
this work, we studied structural features of PAN
caused by the presence of reactive groups. These
groups govern the reactivity of PAN toward fullerene,
whose influence on formation and properties of other
polymers was described earlier [5�8].

Generally, three types of PAN reactions with ful-
lerene can be distinguished. Firstly, fullerene can
affect PAN formation in the course of acrylonitrile
polymerization. Secondly, fullerene can react with
PAN prepared in advance by one or another proce-
dure; depending on polymerization conditions, PAN
can contain various reactive groups. Thirdly, fullerene
can add to numerous products of PAN thermal trans-
formation at various temperatures. In this case, both
the direct reactions of fullerene with PAN at elevated
temperatures and reactions with low-molecular-weight
products of PAN thermal transformation are of the
most interest.

Since PAN, similarly to its low-molecular-weight
analogs (nitriles), is an electrophilic agent and fuller-
ene is also an electrophilic molecule and, in addition,
a strong radical inhibitor, it will suppress radical poly-
merization of acrylonitrile. It was shown previously
[9] that, under the specific conditions of anionic poly-
merization, only small amounts of fullerene can add to
PAN molecules, exerting no substantial influence
upon the properties of modified PAN.

Therefore, of the most interest are thermochemical
transformations of PAN in a broad temperature range

in the presence of fullerene. In this work, we con-
sidered reactions of PAN synthesized by both radical
and anionic mechanisms with fullerene C60 at heating
in an inert atmosphere and in a vacuum within the
20�1000�C range.

EXPERIMENTAL

PAN was prepared by both radical [10] and anionic
[11] methods, The PAN�C60 mixtures of known
composition were homogenized by grinding in air.
Covalently bound PAN �C60 was synthesized by
anionic polymerization of the monomer in the pres-
ence of fullerene [9].

The thermal analysis of the reaction mixtures
(50-mg samples) in the self-generated atmosphere was
performed on a MOM derivatograph in crucibles with
lids and Al2O3 covering layer at 10 deg min�1 heating
rate. The thermal analysis in an inert atmosphere was
performed on a NOETSCH device in special crucibles
with 5-mg samples at 10 deg min�1 heating rate. The
thermolysis in a vacuum was performed on a TVA
device by the method described in [12] at variable
heating rate (from 3 to 10 deg min�1) and sample
weight (from 50 to 200 mg).

It was shown in [3, 4, 13] that thermal transforma-
tions of PAN (homolytic and heterolytic) synthesized
mainly by radical polymerization are accompanied
by liberation of a number of low-molecular-weight
volatile products such as hydrogen, hydrogen cyanide,
ammonia, dicyan, acrylonitrile, vinylacetonitrile,
pyrrole, pyridine, naphthyridine, etc. Their content
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depends on the surrounding atmosphere, temperature
and time of heating, PAN structure, etc. Intermediates
are formed in the initial stage of elimination of vola-
tile nitrogen derivatives as a result of secondary trans-
formations of partially cyclized PAN. It is known that
cyclic structures appear in PAN at 170�210�C in the
form of naphthyridine rings [14, 15]. At further tem-
perature rise, along with increase in the content of
cyclic successions in the PAN chains, volatile prod-
ucts (HCN, acrylonitrile, sometimes NH3) appear, i.e.,
PAN starts to lose weight, which is detected by TGA.

It is seen from Fig. 1a that noticeable weight loss
due to secondary degradation of partially cyclized
PAN starts at 261�C for PAN prepared by the radical
mechanism (R-PAN). Below this temperature, R-PAN
loses about 9 wt % at the expense of elimination of
the sorbed solvent. In the first stage of R-PAN de-
gradation, which proceeds at a high rate within the
261�298�C range, the sample loses 13.5 wt %. This
process is accompanied by a strong exothermic effect
with a maximum at 268�C, which is assigned to a
combination of spontaneous cyclization of PAN and
liberation of volatile products of thermal rearrange-
ment of nitrogen-containing rings formed at this tem-
perature. At further temperature rise, the second stage
of R-PAN degradation and cyclization (300�420�C)
starts with decreasing rate of the weight loss. At
420�C, R-PAN loses another 18.5 wt %, and this is
followed by carbonization, which gives the carbonized
residue of about 27 wt %. In this stage, no substantial
thermal effects are observed except certain change
in the heat capacity caused by carbonization.

Curves in Fig. 1a characterize the kinetics of the
weight loss of PAN containing various amounts of
fullerene. As seen, both the initial weight loss below
261�C and the loss in the first stage of thermal degra-
dation of the R-PAN structure are virtually the same
as for R-PAN without fullerene. Thus, the mech-
anisms of initiation of the polymer thermal degrada-
tion related to the R-PAN structure are not radical for
which fullerene could be an inhibitor. As for the sub-
sequent stage of the R-PAN carbonization, fullerene
starts to gradually escape from the R-PAN carbonizate
within the 400�600�C range; the process becomes
especially noticeable at 600�750�C. However, the
amount of carbonized residue obtained at 1000�C in-
dicates that the part of fullerene remains in the car-
bonizate; this amount does not correspond to its con-
tent in the initial mixture.

Fig. 1b shows that the samples containing 20�30%
fullerene exhibit the exothermic effects in the 266�

268�C range, almost equal in the temperature and

�m, % (a)

T, �C

T, �C

(b)

exo

Fig. 1. (a) TG and (b) DSC curves of R-PAN mixtures with
fullerene. (�m) Weight loss and (T) temperature; the same
for Figs. 2 and 3. Fullerene content (%): (1) 100, (2) 30,
(3) 20, (4) 0.7, and (5) 0.

enthalpy, and their heat capacities become similar
in the carbonization region.

It follows from Fig. 2 that, under similar condi-
tions, anionic PAN (A-PAN) is more sensitive to the
presence of fullerene.

(1) In the stage of removal of the adsorbed solvent
before the onset of cyclization, almost twofold de-
crease in the weight loss is observed.

(2) Although in the first stage of cyclization the
thermal degradation of A-PAN is kinetically similar to
that for R-PAN, the quantitative parameters for sam-
ples with various fullerene contents differ. For in-
stance, the temperatures of the onset of the first stage
of intense cyclization�degradation vary in the 30�C
range, and the weight loss recalculated to pure A-PAN
(14 wt %) varies from 9 to 20 wt %. Approximately
the same difference is observed in the second stage of
the thermal degradation at 300�450�C.

(3) Similarly to R-PAN in the carbonization stage,
a part of fullerene remains in the carbonizate structure,
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�m, % (a)

T, �C

(b)

T, �C

exo

Fig. 2. (a) TG and (b) DSC curves of R-PAN mixtures with
fullerene. Fullerene content (%): (1) 100, (2) 50, (3) 30,
(4) 10, (5) 0.7, covalently bound, and (6) 0.

but the quantitative ratios of the carbonized residues
depend on the amount of the introduced fullerene in
a more complicated manner, which is especially clear
at the A-PAN : fullerene ratio of 50 : 50. Such a sam-
ple is characterized by the lowest content of adsorbed
solvent and the highest temperature of the initial stage
of weight loss. In addition, in spite of noticeable ac-
celeration of the weight loss at the temperatures
higher than 700�C caused by fullerene sublimation,
the carbonized residue (about of 25%) at 1000�C con-
tains approximately half of fullerene.

(4) The DSC data show differences in the heat
release accompanying the first stage of cyclization.
For pure A-PAN, this stage is characterized by a very
narrow and large in amplitude exothermic effect.
Small amounts of fullerene draw apart the temperature
boundaries of this peak and shift its maximum to
lower temperatures. Increase in the fullerene content
to 30�50% again narrows the exothermic peak and
somewhat elevates the temperature of its maximum.

In view of the above differences in the kinetics of
A-PAN thermochemical transformations in an inert

atmosphere in the presence of fullerene as compared
to R-PAN, the behavior of A-PAN containing co-
valently bound fullerene under the same conditions is
of interest [9]. In accordance with TG and DSC data,
the release of volatile products in the first stage of
the thermal degradation starts at a lower temperature,
239�C with a maximum at 249�C. In this stage, the
release of thermal degradation products decreases to
6.5 wt %. In the subsequent stages of carbonization,
the content of the carbonized residue exceeds by 5�
10% this value for samples with unbound fullerene.
These differences show that fullerene covalently
bound with A-PAN definitely affects the kinetics of
PAN carbonization.

The features of A-PAN carbonization in the pres-
ence of substantial amounts of fullerene and their
comparison with the behavior of A-PAN, in which
even small amounts of fullerene are covalently bound
with the macromolecule, allows the conclusion that
there is a definite critical concentration of C60 below
which the reagents do not react thermochemically.
Probably, in an inert atmosphere and at small masses
of the reactants, the reaction is kinetically controlled,
which is confirmed by small difference in the heat
effects in the majority of the experiments. The similar
trend was found earlier, when the thermal effects of
PAN fiber transformation were studied in relation to
various kinetic and diffusion factors [10, 16].

Taking this into account, we performed a series of
experiments with tenfold larger portions of PAN at
heating in the self-generated atmosphere. The TG and
DTA curves for certain A-PAN samples with various
fullerene contents are shown in Fig. 3. In spite of
general similarity of the thermochemical degradation
pattern in an inert atmosphere, sample weights, and
heat treatment conditions, which were similar to those
of the industrial process, additions of fullerene notice-
ably affected the quantitative characteristics (tempera-
tures of thermal effects and weight loss). The weight
losses in the stage of PAN cyclization in the 270�

350�C range differ substantially. On the one hand,
the relative amount of volatile products in the initial
stage of the A-PAN thermal degradation increases; on
the other hand, fullerene strongly affects the kinetics
of the release of these products. This is confirmed by
an increase in the exothermic effects of the initial
stage and shift of their maxima to higher tempera-
tures. As above, the thermal effect of decomposition
of A-PAN with covalently bound fullerene is particu-
larly intense, which confirms noticeable role of the
chemical bond of fullerene with PAN in its thermo-
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chemical transformations. The main difference sug-
gesting active participation of fullerene in A-PAN
carbonization is noticeable increase in the amount of
the carbonized residue at 1000�C: to almost 60%. Ap-
parently, an increase in the sample weight favors car-
bonization at temperatures higher than 500�C under
conditions of diffusion control. This facilitates cross-
linking owing to suppressed elimination of volatile
products of thermal degradation by the scheme of the
framework microreactor.

The composition and state of the surrounding atmo-
sphere is a substantial parameter in cross-linking of
the samples studied. Under conditions of thermal
transformations of PAN with fullerene in the self-
generated atmosphere, a number of aggressive prod-
ucts exist in the reaction mixture, whose reactions
with fullerene lead to formation of numerous bonds,
similarly to coke synthesis, and formation of carboni-
zates in high yield.

To confirm this assumption, we performed a series
of experiments on vacuum thermolysis of the samples
on a TVA device, which allows differential recording
of the pressure variation and of the amount of the
carbonized product. Figure 4 shows the TVA curves
for mixtures of A-PAN with fullerene, similar to those
in Fig. 3. As seen, release of volatile thermal degrada-
tion products in the stage of PAN cyclization starts
at 130�190�C. The reaction, as under the other condi-
tions of heating, is avalanche-like with a sharp maxi-
mum at 160�210�C. The samples lose up to 50�60%
of their weight at 230�C. Then, above 350�C, further
release of volatile products is observed, which is
complete at 530�C (the curve with a maximum),
and from 750 to 900�C the next carbonization stage
proceeds. The effect of fullerene on A-PAN vacuum
thermolysis is appreciable: fullerene shifts the onset of
the first stage of gas liberation by 30�50�C to lower
temperatures. However, the total amount of the car-
bonized residue at 900�C does not exceed 30% and
does not differ from the same value for A-PAN with-
out fullerene. Thus, the use of the heat treatment
method ensuring fast removal of reactive products of
the stepwise degradation of PAN sharply shifts car-
bonization to the kinetic region. The prevalence of
degradation over cross-linking leads to complete
decomposition of the product in accordance with the
previously noted features of this process [17].

CONCLUSIONS

(1) It was shown by thermal analysis that, in the
course of thermal treatment of mixtures of polyacry-

�m, %
TG

DTA

T, �C

exo

Fig. 3. TG and DSC curves of A-PAN mixtures with ful-
lerene. Fullerene content (%): (1) 50, (2) 30, (3) 0.7
(covalently bound), (4) 0.5, and (5) 0.

T, �C
Fig. 4. TVA curves of A-PAN mixtures with fullerene.
(�P) Pressure change and (T) temperature. Fullerene con-
tent (%): (1) 50, (2) 0.7 (covalently bound), (3) 0.5, and
(4) 0.

lonitrile prepared by anionic mechanism with ful-
lerene, they react with formation of carbonizate in
a yield to 60%.

(2) The carbonization parameters depend on condi-
tions of thermal treatment and the amount of the reac-
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tion mixture. The yield of the carbonization product is
appreciable when the reaction is diffusion-controlled.
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Abstract�The structure of aggregates of fullerene C60 introduced into films of radical polymethyl methacry-
late in the stage of solution preparation was studied by wide-angle X-ray diffraction.

Previously, we have studied the effect of small ad-
ditions of fullerene C60 on thermal degradation of
polymers [1�3]. Preparation of fullerene�polymer
compositions can be accompanied by microphase
segregation with formation of fullerene aggregates in
the polymer matrix. In turn, the structure of such
aggregates can affect the composition properties [3].
In this work, we studied the structure of fullerene C60
aggregates in a film of atactic polymethyl methac-
rylate (PMMA) prepared by radical polymerization.

EXPERIMENTAL

Atactic PMMA with the molecular weight M =
85 000 was dissolved in o-dichlorobenzene to obtain
10 wt % concentration. The same solution of fullerene
C60 was also prepared. Then, these solutions were
mixed in proportions required to obtain the fullerene
concentration in the PMMA film of 1 and 10%. Films
were prepared by casting on a cover glass. The solvent
was evaporated from the PMMA and PMMA + ful-
lerene solutions at room temperature in air. The film
thickness was about 70 �m.

A study with a MIN-8 polarization optical micro-
scope showed that the films were transparent, i.e., they
were homogeneous on the optical level (<0.5 �m).
Wide-angle X-ray diffraction patterns of films
was measured on a DRON-2.0 diffractometer with
graphite crystal monochromator in CuK� irradiation.

The powder pattern of fullerene C60 powder on
a glass support is shown in Fig. 1. The reflections
are indexed in the face-centered cubic crystal lattice of
fullerene C60 [4]. The fullerene reflections are narrow
and intense, so that the scattering from the support

can be neglected. The relative reflection
intensities and the corresponding interplanar spacings
(with the error of 0.01�0.02 �) are in good agreement
with the reference data [4].

The average crystallite dimensions Lhkl in [hkl]
direction were calculated by the Scherrer formula [5]
using measured widths of the reflection profiles.
The minimal crystallite size (neglecting the effects of
the lattice distortion and primary beam width) calcu-
lated from the width of a series of the most intense
reflections is 300�400 �.

Fullerene aggregates in the PMMA matrix show no
similar ordering. The diffraction patterns of PMMA
films with fullerene on a glass support are shown in
Fig. 2. To take into account the scattering from the
support, the scattering pattern was subtracted from the
difraction patterns. The difference patterns allowed re-
finement of the position and shape of diffuse maxima.

�

2�, deg

Fig. 1. Wide-angle powder pattern of C60 fullerene powder:
(I) intensity and (2�) Bragg angle; the same for Fig. 2. In-
dices of the face-centered crystal lattice are indicated.
Bragg angle corresponding to peak maximum, deg:
(1) 10.83, (2) 17.77, (3) 20.91, (4) 21.82, (5) 27.63,
(6) 28.30, (7) 31.01, and (8) 32.94.
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(a)

(c)

(b)

(d)

2�, deg

Fig. 2. Wide-angle diffraction patterns of films on a
glass support: (a) pure PMMA, (b) PMMA + 1% C60,
(c) PMMA + 10% C60, and (d) glass support.

Comparison of the experimental data for C60 aggregates in
the PMMA matrix and crystallites of pure C60 fullerene
����������������������������������������

Sample
� Position of reflec- � Interplanar
� tion* 2�m, deg � spacing d, �

����������������������������������������
C60 aggregates in � 13 � 6.8
PMMA � 18 � 4.9

� �
Face-centered cubic� �
lattice of C60, re- � �
flection: � �

200 � 12.47 � 7.09
220 � 17.77 � 5.01

����������������������������������������
* CuK

�
radiation.

In diffraction patterns of pure PMMA, two orders
of the amorphous halo correspond to intermolecular
distance d � 6 �. The C60 introduced into the PMMA
matrix does not form a strictly ordered crystal lattice.
However, microphase segregation occurs in the sys-
tem, i.e., weakly ordered C60 aggregates are formed.
In films with 1% fullerene, its weak aggregation is
due either to the small amount of fullerene aggregates
or to weak C60 aggregation, when the most part of
the fullerene is dispersed to separate molecules.

The data for samples containing 10% fullerene
allow more definite conclusions. The interplanar
spacings corresponding to two diffuse maxima were
estimated as 6.8 and 4.9 �. The shortest interplanar
spacings calculated for the C60 crystal lattice are listed
in the table, and only the second one (4.9 �) is mani-
fested in the experimental powder pattern as a strong
220 reflection, while the interplanar spacing of 6.8 �
is not manifested in the C60 powder pattern (Fig. 1),
in spite of the conformity with the calculations for
the C60 crystal lattice. It should be noted that the cal-
culated reflections 200 and 220 for the C60 crystal
lattice are the most intense [4]. The corresponding
crystallographic planes determine the structure and are
the main in the nucleation of the C60 crystal lattice.
However, the PMMA matrix prevents further order-
ing, �freezing� the nucleus structure.

The dimensions of the coherent scattering regions
for C60 aggregates in the PMMA matrix, estimated
by the Scherrer formula at 15�25 �, are evidently
underestimated. They were obtained without taking
into account distortions, which are obviously very
strong. In addition, to reveal the reflection, the repeti-
tion of at least three or four motives (4�5 planes) is
required. The interplanar spacing in the C60 crystal
lattice in the [110] direction is 10 �. Taking into
account that

Lhkl =
�
N dhkl, (1)

where
�
N is the average number of planes in the Lhkl

distance and dhkl is the interplanar spacing, we can
suggest that the lower limit of the real size of the
C60 nucleus is 40�50 �. In each plane (110) of the
unit cell, six C60 molecules are arranged (Fig. 3).
Hence, only in the [110] direction the nucleus con-
tains 24�30 C60 molecules. Since for C60 aggregates
the second reflection (close to reflection 100) is ob-
served, in the [100] direction the nucleus contains also
at least 4�5 planes. Hence, the nucleus volume corre-
sponds to 100 C60 molecules.
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Fig. 3. Scheme of the unit cell of face-centered crystal
lattice of C60 fullerene. The (100) plane is cross-hatched.

Thus, when the method for preparing PMMA films
from common solutions with fullerene C60 is used,
the microphase segregation occurs, and 40�50-� C60
aggregates with imperfect mesomorphous ordering,
containing about 100 fullerene molecules, are formed.
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Abstract�Radical polymerization of a disubstituted monomer derived from monoethanolamine vinyl ether
and 1,4-benzoquinone was studied by classical polarography. The optimal conditions for the synthesis of the
redox polymer were found. The polymerization rate constants, preexponential term in the Arrhenius equation,
and activation energy were calculated.

The versatility of redox and ion-exchange poly-
mers, on the one hand, and the limited range of mono-
mers suitable for their synthesis, on the other hand,
require more intense studies in this field, with the aim
to develop novel sorption processes [1, 2]. The prob-
lem of preparing new redox monomers from cheap
and readily available precursors remains very urgent,
since the available redox resins do not always meet
the existing requirements. Among promising precur-
sors are quinones, which widely occur in the nature
and are fairly comprehensively studied. Previously
[1�5] we described redox polymers based on various
quinones and prepared by chemical modification of
polystyrene and styrene�diene copolymers with qui-
nones, di- and trihydroxybenzenes, and their halo
derivatives.

With the aim to extend the assortment of redox
resins and simplify their preparation, we developed a
procedure for single-stage synthesis of new unsatu-
rated monomers [6] from readily available and cheap
monoethanolamine vinyl ether (MEAVE) and various
quinones. This reduced the cost of redox ion exchang-
ers and made their production profitable; the capabil-
ity for reversible oxidation�reduction allows repeated
use of these resins, which is important for commercial
applications.

One of reliable, highly sensitive, and quick meth-
ods for analysis of macromolecular compounds is
polarography. It is widely used in kinetic studies of
polymerization of vinyl monomers [7�12]. It is known
that the principal characteristic of the reactivity of

unsaturated monomers is the polymerization rate con-
stant. However, only in a few papers [12�14] this
quantity was determined polarographically. The rela-
tionship between the rate constants of radical poly-
merization of monomers and the potentials of the half-
waves of their reduction on a mercury dropping elec-
trode were established in [13].

In this work we studied by classical polarography
the kinetics of radical polymerization of a disubsti-
tuted monomer derived from MEAVE and 1,4-benzo-
quinone (MEAVE�1,4-BQ), calculated the polymeri-
zation rate constants at various temperatures, the acti-
vation energy, and the preexponential term in the
Arrhenius equation.

EXPERIMENTAL

Monoethanolamine vinyl ether was dried over
freshly distilled K2CO3 and distilled from calcium
hydride; bp 114�C, nD

20 1.4382.

1,4-Benzoquinone (pure grade) was recrystallized
from methanol; mp 116�C after purification.

Azobis(isobutyronitrile) (AIBN) was recrystallized
from absolute methanol; mp 102�103�C.

The monomer, 2,5-bis[N-(2-vinyloxy)ethyl]amino-
1,4-benzoquinone C14H18N2O4, was prepared as fol-
lows. MEAVE was added in 6 : 1 ratio to a solution
of 1,4-BQ in 1,4-dioxane (28.2 g l�1, or 0.26 M) at
25�C with continuous stirring. After 15 min, distilled
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Table 1. Elemental composition and some physicochemical properties of the monomer derived from MEAVE and 1,4-BQ
and of its polymer
������������������������������������������������������������������������������������

Com-
� Calculated, %/Found, % �

Yield,
�

Tm, �C
�

[�],*
�

�,**
� SEC** �ROC***

������������������������������������ � � � ��������������
pound � C � H � N � O � % � � dl g�1

� g cm�3
� mg-equiv g�1

������������������������������������������������������������������������������������
Monomer �60.43/60.47� 6.47/6.58�10.07/11.08�23.03/12.87� 62.36 �172�175� � � 0.4442 � � � �

Polymer �60.43/60.49� 6.47/6.49�10.07/11.00�23.03/22.02� 67.80 �216�218� 0.43 � 1.0714 � 8.7 � 4.2
������������������������������������������������������������������������������������

* The intrinsic viscosity was determined at 25�C in DMF.
** The density and static exchange capacity were determined according to [15].

*** The redox capacity was determined according to [1].

water was added, the precipitate was filtered off, re-
precipitated, and dried first in air and then in a vacu-
um oven at 40�50�C to constant weight. The chemi-
cal composition and some physicochemical properties
of the MEAVE�1,4-BQ are listed in Table 1.

Polymerization of MEAVE�1,4-BQ was performed
as follows. AIBN, 1�7 wt % relative to the monomer,
was added into an ampule containing a solution of the
monomer in dimethylformamide (DMF; 0�44 g l�1).
The ampule was purged with argon, sealed, thorough-
ly shaken, and placed in a thermostat heated to 55�
75�C. After reaction completion, the ampule was
quickly transferred in a beaker filled with ice, cooled,
and opened. The precipitate was filtered off and dried
first in air at 20�25�C and then in a vacuum oven at
40�50�C. The polymer yield was 50.0�67.8%. The
optimal conditions are as follows: monomer concen-
tration in DMF 25 g l�1 (0.0899 M); AIBN amount
5 wt % relative to the monomer (1.25 g l�1, or 0.762 �
10�2 M); 68�C; 120 min. The main physicochemical
characteristics of the polymer are given in Table 1.

The IR spectra of the new quinoid derivative of
MEAVE contains the following absorption bands,
cm�1: NH stretching 3256; NH bending 1552; C=O
stretching 1660; C=C stretching 1568, 1440; =C�N
stretching 1328; and C�O�C stretching 1200. The
absorption band of quinoid rings in the spectrum of
the polymer becomes broader, which is typical of
polymeric quinones, and these bands are shifted to-
ward higher frequencies to 1680 cm�1. The bands at
about 3040 cm�1 characteristic of the vinyl group
disappear, whereas the bands at 2936 and 1496 cm�1

belonging to the �CH2� groups grow in intensity.

The polarograms were taken in a temperature-
controlled cell at 25�0.5�C with a PU-1 polarograph
equipped with a mercury dropping electrode having
the open-curcuit capillary characteristic m2/3t1/6 =
4.38 mg2/3 s1/2. As reference electrode was used satu-
rated calomel electrode. Prior to polarographic meas-

urements, the solutions were purged with argon to
remove oxygen. The half-wave potentials were deter-
mined by graphic solution of the wave equation in the
coordinates log i/(I � i) vs. E, where i is the current
at voltage E and I is the diffusion current [16, 17].

Experiments on studying the kinetics of radical
polymerization of the new disubstituted redox mono-
mer based on MEAVE and 1,4-BQ, 2,5-bis[N-(2-vin-
yloxy)ethyl]amino-1,4-benzoquinone (MEAVE�1,4-
BQ), were performed as described above; after a cer-
tain time, the ampules were successively opened, and
samples were taken for polarographic analysis. The
samples were diluted with DMF to stop the reaction.
Polarographic measurements were performed in 25%
DMF, with phosphate buffer solution (pH 7.4) as sup-
porting electrolyte. The conversion was judged from
the amount of the unchanged monomer. Experiments
revealed a linear relationship between the heights of
the polarographic waves and the monomer concentra-
tion in the solution. The monomer content was deter-
mined from the calibration plot.

Analysis of the reaction mixture furnished informa-
tion on the degree of conversion and allowed con-
struction of the polymerization curves (Fig. 1).

To calculate the overall polymerization rate con-
stants, we determined the reaction order. The log-
arithmic dependence of the polymerization rate on the
initiator concentration (Fig. 2) and the linear depen-

A, %

�, min
Fig. 1. Kinetic curves of MEAVE�1,4-BQ polymerization:
(A) polymer yield and (�) time. Temperature, �C: (1) 68,
(2) 75, (3) 62, and (4) 55.
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log [In] [wt %]

log V [mol l�1 min�1]

Fig. 2. Logarithmic plot of the polymerization rate, log V,
vs. initiator concentration log [In].

�, min

log cmon [M]

Fig. 3. Plot of log cmon vs. time � of MEAVE�1,4-BQ poly-
merization.

103/T, K�1

ln k [s�1]

Fig. 4. Logarithm of the rate constant ln k of MEAVE�
1,4-BQ polymerization as a function of temperature T.

dence of log c of the monomer on the reaction time
(Fig. 3) show that the reaction is first-order with re-
spect to the initiator (n = 0.80) and monomer (m =
0.86) and is described by relationships characteristic
of first-order reactions.

The rate constants of MEAVE�1,4-BQ polymeriza-
tion calculated by the first-order kinetic equation [18,
19] and the preexponential terms k0 in the Arrhenius
equation k = k0e�E/RT are listed in Table 2.

The plot of ln k vs. 1/T is a straight line; from its
slope, we determined the activation energy of the pro-
cess, E = 4.57�tan���, where � is the slope of the
straight line and � is the scale ratio of the abscissa and
ordinate (Fig. 4).

Table 2. Kinetic characteristics of polymerization of the
monomer based on MEAVE�1,4-BQ
����������������������������������������
T, K �103/T, K�1� k�104, s�1 � ln k � k0�1015, s�1

����������������������������������������
328 � 3.05 � 1.22 � �9.015 � 1.379
335 � 2.99 � 3.72 � �7.898 � 1.681
341 � 2.93 � 5.38 � �7.530 � 1.141
348 � 2.87 � 5.48 � �7.508 � 0.498

����������������������������������������

In the chosen scale, tan� = tan 32� = 0.6249, � =
103, and activation energy E = 4.571 � 0.6249 =
2.86 kcal mol�1 (11.95 kJ mol�1).

The synthesized disubstituted monomer derived
from MEAVE and 1,4-BQ readily polymerizes, in
contrast to the starting MEAVE, which, as reported
in [20, 21], does not form homopolymers in the pres-
ence of radical initiators. Apparently, this is due to the
reactivity of the radical, which is the decisive factor
in homopolymerization. The higher the electron den-
sity localized on the double bond, the more reactive is
the monomer [7, 10]. The polarographic parameters
are also determined by the electron density localized
on the double bond: the higher the electron density,
the more negative is the half-wave potential of the
reduction of the double bond, i.e., the more negative
the potential, the readier is the polymerization, which
is indeed the case with MEAVE�1,4-BQ.

CONCLUSIONS

(1) Radical polymerization of the new disubsti-
tuted derivative based on monoethanolamine vinyl
ether and 1,4-benzoquinone was studied, and optimal
conditions were found for formation of the polymeric
redox resin.

(2) The kinetics of radical homopolymerization
was studied, and the rate constants, activation energy,
and preexponential term in the Arrhenius equation
were calculated.
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Abstract�The pore structure of filled films of xerogels of ultra-high-molecular-weight polyethylene prepared
by gel-casting technique was studied by Fourier IR spectroscopy, attenuated total internal reflection spec-
troscopy, and optical microscopy. The influence of the filler nature, particle shape, and concentration on
the pore structure formation of filled xerogels of ultra-high-molecular-weight polyethylene was examined.

Much attention is given today to development of
new polymer materials, among which a special place
is occupied by composite materials with a set of prop-
erties offering wide application prospects. In particu-
lar, filled composites with crystallizing polymers as
binders came recently into active use. These materials
can be prepared by various methods, in particular,
gel casting, which enables various fillers to be com-
bined with dilute polymer solutions. It was shown
previously that this method is suitable for preparing
efficient sorbents for oil products in the form of por-
ous xerogel films of ultra-high-molecular-weight poly-
ethylene (UHMWPE) filled with sorption-active peat
[1, 2]. Mercury porometric, IR attenuated total inter-
nal reflection (ATIR) spectroscopic, and optical mi-
croscopic studies revealed the influence exerted by the
hydrophilic dispersed filler (peat) on the nature of the
forming pore structure of filled UHMWPE xerogels
[3�5].

In this work we studied the pore structure of filled
films of UHMWPE xerogels as influenced by the filler
nature, particle shape, and concentration. To this end,
we utilized IR Fourier and ATIR spectroscopy and
optical microscopy.

EXPERIMENTAL

Our study was concerned with films of xerogels of
UHMWPE with the average molecular weight of 4.0 �
106 and different contents of the filler. As fillers we
used polyacrylonitrile (PAN) fibers (fibril length 2 �
103 �m, average diameter 19 �m) and talc (particle
diameter 1 �m), as well as polydisperse ferrocyanide

and swollen vermiculite with the particle size varying
within 150�1500 and 150�3000 �m, respectively.
For our studies we selected ferrocyanide and vermicu-
lite with the particle diameter of 150�250 �m.

The fillers were combined with a 2% UHMWPE
solution in paraffin at 160�C [6]. The choice of the
solvent was substantiated in [3, 7]. The solution con-
taining 5�80 wt % of fibrous or disperse filler was
transferred into gel by cooling on a metal table whose
surface temperature was varied from 160 to 20�C at a
rate of 1.6 deg min�1. The filled UHMWPE gel films
were converted to filled xerogel films by removing
the solvent (paraffin) via extraction with heptane
in a fixed state in a Soxhlet apparatus at 70�75�C,
followed by drying at room temperature.

To determine the bulk and surface porosities of the
filled UHMWPE xerogel films, we recorded the IR
absorption spectra of the samples on an Equinox-55
IR Fourier spectrometer and the ATIR spectra of the
film surfaces on a Specord M80 spectrometer. ATIR
elements were KRS-5 plates with the reflection index
n1 = 2.4 and the incidence angle of 62�. A combina-
tion of the IR absorption and ATIR spectroscopic
methods allows separate monitoring of the structural
changes occurring in the bulk and on the surface of
filled film of UHMWPE xerogel. The porosity (pore
concentration) of the xerogel films on the surface and
in the bulk of the sample was estimated using the IR
absorption band corresponding to the rocking vibra-
tions rR(CH2) at 730 cm�1 [8, 9]. The porosity of the
sample (rel. units) was calculated by the formula

� = D /d,
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Fig. 1. IR absorption spectra of UHMWPE films filled with (a) talc and (b) PAN fibers with different degrees of filling. (A) Ab-
sorption and (�) wave number. Degree of filling, %: (1) 10 (talc) and 20 (PAN), (2) 30, and (3) 50.

where � is the extinction coefficient, which is a meas-
ure of the bulk porosity of the sample; D, the optical
density at the maximum of the IR absorption band
chosen; and d, the film thickness.

The surface of the filed films of UHMWPE xero-
gels was also analyzed by optical microscopy on an
Neophot 30 metallographic microscope in the dark
field mode with a 500�magnification. The image was
transmitted via the optical channel of the microscope
to a video camera and then, via video multiplier, to
the PC interface.

Figure 1 presents the IR spectra of the UHMWPE
xerogel films filled with talc powder and PAN fibers.
It is seen that, with increasing filler concentration,
scattering by the filler particles tends to increase (the
background of the IR spectrum tends to rise). Also,
the absorption bands of the filler itself get more pro-
nounced, especially in the case of the films filled with
talc. Indeed, in the IR spectrum of the talc-filled
UHMWPE fibers (Fig. 1a), the absorption bands with
maxima at 500, 700, and 1000 cm�1 corresponding,
most probably, to vibrations of the Si�O groups in the
talc structure [10] significantly increase in intensity.
Figure 2 presents the electron micrographs of films
filled with talc and PAN fiber. The filler particles and
fibers occurring in the UHMWPE matrix are clearly
seen.

Figure 3 presents the extinction coefficient of the
IR band at 730 cm�1 as a function of the filler type
and concentration in the UHMWPE xerogel film. It is
seen that the porosity of the xerogel films is strongly
influenced by the filler added. For example, samples
filled with swollen vermiculite, talc, and PAN fiber
exhibit a decrease in the extinction coefficient with in-
creasing filler concentration, which suggests a signifi-
cant increase in the sample porosity. Similar depen-
dence was also observed for the surface porosity of

these samples (Fig. 4b). This can be due to changes in
the ultra-high-molecular-weight structure of UHMWPE
(spherulite size and shape) whose formation is
governed by the crystallization conditions strongly

Fig. 2. Electron micrographs of the UHMWPE films with
the degree of filling, %, (a) 30 (talc) and (b) 50 (PAN
fibers).

�, arb. units
200

100

1
2
3

4

20 60 A, %
Fig. 3. Extinction coefficient � of the IR band at 730 cm�1

for UHMWPE xerogel films as a function of the degree A
of filling with (1) vermiculite, (2) PAN fibers, (3) talc, and
(4) ferrocyanide.
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Fig. 4. Extinction coefficient � of the IR band at 730 cm�1

calculated from the ATIR spectra as a function of the
degree of filling A for UHMWPE xerogel films. Filler:
(a): (1) talc and (2) ferrocyanide; (b): (1) vermiculite and
(2) PAN fiber.

modified by the filler introduced. Low content of the
filler favors more rapid and uniform crystallization
accompanied by a decrease in the spherulite size and,
in some cases, formation of the polymer structure
with the highest degree of ordering. The reason for
structural ordering is, probably, lower viscosity of
the filled UHMWPE solution in crystallization, which
is responsible for enhanced mobility of the polymer
macromolecules. Further increase of the filler concen-
tration results in formation of an excessive amount
of a foreign solid phase. This precludes segmental
mobility of the polymer macromolecules near the
filler surface, which suppresses crystallization. This is
responsible for a larger proportion of a UHMWPE
amorphous phase, which yields a looser spherulite
structure and, therefore, a filled UHMWPE xerogel
film with a higher porosity [11, 12].

Fillers of different nature with differently shaped
particles can be differently distributed within the
polymer matrix and can differently affect the polymer
structure. Probably, specifically these characteristics,
rather than the filler concentration, govern the pore
structure formation in UHMWPE films. Introduction
of ferrocyanide with its spherical particles can favor
structure formation, thereby increasing the packing
density for the supramolecular UHMWPE structures.
Ferrocyanide particles can accumulate in less ordered
domains of the polymer and, acting simultaneously
as nucleation centers, can exert a structurizing effect
on the matrix. As a result, the surface porosity of the
UHMWPE films filled with disperse ferrocyanide
decreases throughout the concentration range studied,

and in the bulk of the sample the porosity remains
unchanged at a filler content above 30%.

Introduction of dispersed swollen vermiculite
(a highly porous mineral substance) resulted in for-
mation of a more porous structure both in the bulk
(Fig. 3) and on the surface (Fig. 4) of the film, as
compared to other samples. This is due to a poor wet-
ting power exhibited by the UHMWPE solution with
respect to vermiculite, which is responsible for forma-
tion of pores acting as stress concentrators and yield-
ing additional defects [13, 14]. Also, the intrinsic
pores in the structure of swollen vermiculite will con-
tribute to the total porosity of the filled xerogel films.

A better wetting power of UHMWPE with respect
to PAN fibers than to vermiculite, probably, favors
formation of a more uniform adsorbed polymer micro-
layer on the fibrous filler surface. Further adsorption
of the polymer molecules increases their packing den-
sity, though to a level still sufficient for formation of
voids separating the crystallites having anisodiametric
structure like spherulite tapes. Crystallites of this type
are yielded by polymer crystallization in the presence
of fillers with anisometric shape, as is the case of
PAN fibers [11, 14]. It should also be taken into
account that PAN fibers with their facial ends can also
be responsible for formation of a less perfect structure
of the UHMWPE films.

With introducing talc into the polymer matrix, the
bulk porosity of the UHMWPE films tends to de-
crease as compared to the samples filled with PAN
fibers or vermiculite (Fig. 3). This is probably due to
aggregation of its scale-shaped particles at a high
content of talc, yielding a continuous network formed
by the filler. The continuous network can exert an
orienting effect in the interior of the UHMWPE film,
which favors formation of a less porous structure in
the bulk of the sample than on its surface.

CONCLUSIONS

(1) The bulk and surface porosities of the filled
xerogel films of ultra-high-molecular-weight poly-
ethylene were determined by IR absorption and ATIR
spectroscopy.

(2) The filler nature, particle shape, and concen-
tration affect the pore structure formation in filled
xerogels.

(3) For samples filled with swollen vermiculite,
talc, and PAN fibers, by contrast to those filled with
ferrocyanide, both the bulk and surface porosites of
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filled xerogels of ultra-high-molecular-weight poly-
ethylene tend to significantly increase with the degree
of filling increasing from 5 to 80 wt %.
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Abstract�The activity of a polyether derived from ethylene and propylene oxides (Laprol 5003) and of
N, N, N �, N �-tetra(hydroxypropyl)ethylenediamine (Lapramol 294) in glycolytic degradation of elastic foamed
polyurethane was studied.

Glycolysis is a promising route of chemical degra-
dation of polymers; it is widely used in reprocessing
of polyurethane (PU) wastes to obtain secondary raw
materials [1�3]. Oxypropylated hydroxyl-containing
compounds were suggested previously [4�6] as de-
grading agents (DAs) for polyurethanes. In this work,
we consider the relationship between the structure of
these compounds and their reactivity in glycolysis of
elastic foamed polyurethane (FPU).

EXPERIMENTAL

Glycolysis experiments were performed with
wastes of cold-molded elastic FPU. This material is
produced by reaction of toluene diisocyanate with
Elastofom A hydroxyl-containing component [7]
(Nizhnekamskneftekhim Joint-Stock Company).

As DA we used a polyether based on ethylene and
propylene oxides (Laprol 5003, molecular weight
M = 5000, functionality with respect to OH groups 3)
and N, N, N �, N �-tetra(hydroxypropyl)ethylenediamine
(Lapramol 294, M = 290, functionality with respect to
OH groups 4). The weight ratio FPU : DA was 40 :
60, which is optimal for efficient degradation of FPU
wastes. Degradation was performed at 180�C with
stirring; finely divided waste was continuously added
to the DA loaded in advance. The rate of adding FPU
crumb was chosen so that it corresponded to the rate
of its dissolution. In the course of glycolysis, samples
were taken and analyzed for the content of OH groups,
cOH, by the chemical method [8]. The moment when
the whole amount of FPU was added was considered
as the start of degradation.

IR spectroscopic studies were performed with

a Bruker Vector 22 Fourier spectrometer (resolution
4 cm�1). Liquid samples were prepared as thin films
between KBr plates or as solutions in CCl4 with the
layer thickness of 2 and 5 cm. Computer resolution of
the absorption bands was performed using Opus soft-
ware (Bruker).

Figure 1 shows that the equilibrium in degradation
of FPU at the allophanate [reaction (1)], biuret [reac-
tion (2)], and urethane [reaction (3)] groups under the
action of DA hydroxy groups is 3 h for Lapramol 294
and 10 h for Laprol 5003. The degrading power of
Lapramol is so high that, after certain stabilization,
cOH sharply decreases owing to glycolysis of more
heat-resistant urea bonds in FPU with the formation of
amino groups [reaction (4)]:

�R��NH�C�N�C�O�R� + HO�
��

OO

�R��NH�C�O� + �R��HN�C�O�R�,��
�

O
�

O

(1)

�
R� �

�R��NH�C�N�C�O�R� + HO�
��

OO

�R��NH�C�O� + �R��HN�C�O�R�,��
�

O
�

O

(1)

�
R� �

�, h

cOH, %

Fig. 1. Concentration of OH groups cOH in products of
FPU glycolysis with (1) Lapramol 294 and (2) Laprol 5003
as a function of time � at 180�C.
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� �R��NH�C�O� + �R��HN�C�NH�R�, (2)
�

O
�

O

�R��NH�C�N�C�NH�R� + HO�
�
R� �

�
O
�

O

� �R��NH�C�O� + �R��HN�C�NH�R�, (2)
�

O
�

O

�R��NH�C�N�C�NH�R� + HO�
�
R� �

�
O
�

O

�R��NH�C�O�R� + HO�

� �R��NH�C�O� + HO�R,

�

�
O

O

(3)

�R��NH�C�O�R� + HO�

� �R��NH�C�O� + HO�R,

�

�
O

O

(3)

�R��NH�C�NH�R�� + HO�
�

O

� �R��NH�C�O� + H2N�R�,
�
O

(4)

�R��NH�C�NH�R�� + HO�
�

O

� �R��NH�C�O� + H2N�R�,
�
O

(4)

where R is the fragment of Laprol 5003 or Lapramol
2194; R� is the isocyanate fragment; OH� denotes
the hydroxy groups of Laprol 5003 or Lapramol 294.

The strong degrading power of Lapramol 294 is
apparently due to the high content of OH groups: the
content of OH groups is 23.2 wt % in Lapramol 294
and 1.15 wt % in Laprol 5003. Furthermore, Lapramol
contains tertiary nitrogen atoms enhancing the reactiv-
ity of the OH group in glycolysis owing to formation
of strong hydrogen bonds. This is indicated by the IR
spectra of Lapramol 294 (Fig. 2a) and Laprol 5003
(Fig. 2b) in the range of stretching vibrations of hy-
droxy groups (�OH, 2200�3800 cm�1). In neat films
(curves 1), broad absorption bands �OH have maxima
at about 3350 (Lapramol 294) and 3480 cm�1 (Laprol
5003), characteristic of hydrogen-bonded hydroxyls
(�b

OH). Free (not involved in hydrogen bonding) alco-
holic hydroxy groups absorb above 3600 cm�1 (�f

OH).
For secondary alcohols, �f

OH is about 3620 cm�1 [9,
10]. The spectra of dilute solutions (Figs. 2a and 2b,
curves 2 and 3), indeed, contain peaks at 3616 cm�1.
It is also known that, the stronger the hydrogen bond
involving OH group, the greater the low-frequency
shift, width, and intensity of the �b

OH band. The shift
��OH = �b

OH � �f
OH is about 270 cm�1 for Lapramol

294 and only about 140 cm�1 for Laprol 5003. The
corresponding hydrogen bond energies, according to
the Iogansen rule, (�H)2 = 1.92(�� � 40) (kJ mol�1)
[11], are as follows: �H = 21 kJ mol�1 (5 kcal mol�1)
for Lapramol 294 and 13.9 kJ mol�1 (3.3 kcal mol�1)
for Laprol 5003. However, contrary to, e.g., amino-

(a)

(b)

�, cm�1

Fig. 2. IR spectra of (a) Lapramol 294 and (b) Laprol 5003:
(A) transmission and (�) wave number. (1) Thin film be-
tween KBr plates; (2) �10�4 M solution in CCl4, cell thick-
ness 2 cm; and (3) �5 	 10�5 M solution in CCl4, cell thick-
ness 5 cm. (c1�c3) Bands obtained by computer resolution
of the experimental bands at (a) 3400 and (b) 3500 cm�1

into possible components.

phenols [12], the proton is not fully transferred with
formation of a zwitterionic structure. Otherwise the
spectra would contain a characteristic absorption band
of the N+H group at appreciably lower frequencies,
less than 3000 cm�1 [9, 13].

Thus, the IR data show that the OH groups of the
Lapramol 294 molecules are considerably more acti-
vated than the OH groups in Laprol 5003.

It is well known that tertiary amines form stronger
hydrogen bonds than alcohols [9, 10, 14]. Hence, the
stronger activation of OH groups in Lapramol, shown
above, can be accounted for by formation of OH���N
hydrogen bonds. In Laprol, apparently, only OH���O
bonds can form. As seen from Figs. 2a and 2b (curves
2 and 3), in CCl4 solutions the maximum of the �b

OH
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bands is shifted to higher frequencies. With dilution,
their low-frequency component decreases in intensity
(Fig. 2a, c3; Fig. 2b, c2), and the intensity ratio of the
high-frequency components, as shown by band resolu-
tion (Fig. 2a, c1, c2; Fig. 2b, c1), is preserved. On this
basis, the above-given frequencies �b

OH of neat Lapra-
mol and Laprol, and also the low-frequency compo-
nents (3331 cm�1 for Lapramol and 3467 cm�1 for
Laprol) of the bands in the solution spectra, disappear-
ing on dilution, should be assigned to intermolecular
hydrogen bonds. The peaks at 3493 and 3437 cm�1

for Lapramol (Fig. 2a, c1, c2) and at 3515 cm�1 for
Laprol (Fig. 2b, c1) are retained even in strongly
dilute solutions. Therefore, these bands should be
assigned to intramolecular hydrogen bonds OH���OH,
OH���N, and OH���OH, respectively [14]. The probable
molecular structures I and II of Lapramol with intra-
molecular hydrogen bonds are shown below:

H�
O CH��
��

CH2

CH3CH CH2
��

� �
CH2
�CH O�

O H���N CH2 CH2 N�����H O
�

�
CH3

�
CH3

�

I

CH2 CH CH3
��

��
���

H
�

H�
O CH��
��

CH2

CH3CH CH2
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CH2
�CH O�

O H���N CH2 CH2 N�����H O
�
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���
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���
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O CH CH3

A cooperation of the OH���O and OH���N intramo-
lecular hydrogen bonds in Lapramol explains the
lower hydroxyl vibration frequency in its OH���O
fragment, as compared to Laprol. In the condensed
phase (neat film), including the reaction mixture, the
intramolecular hydrogen bonnds OH���N in structures
I and II, having an unfavorable geometry (five-mem-
bered ring), apparently, transform into intermolecular
hydrogen bonds OH���N. Correspondingly, in neat
Lapramol, structures of type III are probable, with the
hydroxy groups activated by both weak intramolecular
hydrogen bonds OH���O and relatively strong inter-
molecular hydrogen bonds OH���N:
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In Laprol, compared to Lapramol, the OH���O hy-
drogen bonds (both intra- and intermolecular) are less
strong, which accounts for the lower activity of Laprol
in glycolysis.

CONCLUSIONS

(1) In glycolytic degradation of elastic foamed
polyurethane, Lapramol 294 is considerably more
active than Laprol 5003.

(2) The increased degrading power of Lapramol
294 is due to the higher content of OH groups and to
their activation, mainly by OH���N intermolecular
hydrogen bonding. According to IR data, these bonds
cause greater shifts of the OH stretching bands and
correspondingly have higher enthalpies, as compared
to OH���O intermolecular hydrogen bonds in Laprol
5003.
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Abstract�Specific features of thermal degradation of polystyrene�polydimethylsiloxane blends were studied,
and the effect of the organosilicon polymeric additive, polydimethylsiloxane, on the heat resistance of poly-
styrene was examined. The thermal degradation products were analyzed by gas chromatography�mass spec-
trometry. A mechanism of the joint pyrolysis was suggested.

It is well known that polymer blends differ in the
physical and mechanical properties from their compo-
nents taken separately. Specific features of thermal
degradation of polymer blends are discussed in nu-
merous papers [1, 2]. Richard and Salter studied ther-
mal degradation of polystyrene (PS) blended with
poly-�-methylstyrene (P-�-MS) [3]. They explained
the increased yield of styrene in the process by the
capability of P-�-MS radicals to initiate chain prop-
agation in depolymerization.

Mizutani et al. [4] suggested that degradation of
polypropylene accelerates in the presence of vinyl
polymers such as PS and polymethyl methacrylate
(PMMA) [4]. In the course of thermal degradation,
these polymers are inserted into the polypropylene
chain to form block copolymers. The mechanism of
their formation involves the reaction of the vinyl
polymeric radical with the polypropylene chain.

Gardner et al. [5] studied the rate of polystyrene
and P-�-MS degradation in the presence of polyacry-
lates. They found that the degradation rates of the
blends considerably differ from those of the polymers
taken separately.

Grassie et al. [6] compared the degradation behav-
ior of PMMA�PS blends and methyl methacrylate
(MMA)�styrene copolymers and revealed substantial
differences in their behavior.

McNeill et al. [7�9] studied thermal degradation
of various polymer blends. They suggested that the
course of degradation is mainly influenced by two
processes: migration of small molecules and migration
of radicals. They also suggested that, in blends of
polyvinyl chloride (PVC) with such polymers as
PMMA, PS, and P-�-MS, the low degradation tem-

perature of the second polymer promotes (induces)
formation of Cl

.
radicals.

In turn, Bate and Lehrle estimated the rate and
mechanistic features of degradation of polymer blends
(PMMA�PS, PMMA�HDPE, PMMA�PVC) as influ-
enced by the following factors [10]: compatibility of
polymers, physical parameters of the system (diffu-
sion, viscosity), and cross-linking reactions. Their re-
sults show that heterogeneous blends mainly degrade
within the component phases, but cross-linking due to
interphase migration of small radicals or molecules is
also possible. For the examined systems, cross-linking
was a secondary process in most cases. It was shown
that the observed rate of formation of MMA monomer
in heterogeneous blends only slightly differs from the
rate of its formation in a homogeneous blend. Pyrol-
ysis of homogeneous blends involves mechanisms that
can yield cross-linking products. However, it was
shown that the capability to form major pyrolysis
products varies significantly. These results were inter-
preted from the viewpoint of the thermal degradation
mechanism. In partituclar, additional stages of thermal
degradation were considered: cross termnation in the
course of propagation of depolymerization chains re-
sults in stabilization of macroradicals; intermolecular
transfer of the hydrogen atom in the course of prop-
agation of depolymerization chains promotes the de-
gradation of the first component and stabilizes the
second component; diffusion limitations to intramo-
lecular transfer are manifested in the case when one
of the components acts as an �inert diluent,� and this
effect decreases the chain termination rate in depoly-
merization of the second component; if both compo-
nents of a homogeneous blend degrade independently
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of each other, the cross termination does not notice-
ably affect the overall degradation rate.

In this work, we studied the heat resistance of PS�
polydimethylsiloxane (PDMS) blends, the specific
features of the thermal degradation mechanism, and
the possibility of controlling the heat resistance of
polymeric materials by mechanical blending.

EXPERIMENTAL

The starting polymers were commercial products:
PS (Aldrich), Mw 280 000, Tg 100�C; PDMS (Wack-
er), Mw 107, methyl terminal groups. Polymer blends
were prepared with a laboratory extruder at 200�C.

Pyrolysis of PS, PDMS, and PS�PDMS blend
(80 : 20 by weight) was performed at 300, 400, 500,
600, 700, and 800�C in a tubular cell in an air flow
(flow rate about 30 ml min�1). Gaseous products
were condensed in a glass trap with hexane (4 ml),
cooled to 0�C.

Thermogravimetric analysis (TGA) of the polymers
and their blends was performed on a 950Q deriovato-
graph in nitrogen and in air (flow rate 100 ml min�1).

Pyrolysis products were analyzed with a Tsvet
500-M gas chromatograph equipped with an electron
capture detector and a glass column (4 m long, 3 mm
i.d.). The stationary phase was OV-17 phenylmethyl-
silicone. The column and injector temperatures were
230�C, and the detector temperature, 290�C. The car-
rier gas was N2 (25 ml min�1). The sample volume
was 2 �l.

The GC�MS analysis was performed on a Varian
3300 gas chromatograph equipped with a Finnigan
MAT ITD-800 mass-spectrometric detector (ion trap).
Separation was performed with a quartz capillary col-
umn (30 m long, 0.32 mm i.d.) coated with DB-5
phenylmethylsilicone (film thickness 0.25 �m). The
column temperature was raised from 50 to 270�C at a
rate of 10 deg min�1; the injector temperature was
200�C. The carrier gas was helium (inlet pressure
0.1 MPa). Samples (1 �l) were introduced without
flow division; the time before the start of purging of
the sample inlet unit was 30 s.

The mass spectra were taken with ionization by
electron impact (70 eV). The scanning rate was one
mass spectrum per second, and the scanning range,
40�650 amu.

The kinetics of thermal degradation of PS, PDMS,
and their blends was studied by dynamic TGA. The
differential method (Kissinger) was used to determine

Table 1. Experimental values of the activation energy Ea
and preexponential term A for thermal degradation of PS,
PDMS, and their blend (heating rate 1�10 deg min�1)
����������������������������������������

Polymer � Ea, kcal mol�1 � A, min�1

����������������������������������������
PDMS � 26.8 � 0.5�106

PS � 36.0 � 0.7�1010

PS in PS�PDMS blend � 46.0 � 1.0�1011

(80 : 20) � �
PDMS in PS�PDMS blend� 20.2 �0.37�106

(80 : 20) � �
����������������������������������������

the activation energy and preexponential term for ther-
mal degradation of blends [11].

Using the equation

A/r = E/RT 2
max exp (E/RTmax),

where A is the preexponential term; r, heating rate,
deg min�1; E, activation energy; R, universal gas
constant; and Tmax, temperature corresponding to the
maximal reaction rate [11], we determined the ap-
parent activation energies and preexponential terms
(Table 1).

We found that, for PS as a component of the blend,
the activation energy and preexponential term for
thermal degradation in a nitrogen flow are 30% higher
than for pure PS. At the same time, for PDMS as a
component of the blend, these parameters are 25%
lower than for pure PDMS [12, 13].

The products of pyrolysis of the polystyrene com-
ponent of the blend diffuse through the phase bound-
ary and can react with the polysiloxane component.

PDMS, apparently, behaves as an inert component
(diluent), decelerating the chain termination reactions
with macroradicals generated by PS degradation. This
stabilizes PS by intermacromolecular recombination
yielding products containing styrene and siloxane
fragments (cross products).

Usually dilution decelerates the chain termination
reactions and increases the overall rate of thermal
degradation of the PS component. As a result, the
apparent activation energy of degradation of the PS
component can decrease. However, actually the PS
component is, on the contrary, stabilized, which can
be accounted for by intermacromolecular reaction of
PS with PDMS, resulting in stabilization of PS as the
component degrading first.

For the second component, PDMS, the activation
energy and preexponential term are 25% lower than
for pure PDMS [13]. This means that the second com-
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ponent becomes less heat-resistant in the blend, as
compared to the pure state.

After formation of the cross-linking products in the
course of pyrolysis of this polymer blend was proved
by GC�MS analysis, we explained the behavior of the
blend by kinetic factors. In the course of PDMS de-
gradation, intermacromolecular reaction (recombina-
tion) terminates radical depolymerization of PS. At
the same time, thermal degradation of the PDMS
component is initiated by formation of PS radical
fragments, which is responsible for a decrease in the
PDMS heat resistance in the blend.

The chromatograms and mass spectra show that the
major pyrolysis product of pure PS at 300, 400, 500,
600, 700, and 800�C is styrene (56.2, 75.6, 67.1, 58.0,
58.3, and 51.9%, respectively). Apparently, radical
depolymerization initiated with oxygen remains the
major pathway of PS degradation in this temperature
range [14].

At 300�C, the major products of PS pyrolysis are
styrene (56.2%) and benzaldehyde (30.1%); �-methyl-
srtyrene (2.6%) and acetophenone (2.5%) are also
detected; a few other products are formed in trace
amounts. At 400�C, the number of degradation prod-
ucts increases; styrene remains the major product
(75.6%), with the other most intense peaks in the
chromatogram belonging to toluene (8.3%), ethylben-
zene (2.2%), benzaldehyde (3.5%), �-methylstyrene
(5.4%), and styrene oligomer (1.5%). At 500�C, the
number of pyrolysis products increases further; sty-
rene is still the major product (67.1%), with the other
most intense peaks corresponding to toluene (3.2%),
benzaldehyde (7.2%), �-methylstyrene (4.2%), benz-
acetaldehyde (4.6%), and styrene oligomer (2.9%).
The minor products are ethylbenzene (0.9%), phenol
(0.5%), �-methylstyrene (0.9%), acetophenone (1.3%),
diphenylethane (0.9%), 1,3-diphenylpropane (0.8%),
and styrene pentamer (0.8%). At 600�C, the number
of pyrolysis products increases further. Along with the
above-mentioned products, compounds with fused
benzene rings [benzofuran (0.3%) and naphthalene
(0.6%)] and biphenyl (0.1%) are formed. At 700 and
800�C, the amount of compounds with fused benzene
rings increases, whereas such compounds as phenol,
benzaldehyde, diphenylpropane, styrene pentamer, and
others disappear. The results are given in Table 2.

In pyrolysis of PDMS, the major decomposition
products are oligomers (cyclic and linear methylsilox-
anes). The major degradation product is octamethyl-
cyclotetrasiloxane (OMCTS); the other most intense
peaks in the chromatograms correspond to hexameth-
ylcyclotrisiloxane (HMCTS) and decamethylcyclopen-

tasiloxane (DMCPS). With increasing temperature,
higher-molecular-weight cyclosiloxane oligomers ap-
pear, with their amount increasing: dodecamethylcy-
clohexasiloxane (DdMCHS), tetradecamethylcyclo-
heptasiloxane (TdMCHpS), and tetracosamethylcyclo-
dodecasiloxane (TcMCDdS), as described in [12]. It
is known that depolymerization of PDMS occurs by
the molecular mechanism [12]. At 400�C and higher
temperatures, along with HMCTS, we identified one
more compound, 1,3,3,5,5-pentamethylcyclotrisilox-
ane-1-heptamethylpentasiloxane:
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The characteristic peaks in the mass spectrum of
this compound are m/z 73, 102, 193, 341, and 429.
The products of thermal degradation of PDMS are
listed in Table 3.

Analysis of the pyrolysis products formed from the
PS�PDMS blend revealed the presence of several new
products along with the degradation products of both
components. At 300�C, the benzaldehyde content is
abnormally high (42.9%), whereas the styrene content
is as low as 13%, and the content of PDMS degrada-
tion products is insignificant. The pyrolysis products
formed at 400 and 500�C have similar composition,
being mixtures of degradation products of PS (tolu-
ene, 2.0 and 6.2%; ethylbenzene, 0.8 and 1.6%; sty-
rene, 61.7 and 59.8%; benzaldehyde, 7.4 and 3.9%;
�-methylstyrene, 4.4 and 3.0%, respectively) and
PDMS (HMCTS, 3.7 and 6.1%; OMCTS, 3.1 and
5.0%; DMCPS, 6.0 and 7.8%; DdMCHS, 0.8 and
0.9%, respectively). At 600�C, compounds with fused
benzene rings (benzofuran, 0.7%; naphthalene, 0.5%;
phenanthrene, 0.1%) and biphenyl (0.2%) are formed.
At this temperature, we detected two new compounds
absent in pyrolysis products of PS and PDMS taken
separately (retention times 8.5 and 11.0 min). The first
compound, apparently formed by the cross reaction
(termination) of two macroradical fragments of the
PS and PDMS chains, was identified as 3-phenyl-1-
(3�,3�,5�,5�,7�,7�,9�,9�-octamethylcyclopentasiloxy)butane
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Table 2. Products of PS pyrolysis at various temperatures
������������������������������������������������������������������������������������

Pyrolysis product
� Retention � Content, wt %, at indicated temperature, �C
� ������������������������������������������������
�

time,
� 300 � 400 � 500 � 600 � 700 � 800

�
min : s � � � � � �

������������������������������������������������������������������������������������
Toluene � 3 : 20 � 0.4 � 8.3 � 3.2 � 15.3 � 8.9 � 14.1
Ethylbenzene � 4 : 23 � 0.5 � 2.2 � 0.9 � 7.5 � 6.4 � 2.8
Styrene � 4 : 40 � 56.2 � 75.6 � 67.1 � 58.0 � 58.3 � 51.9
Cumene � 5 : 15 � 0.1 � 0.1 � <0.1 � 0.7 � 0.2 � <0.1
Allylbenzene � 5 : 28 � 1.1 � 0.6 � 0.3 � 0.6 � 0.2 � 0.2
Propylbenzene � 5 : 42 � 0.1 � 0.1 � 0.1 � 0.4 � 0.1 � <0.1
Benzaldehyde � 5 : 46 � 30.1 � 3.5 � 7.2 � 2.6 � 0.3 � 0.3
Phenol � 5 : 54 � � � � � 0.5 � 0.8 � � � �

�-Methylstyrene � 6 : 01 � 2.6 � 5.4 � 4.2 � 6.5 � 9.2 � 4.1
Cyclopropylbenzene � 6 : 18 � � � <0.1 � 0.2 � 0.2 � 0.8 � 0.5
Benzofuran � 6 : 21 � � � � � 0.2 � 0.3 � <0.1 � 0.5
�-Methylstyrene � 6 : 42 � 0.3 � 0.2 � 0.9 � 0.5 � 0.8 � 0.4
Benzacetaldehyde � 6 : 58 � 0.6 � 0.1 � 4.6 � 0.9 � � � �

1-Propenylbenzene � 7 : 09 � � � � � 0.2 � 0.4 � 2.8 � 2.1
1-Methylpropenylbenzene � 7 : 18 � � � 0.1 � 0.3 � 0.3 � 0.3 � 0.1
Acetophenone � 7 : 21 � 2.5 � 0.1 � 1.3 � 0.7 � 0.1 � 0.1
Isomeric diethynylbenzenes � 8 : 13 � � � � � � � 0.1 � 0.3 � 0.2

� 8 : 24 � � � � � � � � � 0.1 � 0.1
1-Butenylbenzene � 8 : 50 � � � <0.1 � 0.4 � 0.2 � 0.3 � 0.2
Naphthalene � 9 : 18 � 0.1 � <0.1 � 0.1 � 0.6 � 8.6 � 7.6
Isomeric methylnaphthalenes � 11 : 08 � � � � � � � <0.1 � 0.1 � 0.5

� 11 : 24 � � � � � � � � � 0.1 � 0.4
Diphenyl � 12 : 16 � � � � � 0.1 � 0.1 � 0.2 � 1.9
Isomeric methyldiphenyls � 12 : 58 � � � � � � � 0.1 � � � 0.1

� 13 : 06 � � � � � � � � � <0.1 � 0.4
Acenaphthene � 13 : 25 � � � � � � � � � � � 0.2
Isomeric diphenylethanes � 14 : 12 � 0.3 � <0.1 � 0.9 � 1.0 � <0.1 � 0.3

� 14 : 21 � � � � � � � � � 0.1 � 0.3
Fluorene � 15 : 10 � � � � � � � � � 0.1 � 0.6
Isomeric methylfluorenes � 15 : 27 � � � � � � � <0.1 � <0.1 � 0.3

� 15 : 46 � � � � � � � <0.1 � � � 0.2
1,3-Diphenylpropane � 15 : 53 � 0.2 � 0.6 � 0.8 � 0.3 � � � �

Isomeric methylfluorenes � 16 : 36 � � � � � � � 0.1 � <0.1 � 0.3
� 16 : 43 � � � � � 0.3 � 0.3 � 0.1 � 1.6

Styrene oligomer (2 < n < 5) � 16 : 48 � � � 1.5 � 2.9 � 0.6 � 0.1 � 0.1
Methylphenanthrene � 17 : 29 � � � � � � � � � <0.1 � 0.2
Phenanthrene � 17 : 43 � � � � � � � 0.1 � 0.2 � 3.9
Anthracene � 17 : 50 � � � � � � � � � <0.1 � 0.3
1-Phenylnaphthalene � 18 : 25 � � � � � � � <0.1 � 0.1 � 0.9
Methylanthracene � 18 : 38 � � � � � � � <0.1 � <0.1 � 0.4
2-Phenylnaphthalene � 19 : 51 � � � � � � � � � <0.1 � 1.2
Styrene pentamer � 20 : 01 � � � � � 0.8 � <0.1 � � � �

Pyrene � 20 : 56 � � � � � � � � � � � 0.1
Styrene oligomer (n = 6) � 24 : 57 � 0.3 � 0.6 � 1.0 � � � � � �

Unidentified compounds � � � 4.5 � 1.0 � 1.1 � 0.6 � 0.9 � 0.4
������������������������������������������������������������������������������������
Total � � 100.0 � 100.0 � 100.0 � 100.0 � 100.0 � 100.0
������������������������������������������������������������������������������������
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Table 3. Products of PDMS pyrolysis at various temperatures
������������������������������������������������������������������������������������

Pyrolysis product
�Retention � Content, wt %, at indicated temperature, �C
� ���������������������������������������������
�

time,
� 300 � 400 � 500 � 600 � 700 � 800

�
min : s � � � � � �

������������������������������������������������������������������������������������
Hexamethylcyclotrisiloxane � 3 : 42 � 6.1 � 6.8 � 4.8 � 12.1 � 17.3 � 9.1
1,3,3,5,5-Pentamethylcyclotrisiloxane- � 3 : 44 � � � 10.7 � 27.8 � 13.4 � 10.5 � 9.1

1-heptamethylpentasiloxane � � � � � � �
Octamethyltrisiloxane � 5 : 02 � � � 0.1 � 0.5 � 0.1 � � � 0.5
Octamethylcyclotetrasiloxane � 6 : 08 � 70.4 � 45.0 � 33.1 � 55.2 � 48.1 � 39.0
Heptamethylcyclotetrasiloxane � 6 : 15 � � � 0.3 � 1.4 � 0.3 � 1.0 � 1.0
Decamethylcyclopentasiloxane � 8 : 38 � 17.9 � 22.9 � 23.0 � 10.9 � 14.4 � 16.2
Nonamethylcyclopentasiloxane � 10 : 16 � � � 0.1 � <0.1 � � � 0.4 � <0.1
Dodecamethylcyclohexasiloxane � 11 : 16 � 1.2 � 1.5 � 1.2 � 2.2 � 1.2 � 3.9
Tetradecamethylcycloheptasiloxane � 13 : 41 � 0.5 � 0.8 � 0.5 � 1.7 � 0.5 � 2.9
Tetracosamethylcyclododecasiloxane � 15 : 52 � 0.3 � 0.3 � 0.3 � 0.6 � 0.1 � 0.8
Unidentified compounds � � � 2.9 � 6.6 � 6.1 � 2.6 � 3.5 � 14.7
������������������������������������������������������������������������������������
Total � � 100.0 � 100.0 � 100.0 � 100.0 � 100.0 � 100.0
������������������������������������������������������������������������������������

Its mass spectrum is shown in Fig. 1. The second
compound is probably the PS degradation product; its
content in samples is low (	0.5%), which complicates
its identification. In pyrolysis at 700�C, the PDMS
degradation products prevail; the contribution of
HMCTS, OMCTS, and DMCPS grows (39.1, 27.4,

I, arb. units

m/z, amu
Fig. 1. Mass spectrum of 3-phenyl-1-(3�,3�,5�,5�,7�,7�,9�,9�-
octamethylcyclopentasiloxy)butane. (I) Intensity and
(m/z) weight; the same for Figs. 2 and 6.

I, arb. units

m/z, amu
Fig. 2. Mass spectrum of phenyl(3�,3�,5�,5�,7�,7�-hexamethyl-
cyclotetrasiloxy)propane.

and 12.3%, respectively), and the content of higher-
molecular-weight products decreases. At 800�C, com-
pounds with fused benzene rings are formed in in-
creased amounts. At this temperature, a new product
with the retention time of 6.33 min was detected; this
product is apparently formed by the reaction of radical
fragments of PS and PDMS degradation (cross reac-
tion). The compound was identified as phenyl(3�,3�,5�,-
5�,7�,7�-hexamethylcyclotetrasiloxy)propane

�
��
��
�


O

OO

Si

Si

Si

O
Si��

H3C

H3C

�

�H�C

H2�

���

CH3

�

H3C CH3

H3C CH3

�
��
��
�


O

OO

Si

Si

Si

O
Si��

H3C

H3C

�

�H�C

H2�

���

CH3

�

H3C CH3

H3C CH3

or

�
��
��
�


O

OO

Si

Si

Si

O
Si��

H3C

H3C

�

�H�C
�

��C

H2
C�

H2

H2

�

H3C CH3

H3C CH3

�
��
��
�


O

OO

Si

Si

Si

O
Si��

H3C

H3C

�

�H�C
�

��C

H2
C�

H2

H2

�

H3C CH3

H3C CH3

Its mass spectrum is shown in Fig. 2. The products
of thermal oxidative degradation of the PS�PDMS
blend are listed in Table 4.

A brief scheme illustrating the radical chain kinetic
model of thermal degradation of PS in the presence of
PDMS fragments was presented previously [15]. In
particular, the main process includes chain initiation



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 3 2003

THERMAL DEGRADATION OF POLYSTYRENE�POLYDIMETHYLSILOXANE BLENDS 477

with formation of primary radical (initiation at terminal groups, e)

kiePn �� R..
n � 1 + R1

., (1)

random initiation (r),

kir
Pn �� R.

m + R.
n �m,

�-cleavage

�����
�
�
�
��������
�
��
�
�����
�

kir����
�
�����
�
�

+. ��
�
��

�
�
�����. and

�����
�
�
�
������
�
��
�
������C.�.� 
�

kis ���
�
�����
�
�

�
�
��

�
�
�����+ �

C.

1a

1b
,

�����
�
�
�
��������
�
��
�
�����
�

kir����
�
�����
�
�

+. ��
�
��

�
�
�����. and

�����
�
�
�
������
�
��
�
������C.�.� 
�

kis ���
�
�����
�
�

�
�
��

�
�
�����+ �

C.

1a

1b
,

chain propagation due to intramolecular transfer

kp
R.

n �� R.
n � 1 + P1 (monomer, M), (2)

�����
�
�
�
��������
�
��
�
����
�
�����
�
�

. 
�
kp ���

�
. +

�
��
��

or

����
�
�����
�
�


� ���
�

+

�
��
��.kp"�����

�
�
�
�������
�
��
�
�. ,

�����
�
�
�
��������
�
��
�
����
�
�����
�
�

. 
�
kp ���

�
. +

�
��
��

or

����
�
�����
�
�


� ���
�

+

�
��
��.kp"�����

�
�
�
�������
�
��
�
�. ,

chain propagation due to intermolecular reaction

R.
n + Ps �� R.

s � r + Pn + Ps, (3)

intramolecular transfer (back-bitting)
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intermolecular reaction of PS and PDMS chains (cross termination), yielding cross-linking products in thermal
degradation of the PS�PDMS blend

k�tr
R.

n + PDMS �� R.
n �m + Rm�PDMS, (6)

�����
�
�
�
��������
�
��
�
�.

+
�
���

�
�
�

O

O

Si

Si

CH3

CH3

H�Si

H3C

�

H3C O���
�

�
H3C

O
���
�

���
��

��
���

�����
�
�
�
�������
�
��
�

���
�
����
�
�

���
�

. +�� �C�C�����

�
�
�

O

O

Si

Si

CH3

CH3

H3C

�

H3C O���
�

�
H3C

O
���
�

SiH2
H2 .

�����
�
�
�
��������
�
��
�
�.

+
�
���

�
�
�

O

O

Si

Si

CH3

CH3

H�Si

H3C

�

H3C O���
�

�
H3C

O
���
�

���
��

��
���

�����
�
�
�
�������
�
��
�

���
�
����
�
�

���
�

. +�� �C�C�����

�
�
�

O

O

Si

Si

CH3

CH3

H3C

�

H3C O���
�

�
H3C

O
���
�

SiH2
H2 .

������������

Chain termination stage: first-order
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.

Figures 3�5 show the differences in thermal degra-
dation of PS, PDMS, and their blend on heating at a
rate of 10 deg min�1 in nitrogen and in air. The effect
of oxygen on the degradation is clealry seen. Thermal
degradation of PDMS was studied in [12]. The two-
stage pattern of PDMS degradation can be explained
in terms of the mechanism involving oxygen-cata-
lyzed depolymerization at the terminal groups, leading
to random termination and cross oxidation processes
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Table 4. Products of pyrolysis of PS�PDMS blend (80 : 20 by weight) at various temperatures
������������������������������������������������������������������������������������

Pyrolysis product
�Retention � Content, wt %, at indicated temperature, �C
� ���������������������������������������������
�

time,
� 300 � 400 � 500 � 600 � 700 � 800

�
min : s � � � � � �

������������������������������������������������������������������������������������
Toluene � 3 : 20 � � � 2.0 � 6.2 � 7.5 � 3.5 � 5.7
Hexamethylcyclotrisiloxane � 3 : 42 � 1.3 � 3.7 � 6.1 � 2.6 � 39.1 � 4.9
Ethylbenzene � 4 : 23 � � � 0.8 � 1.4 � 3.9 � 0.3 � 0.6
Styrene � 4 : 40 � 19.7 � 61.7 � 59.8 � 48.9 � 7.3 � 29.4
Cumene � 5 : 15 � � � <0.1 � 0.1 � 0.5 � � � �

Allylbenzene � 5 : 28 � 0.3 � 0.4 � 0.3 � 0.5 � � � �

Propylbenzene � 5 : 42 � � � 0.1 � 0.1 � 0.2 � � � �

Benzaldehyde � 5 : 46 � 42.9 � 7.4 � 3.9 � 3.8 � 0.2 � 0.4
Phenol � 5 : 54 � � � <0.1 � 0.2 � 0.5 � � � 0.1
�-Methylstyrene � 6 : 01 � 2.3 � 4.4 � 3.0 � 5.8 � 0.2 � 1.9
Octamethylcyclotetrasiloxane � 6 : 08 � 1.5 � 3.1 � 5.0 � 3.1 � 27.4 � 4.8
Heptamethylcyclotetrasiloxane � 6 : 15 � � � <0.1 � � � � � � � �

Benzofuran � 6 : 21 � � � � � 0.2 � 0.7 � � � �

Phenyl(3�,3�,5�,5�,7�,7�-hexamethylcyclotetra- � 6 : 21 � � � � � � � � � � � 1.0
siloxy)propane � � � � � � �
1-Methylethylbenzene � 6 : 29 � � � � � <0.1 � 0.1 � � � �

�-Methylstyrene � 6 : 42 � 0.3 � 0.2 � 0.5 � 0.5 � � � 0.3
Benzacetaldehyde � 6 : 58 � 1.4 � 0.3 � 0.4 � 1.0 � � � 0.1
1-Propenylbenzene � 7 : 09 � � � � � 0.1 � 0.8 � � � 4.7
1-Methylpropenylbenzene � 7 : 13 � � � 0.1 � 0.1 � 0.7 � � � <0.1
Acetophenone � 7 : 21 � 5.7 � 0.5 � 0.1 � 0.4 � � � 0.2
Diethynylbenzene isomer � 8 : 13 � � � � � � � � � � � 0.5
3-Phenyl-1-(3�,3�,5�,5�,7�,7�,9�,9�-octamethyl- � 8 : 25 � � � � � � � 0.1 � 0.4 � 0.4
cyclopentasiloxy)butane � � � � � � �
Decamethylcyclopentasiloxane � 8 : 38 � 3.1 � 6.0 � 7.8 � 7.3 � 12.3 � 2.7
Methylindene isomer � 8 : 44 � � � <0.1 � � � 0.1 � � � �

Diethynylbenzene isomer � 8 : 50 � � � � � � � � � � � 0.3
Azulene � 8 : 58 � � � � � � � <0.1 � � � 0.2
Methylindene isomer � 8 : 59 � � � � � � � 0.1 � � � 0.2
Naphthalene � 9 : 18 � � � � � <0.1 � 0.5 � 0.5 � 18.3
Dodecamethylcyclohexasiloxane � 11 : 16 � 5.9 � 0.8 � 0.9 � 2.8 � 0.8 � 5.5
Biphenyl � 12 : 16 � � � � � <0.1 � 0.2 � � � 1.6
2-Methylbiphenyl � 12 : 58 � � � <0.1 � <0.1 � 0.1 � � � 0.2
Acenaphthene � 13 : 25 � � � � � � � � � � � 0.1
Tetradecamethylcycloheptasiloxane � 13 : 47 � 1.5 � 0.1 � 0.1 � 0.5 � � � 1.1
Diphenylethane � 14 : 06 � 0.7 � <0.1 � <0.1 � 0.1 � � � 0.1
Styrene oligomer (2 < n < 5) � 14 : 12 � 0.2 � 0.1 � 0.3 � 1.1 � � � �

Diphenylethyne � 14 : 21 � � � � � � � � � � � 0.2
Fluorene � 15 : 10 � � � � � � � � � � � 0.2
Methylfluorene isomers � 15 : 27 � � � � � � � � � � � 0.1

� 15 : 46 � � � � � � � � � � � 0.1
1,3-Diphenylpropane � 15 : 53 � � � 0.8 � 0.1 � 0.3 � � � 0.1
Tetracosamethylcyclododecasiloxane � 15 : 58 � � � � � � � � � � � 0.2
Methylfluorene isomers � 16 : 29 � � � 0.1 � � � 0.1 � � � 0.1

� 16 : 36 � � � 0.1 � 0.6 � 0.4 � � � 0.3
Styrene oligomer (2 < n < 5) � 16 : 48 � � � 2.6 � 0.3 � 1.2 � � � 0.1
Methylphenanthrene � 17 : 29 � � � � � � � � � � � <0.1
Phenanthrene � 17 : 43 � � � � � � � 0.1 � 0.2 � 0.6
Anthracene � 17 : 50 � � � � � � � � � � � <0.1
������������������������������������������������������������������������������������
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Table 4. (Contd.)
������������������������������������������������������������������������������������

Pyrolysis product
�Retention � Content, wt %, at indicated temperature, �C
� ���������������������������������������������
�

time,
� 300 � 400 � 500 � 600 � 700 � 800

�
min : s � � � � � �

������������������������������������������������������������������������������������
1-Phenylnaphthalene � 18 : 25 � � � � � � � � � � � 0.1
Methylanthracene � 18 : 38 � � � � � � � � � � � <0.1
2-Phenylnaphthalene � 19 : 51 � � � � � � � � � � � 0.1
Styrene pentamer � 20 : 01 � � � � � � � 0.2 � � � �

Styrene oligomer (n = 6) � 24 : 57 � � � 1.4 � <0.1 � <0.1 � � � �

Unidentified compounds from PS � � � 8.1 � 0.7 � 0.3 � 1.1 � 0.5 � 0.5
Unidentified compounds from PDMS � � � 4.7 � 2.6 � 2.2 � 2.2 � 7.3 � 12.0
������������������������������������������������������������������������������������
Total � � 100.0 � 100.0 � 100.0 � 100.0 � 100.0 � 100.0
������������������������������������������������������������������������������������

[12]. The limiting stage of this process is eventually
diffusion and vaporization of monomeric fragments.

Comparison of the TG and DTG curves suggests
that the same PS component in a blend with PDMS
degrades at a higher temperature. At the same time,
PDMS as a component of the blend tends to degrade
at lower temperatures. This effect is observed only
when thermal degradation is performed in air.

In the PS�PDMS blend, dissolution of PS (major
component) in PDMS results in stabilization of PS
and destabilization of PDMS. This can be explained
from the viewpoint of interpolymeric recombination.
Two degradation products, phenyl(3�,3�,5�,5�,7�,7�-hexa-
methylcyclotetrasiloxy)propane and 3-phenyl-1-(3�,3�,-
5�,5�,7�,7�,9�,9�-octamethylcyclopentasiloxy)butane,
were interpreted as products of interpolymeric recom-
bination cross-linking, which may accelerate depoly-
merization of PDMS via radical initiation by PS frag-

	m, wt % 	m/	T, wt % deg�1

Nitrogen

Air

T, �C

Fig. 3. TG and DTG curves of PDMS samples in nitrogen
and in air. Heating rate 10 deg min�1; the same for Figs. 4
and 5. (�m) Weight loss, (�m/�T) weight loss per unit vari-
ation of temperature, and (T) temperature; the same for
Figs. 4 and 5.

ments [13]. The possible scheme of formation of
3-phenyl-1-(3�,3�,5�,5�,7�,7�,9�,9�-octamethylcyclopenta-
siloxy)butane as the product of interpolymeric cross-
linking is shown below.

CONCLUSIONS

(1) Kinetic features of thermal degradation of a
polystyrene�polydimethylsiloxane blend were studied.
The organosilicon additive affects the heat resistance
of polystyrene.

	m, wt % 	m/	T, wt % deg�1
417�C

(a)

	m, wt % 	m/	T, wt % deg�1(b)

337�C

T, �C

Fig. 4. TG and DTG curves of PS samples (a) in nitrogen
and (b) in air.
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	m, wt % 	m/	T, wt % deg�1

T, �C

(a) 	m, wt % 	m/	T, wt % deg�1(b)

T, �C

Fig. 5. TG and DTG curves of samples of 80 : 20 PS�PDMS blend, taken (a) in nitrogen and (b) in air.

Radical depolymerization Molecular depolymerization

������������

(2) In a blend with polydimethylsiloxane, poly-
styrene, which is less heat-resistant than polydimeth-
ylsiloxane, degrades at higher temperatures compared
to pure polystyrene, i.e., it is stabilized. The stabiliza-
tion in this stage is mainly due to kinetic factors.
On the contrary, the subsequent stage of polydimeth-

ylsiloxane degradation starts at lower temperatures.
The thermal destabilization of the system in this stage
is due to cross reactions of styrene and dimethylsilox-
ane fragments.

(3) In the products of pyrolysis of the polystyrene�
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polydimethylsiloxane blend, trace amounts of phenyl-
(3�,3�,5�,5�,7�,7�-hexamethylcyclotetrasiloxy)propane
and 3-phenyl-1-(3�,3�,5�,5�,7�,7�,9�,9�-octamethylcyclo-
pentasiloxy)butane were detected.

(4) A possible mechanism of pyrolysis of the poly-
styrene�polydimethylsiloxane blend was suggested.
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Abstract�The influence of preparation conditions on the structure of low-toxic urea�formaldehyde resins
and the possibility of preparing resins of linear-branched structure and resins containing urone rings were
examined.

Urea�formaldehyde resins (UFRs) are produced in
large amounts and are widely used in various branches
of industry depending on the properties. The reactions
involved in production of UFRs have been compre-
hensively studied [1�3], their order and constants have
been determined [4, 5], and the structure of the reac-
tion products of urea and formaldehyde was studied in
relation to the reaction conditions [6�10]. However,
the relationship between the process factors and UFR
structure virtually was not examined.

The reaction of urea with formaldehyde can yield
a number of products whose content depends on the
process factors: component molar ratio, pH, temper-
ature, etc.

The complex structure of UFRs is also due to the
high functionality of urea and formaldehyde (4 and 2,
respectively), making possible formation of a large set
of structures [6].

Our goal was to study the structure of low-toxic
UFRs in relation to the preparation conditions. Ex-
haustive structural information on these materials is
furnished by 13C NMR spectroscopy [11].

EXPERIMENTAL

Urea�formaldehyde resins were prepared at various
pH values in steps at urea : formaldehyde molar ratios
of 1 : 4, 1 : 1.45, and 1 : 1.33 by two procedures.

In the first procedure, urea in each step was added
in a single portion (see table, run nos. 1�4). Step I:
A 250-ml three-necked flask equipped with a stirrer,
a thermometer, and a condenser was charged with
58.8 g of Formalin and 29.4 g of urea; pH 9.5�10 was

adjusted with NaOH (or pH 4.0�4.5, with KHSO4).
The stirrer was switched on, and the mixture was
heated to 82�85�C and kept at this temperature for
60�90 min. Step II: KHSO4 was added to adjust
pH 4.0�4.5 (or NaOH, to adjust pH 9.5�10), and
the mixture was kept at 82�85�C for 30�120 min.
Step III: the second 51.7-g portion of urea was added,
and the mixture (pH 9.5�10) was kept at 82�85�C for
120 min. Step IV: the third 7.3-g portion of urea was
added, and the mixture (pH 9.5�10) was kept at 82�
85�C for 90 min. Then it was cooled to 40�C, and the
UFR was unloaded.

The second procedure involved addition of urea in
divided portions (see table, run nos. 5�7). Step I:
A 250-ml three-necked flask equipped with a stirrer,
a thermometer, and a condenser was charged with
58.8 g of Formalin, and urea was added in 2.67-g
portions at 10-min intervals (a total of 11 portions,
pH 10, 82�85�C, total time 120 min). The total
amount of the urea added was 29.4 g. After adding the
11th portion of urea, the mixture was kept for 10 min.
Step II: KHSO4 was added to pH 4.0�4.5 (or pH 2),
and the mixture was kept for 30 min (or for 60 min
at pH 9.5�10). Step III: NaOH was added to adjust
pH 9.5�10, and 11 4.7-g portions of urea were added
in 10-min intervals. After adding the 11th portion, the
mixture was kept for 10 min. Step IV: At pH 9.5�10,
nine 0.81-g portions of urea were added at 10-min
intervals; the mixture was kept for 10�20 min and
cooled to 40�C, after which the UFR was unloaded.

The 13C NMR spectra were recorded with a Varian
Gemini spectrometer (digital resolution 0.25 Hz) in
a 1 : 3 water�DMSO mixture at room temperature.
Samples were taken after completion of each step. The
signals were assigned according to [11].
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Conditions of UFR preparation (82�85�C)
������������������������������������������������������������������������������������
Run no. � Step � Urea : formaldehyde molar ratio � �, min � pH � Content of free formaldehyde, %
������������������������������������������������������������������������������������

1 � I � 1 : 4 � 60 � 4�4.5 � 12.4
� II � 1 : 1.45 � 120 � 9.5�10 � 1.6
� III � 1 : 1.33 � 180 � 9.5�10 � 0.23

2 � I � 1 : 4 � 90 � 9.5�10 � 10.18
� II � 1 : 4 � 130 � 4�4.5 � 11.3
� III � 1 : 1.45 � 120 � 9.5�10 � 2.7
� IV � 1 : 1.33 � 90 � 9.5�10 � 0.03

3 � I � 1 : 4 � 60 � 9.5�10 � 9.71
� II � 1 : 4 � 30 � 2.0 � 1.82
� III � 1 : 1.45 � 120 � 9.5�10 � 0.4
� IV � 1 : 1.33 � 90 � 9.5�10 � 0.01

4 � I � 1 : 4 � 60 � 9.5�10 � 10.56
� II � 1 : 1.45 � 120 � 9.5�10 � 1.86
� III � 1 : 1.33 � 180 � 9.5�10 � 0.14

5 � I � 1 : 4 � 120 � 9.5�10 � 7.9
� II � 1 : 4 � 30 � 4�4.5 � 4.0
� III � 1 : 1.45 � 120 � 9.5�10 � 1.2
� IV � 1 : 1.33 � 90 � 9.5�10 � 0.02

6 � I � 1 : 4 � 120 � 9.5�10 � 8.0
� II � 1 : 4 � 30 � 2.0 � 6.8
� III � 1 : 1.45 � 120 � 9.5�10 � 3.1
� IV � 1 : 1.33 � 90 � 9.5�10 � 0.01

7 � I � 1 : 4 � 60 � 9.5�10 � 11.2
� II � 1 : 4 � 60 � 9.5�10 � 7.0
� III � 1 : 1.45 � 120 � 9.5�10 � 2.87
� IV � 1 : 1.33 � 180 � 9.5�10 � 0.09

������������������������������������������������������������������������������������

Polycondensation of urea and formaldehyde in a
1 : 4 ratio in alkaline solution at 82�85�C for 90 min
yields, even in the first step, methylol groups at the
secondary and tertiary nitrogen atoms (signals p and
n), and also methylene ether groups at secondary
nitrogen atoms (o) and methylenemethoxy groups at
tertiary nitrogen atoms (k). Signals belonging to the
middle groups in the polymethylene oxide chain (h),
methylene glycol ( j), and monosubstituted urea (b) are
also detected.

Thus, in step I of base condensation, products of
linear-branched structure are formed (see table, run
no. 4, and figure, spectrum 1). At longer (120 min)
reaction time, urone rings are formed (155 ppm).
However, these fragments are unstable and disappear
upon further heating.

The urone rings and middle groups of the poly-
methylene oxide chain disappear upon loading addi-
tional portions of urea to the urea : formaldehyde
molar ratio of 1 : 1.45 and 1 : 1.33 (alkaline solution).
This is accompanied by formation of methylene ether
groups at tertiary nitrogen atoms (i) and di- and trisub-

stituted ureas (d, q). Presumably, these processes
follow the scheme

��

��
�

C=O

CH2NHCONH2

�
��
���

HN

CH2H2C

C=O
NH

�O
+ NH2CONH2

�HOH2C

HN NH
��

��
�

C=O

CH2NHCONH2

�
��
���

HN

CH2H2C

C=O
NH

�O
+ NH2CONH2

�HOH2C

HN NH

As the reaction in alkaline solution is performed
further, the signals of methylene glycol and urea fully
disappear, with appearance of the signals of methyl-
enemethoxy groups at tertiary (k) and secondary (m)
nitrogen atoms, methylene ether groups, disubsti-
tuted urea derivatives (d), methylol groups at second-
ary nitrogen atoms (p), and methylene bridges be-
tween secondary and tertiary nitrogen atoms (v, g).
The final UFR obtained under base condensation con-
ditions (see table, run no. 4, and figure, spectrum 2)
has mostly linear structure with small branchings.

When UFR is prepared under base condensation
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conditions with the addition of urea in divided por-
tions (see table, run no. 7), the products are similar in
structure to those obtained in run no. 4 (see table and
spectrum 2 in figure) with the addition of urea in
single portions, with the only difference that, in the
former case, methylenemethoxy, methylol, and meth-
ylene ether groups at tertiary nitrogen atoms (r, n, i)
prevail, whereas in the latter case these groups are
chiefly located at secondary nitrogen atoms.

These data show that, under conditions of base
condensation with the addition of urea in divided
portions (see table, run no. 7, and figure, spectrum 3),
more branched UFR is formed. This result is consis-
tent with that reported in [6].

Urea�formaldehyde resins prepared at varied pH
in steps (see table, run nos. 1�3, 5, 6) exhibit certain
specific structural features. Polycondensation of urea
and formaldehyde with the addition of urea in single
portions and at pH 4�4.5 in step II (see table, run
no. 2) yields products containing methylenemethoxy
groups at tertiary nitrogen atoms (r, k) and terminal
groups of the methylene oxide chain ( j), along with
methylol (p) and methoxy (m) groups at secondary ni-
trogen atoms. Urone rings (155 ppm) are also formed
in this step. However, addition of the second portion
of urea in alkaline solution in step III results in their
disappearance. The final UFR obtained in run no. 2
with the addition of urea in single portions is a prod-
uct of linear-branched structure consisting of mono-,
di-, and trisubstituted urea derivatives (b, c, d, q) con-
taining methylene ether ( j), methylenemethoxy (k),
and methylol (n) groups at tertiary nitrogen atoms,
and also methylene bridges between two secondary
nitrogen atoms (v) (see figure, spectrum 4).

Preparation of UFR under the similar conditions
but with the addition of urea in divided portions (see
table, run no. 5) yields products of a more branched
structure. Along with the above-mentioned groups,
these resins contain methylene bridges between two
tertiary nitrogen atoms (q), and also methylene ether
and methylmethoxy groups at tertiary nitrogen atoms
(i, r). Also the resins contain urone rings, which are
formed in step I and are preserved upon acidification
(to pH 4�4.5 or 2 in step II) and further addition of
urea in alkaline solution; these rings are preserved
even in the final product (see table, run nos. 5 and 6,
and figure, spectrum 5).

Thus, synthesis at varied pH and addition of urea
in divided portions allows preparation of UFR of a
branched structure, containing urone rings. The possi-
bility of formation of stable urone rings in both acidic

Urone rings

Urone rings

�, ppm
13C NMR spectra of reaction products of urea and formal-
dehyde. (�) Chemical shift. (1) step I, urea : formaldehyde
1 : 4, base condensation, urea added in single portions (run
no. 4); (2) base condensation, final product, urea added in
single portions (run no. 4); (3) base condensation, final
product, urea added in divided portions (run no. 7); (4) final
product obtained at varied pH and addition of urea in single
portions (run no. 2); (5) final product obtained at varied pH
and addition of urea in divided portions (run no. 6); and
(6) final product obtained at addition of urea in single por-
tions (run no. 1). For signal assignments, see text.

and alkaline solutions is also confirmed in other
papers [12, 13].

The presence of a large excess of formaldehyde is
one of the necessary conditions for the formation of
urone rings [7]; in our case, this is provided by the
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addition of urea in divided portions in steps. Urone
rings are presumably formed by intramolecular con-
densation of urea methylol derivatives or by their
condensation with amino and imino groups. The
reaction of formaldehyde with an imino group to form
urone rings [14] is also possible:

��

�
��C=O_CH2�N N�CH2

_

CH2OH

+ CH2

�
��
�

C=O_CH2�N N�CH2
_

CH2OH �
��
�

C=O

��O

NCH2
���_H2O

CH2 CH2HOCH2

�CH2N���

�
��C=O_CH2�N N�CH2

_

CH2OH

+ CH2

�
��
�

C=O_CH2�N N�CH2
_

CH2OH �
��
�

C=O

��O

NCH2
���_H2O

CH2 CH2HOCH2

�CH2N�

However, the UFR prepared with the addition of
urea in divided portions also contains free urea (a).

The stronger acidity (pH 2) in step II of UFR prep-
aration with the addition of urea in single portions
(see table, run no. 3) had no appreciable effect on the
structure of the final product. The structures of UFRs
prepared in run nos. 2 and 3 (see table and figure,
spectrum 4) are, on the whole, identical.

Preparation of UFR with the addition of urea in
single portions, acidic medium (pH 4�4.5) in step I,
and alkaline medium in the subsequent steps (see
table, run nol. 1) yields the resin of a linear-branched
structure containing as the major structural fragments
the methylene bridges between two secondary nitro-
gen atoms (v) and between secondary and tertiary
nitrogen atoms (t). Along with methylene ether (o)
and methylenemethoxy (m) groups at secondary and
tertiary nitrogen atoms (k, s), the resins also contain
mono- and disubstituted ureas (b, d, e; see table, run
no. 1, and figure, spectrum 5). Methylene bridges
(v, t) are formed already in step I.

CONCLUSIONS

By varying the process parameters, it is possible to
obtain urea�formaldehyde resins of both linear and

branched structures with various contents of formalde-
hyde, and also resins containing urone rings.
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Abstract�Sealants in which oligodiene urethane epoxide is used as polymeric base were studied. Sulfur-
containing oligomers were used for additional cross-linking via double bonds. The reaction with a polysulfide
oligomer at the terminal functional groups was studied taking into account the region of thermodynamic
compatibility of the reactive oligomers. Application fields were suggested for the sealants developed.

Advances in chemistry and chemical technology of
oligomers open the possibilities of widely using ure-
thane epoxy oligomers as a polymeric base for seal-
ing compounds. Oligodiene urethane epoxide (ODUE)
of PDI�ZAK brand [TU (Technical Specification)
38-10-34-10�78] based on butadiene and isoprene
with terminal urethane epoxy groups exhibits good
cohesion and adhesion properties and is cured with
amines. In principle, any of the known mechanisms
of polymerization and polycondensation via terminal
epoxy groups is possible. In this work, we examined
the possibility of using an amine interchange product
of phenolic Mannich bases, ethylenediaminomethyl-
phenol (aminophenol Agidol AF-2, TU 33.303 340�
88), for curing ODUE at room temperature to obtain
elastomeric materials with satisfactory physicome-
chanical parameters [1].

EXPERIMENTAL

The working life of compounds was determined
according to TU 38-105 463�72; nominal tensile
strength and relative elongation at break, according to
GOST (State Standard) 21 751�76; adhesion strength
with metal, according to GOST 21 981�76; and hard-
ness in TIR scale, according to GOST 263�76.

The optimal curing agent dosage is 1�5 wt parts
per 100 wt parts of ODUE, with active filler (carbon
black, Table 1) added. At higher contents of the ami-
nophenol, the physicomechanical parameters, espe-
cially the deformation properties of the sealants, get
worse. With inert fillers (chalk, diatomite), the curing
agent dosage can be increased to 6 wt parts. The max-
imal cohesion strength may be due to the effect of
carbon black on formation of the polymer network.
Fairly strong physical interactions of the oligomer and
active filler make the curing more efficient.

Oligodiene urethane epoxide is an unsaturated
oligomer. In this connection, the possibility of addi-
tional cross-linking via double bonds is of interest.
The main parameters of sealants prepared with addi-
tion of various cross-linking agents are listed in
Table 2. The enhanced cohesion strength and hardness
of the composite vulcanized with a sulfur vulcanizing
mixture confirms the occurrence of such cross-linking.
However, the use of powdered ingredients appreciably
complicates compounding, the adhesion gets worse,
and sulfur particles appear on the surface of compo-
sites. These drawbacks can be eliminated by using
a sulfur�styrene copolymer (SSC) containing 39 wt %
chemically bound sulfur. In this case, the adhesion is
enhanced. Another possible source of sulfur in sealing
compounds is a copolymer of sulfur with a resin bind-
er (SRBC), containing 15 wt % chemically bound
sulfur. The compounds developed can be used for
preparing corrosion-protective coatings and sealing
rubber�metal articles.

To enhance the deformation and elastic properties
of sealants based on ODUE, we modified the com-
pounds with EDOS (a mixture of dioxane alcohols
and formals, by-product from isoprene production),
polyoxyalkylenepolyol (POAP), and polyoxyalkylene
epoxide (POAE) (Table 3). POAE exerted a favorable
effect: The relative elongation increased to 380�
500%, and the working life decreased to 40 min.
These compounds can be suggested for use in repair
works when high curing rate is required. The maximal
cohesion strength of the composites is observed with
20 wt parts of EDOS per 100 wt parts of ODUE. To
obtain additional information on cross-linking of
ODUE in the presence of EDOS, we examined the
effect of heating for various times on the viscosity
of the composites (Table 4).
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Table 1. Effect of fillers on properties of composites
������������������������������������������������������������������������������������

Parameter

� Chalk (65 wt parts) � Diatomite (50 wt parts) � Carbon black (40 wt parts)
�������������������������������������������������������������
� at indicated aminophenol content, wt parts
�������������������������������������������������������������
� 2 � 6 � 4 � 6 � 1 � 5

������������������������������������������������������������������������������������
Nominal tensile strength, MPa � 2.8 � 3.3 � 2.5 � 3.6 � 2.0 � 4.0
Relative elongation, % � 210 � 100 � 100 � 160 � 240 � 180
������������������������������������������������������������������������������������

Table 2. Effect of cross-linking agent on properties of composites
������������������������������������������������������������������������������������

Parameter � Sulfur (5 wt parts) � SSC (20 wt parts) � SRBC (25 wt parts)
������������������������������������������������������������������������������������
Working life, min � 30 � 200 � 120
Nominal tensile strength, MPa � 4.2 � 4.0 � 3.0
Relative elongation, % � 100 � 200 � 80
Adhesion to duralumin, kN m�1 � 0.3 � 2.3 � 2.0
Hardness, arb. units � 75 � 65 � 50
������������������������������������������������������������������������������������

Table 3. Effect of modifier on properties of composites
������������������������������������������������������������������������������������

Parameter

� EDOS � POAP � POAE
������������������������������������������������������������������
� wt parts
������������������������������������������������������������������
� 10 � 20 � 30 � 10 � 20 � 30 � 10 � 20 � 30

������������������������������������������������������������������������������������
Working life, min � 45 � 75 � 105 � 35 � 105 � 125 � 40 � 60 � 70
Nominal tensile strength,� 3.3 � 4.2 � 1.4 � 4.1 � 4.0 � 2.7 � 2.1 � 3.0 � 3.2
MPa � � � � � � � � �
Relative elongation, % � 140 � 160 � 460 � 200 � 210 � 220 � 500 � 530 � 380
������������������������������������������������������������������������������������

An oligomer was thermostated at 70�C for a defi-
nite time, and the time of its outflow from a Hoeppler
viscometer was determined. A traditional plasticizer
of sealing compounds, dibutyl phthalate (DBP), con-

Table 4. Viscosity of ODUE in the presence of plasticizers
at 70�C
����������������������������������������

Composition

� Viscosity after indicated thermostating
� time, h
�����������������������������
� 0 � 1 � 2 � 4

����������������������������������������
ODUE � 9 min � 8 min � 6 min � 6 min

� 41 s � 25 s � �
ODUE + DBP � 34 s � 23 s � 28.6 s � 40.8 s
ODUE + EDOS� 1 min � 45 s � 1 min � 2 min

� 23 s � � 15 s � 13 s
����������������������������������������

siderably reduces the viscosity of ODUE, whereas
EDOS participates in formation of a three-dimensional
structure: The viscosity increases by a factor of almost
two. This, apparently, accounts for the increased (to
4.2 MPa) nominal tensile strength of the composites
and decreased (to 160%) relative elongation.

Thus, curing of ODUE with ethylenediaminometh-
ylphenol in the presence of various modifiers involves
formation of a three-dimensional polymeric network
enhancing the cohesion strength and hardness of the
composites.

The next step in development of sealants with
ODUE as polymeric base was study of its copolymeri-
zation with polysulfide oligomer (PSO, GOST 12 812�
80). It was proved previously [2] that catalysis of re-
active oligothiols with ethylenediaminomethylphenol
and their copolymerization with oligoepoxide follow



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 3 2003

SEALANTS BASED ON OLIGODIENE URETHANE EPOXIDES 489

Table 5. Results of curing with agents traditionally used for curing PSO
������������������������������������������������������������������������������������

Parameter

� Sodium dichromate � Manganese dioxide
�����������������������������������������������������
� at indicated ODUE content, wt parts per 100 wt parts of PSO
�����������������������������������������������������
� � � 10 � 20 � � � 10 � 20

������������������������������������������������������������������������������������
Nominal tensile strength, MPa � 2.6 � 2.6 � 2.3 � 2.4 � 2.1 � 1.7
Relative elongation, % � 240 � 250 � 260 � 240 � 260 � 270
Adhesion to duralumin, kN m�1 � 1.4 � 1.5 � 1.6 � 1.2 � 1.3 � 1.4
������������������������������������������������������������������������������������

Table 6. Effect of the type of the modifier on the properties of thio urethane epoxy composites
������������������������������������������������������������������������������������

Parameter

� EDOS � POAP � POAE � ODP
�����������������������������������������������������������������������
� wt parts
�����������������������������������������������������������������������
� 10 � 20 � 30 � 10 � 20 � 30 � 10 � 20 � 30 � 10 � 20 � 30

������������������������������������������������������������������������������������
Working life, min � 30 � 90 � 135 � 75 � 95 � 175 � 80 � 100 � 120 � 120 � 120 �120
Nominal tensile � 4.2 � 3.9 � 3.5 � 3.6 � 3.5 � 3.5 � 4.1 � 4.6 � 3.6 � 3.3 � 3.9 � 4.3
strength, MPa � � � � � � � � � � � �
Relative elonga- � 370 � 380 � 380 � 270 � 300 � 350 � 400 � 290 � 260 � 440 � 400 �390
tion, % � � � � � � � � � � � �
������������������������������������������������������������������������������������
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The catalytic effect of aminophenols is due not
only to their capability to activate oxirane rings, but
also to their proton-acceptor power, facilitating the
proton detachment from the oligothiol molecule (the
oxygen atom in the epoxy group is less nucleophilic
than the sulfur atom in the mercapto group). This
means that, at room temperature, oligothiol�ODUE
block copolymers are formed first, which suggests

formation of an interpenetrating polymer network, en-
hancing the deformation and elastic parameters of the
composites. However, formation of block copolymers
requires not only formation of an interpenetrating
polymer network of the oligomers, but also efficient
contact of terminal functional groups. In this case, the
thermodynamic compatibility of the reacting groups
becomes a significant factor, suppressing aggregation
of the oligomers. In practice, it is advisable to use
a mixture containing 10�20 wt parts of ODUE per
100 wt parts of PSO, or 25�30 wt parts of PSO per
100 wt parts of ODUE [3].

The use of traditional PSO curing agents in cocur-
ing of the polymers does not appreciably enhance the
physicomechanical parameters of the composites
(Table 5).

For practical purposes, it is advisable to use the
second region of thermodynamic compatibility of the
polymers, i.e., 50 wt parts of PSO per 100 wt parts of
ODUE; in this case, the dosage of aminophenol is
2�4 wt parts. The properties of thio urethane epoxy
sealants modified with various agents, including oli-
godienepolyol (ODP), are listed in Table 6.

All the composites exhibit increased cohesion
strength (3.3�4.6 MPa) and stable elasticity (260�
440%), compared to commercial thiokol sealants
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U-30MES-5 and U-30MES-10 (TU 38-10-54-62�80),
characterized by the nominal strength of 2.5�3.0 MPa
and relative elongation of 250�350%.

CONCLUSION

Oligodiene urethane epoxide is suitable as a poly-
meric base for sealing compounds if the oligomer is
homocured to form a three-dimensional network and
cocured with a polysulfide oligomer to form an inter-
penetrating polymer network, taking into account the

region of thermodynamic compatibility of the reactive
oligomers.
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Abstract�Sulfur dissolved in oil components of asphalt is a binder, filler, and chemical co-reagent at once.
The structure of sulfur-extended asphalt depends on its formula and heating temperature. Road pavement
based on sulfur-extended asphalt demonstrates higher durability as compared to that with the conventional
binders.

Road pavement based on sulfur-extended asphalt
demonstrates better mechanical characteristics and
durability as compared to that based on the conven-
tional binders. Recently there has been a steadily
growing interest in sulfur-extended asphalts, because
of the need in more rational utilization of great
amounts of sulfur compounds from petroleum refining
[1].

Sulfur is readily soluble in bitumen, especially in
its aromatic components. The solubility of elementary
sulfur in oxidized paving asphalts1 at 120�150�C is
at least 20 wt % [2].

Addition of sulfur in amount of up to 20 wt %
to asphalt initiates chemical reactions whose type
depends on the sulfur content and heating temperature
and time of a given mixture. For example, some com-
peting reactions can occur, including those with
sulfur incorporation into the bitumen molecules or
dehydrogenation with liberation of hydrogen sulfide.
At heating temperature T < 140�C, elementary sulfur
forms polysulfides in which unreacted sulfur dis-
solves. Along with asphaltenes, the indicated sulfur-
containing compounds play a role of a structure-form-
ing agent, i.e., they initiate formation of a network
in which asphaltenes, paraffin, and sulfur stand as a
dispersed phase, and molecules of resins and oils
(malthenes), as a dispersion medium. Such structures
differ considerably in the chemical and thermal stabil-
ity from similar structures in unmodified oil asphalts.

Above 140�C, dehydrogenation of saturated com-
ponents of bitumens can occur, whose depth depends
on the final temperature of the reaction mixture. Also
������������

1 Paving asphalts from West-Siberian crude oil.

linear polysulfides can transform into stable cyclic
thiophene structures. With increasing temperature,
highly reactive asphaltenes and tars and also naphth-
ene�aromatic compounds can react with sulfur through
formation of the C�S bond.

It is known [3] that, at about 240�C, the reaction
of sulfur with naphthene-aromatic compounds of
bitumens gives asphaltenes, which play the crucial
role in formation of a complex structural colloidal unit
of bitumen.

Therefore, sulfur, as a chemical coreagent and filler,
can have a considerable effect on the performance
characteristics of paving asphalts. This effect was
studied in this work.

EXPERIMENTAL

In experiments we used elementary sulfur, BND
60/90 paving asphalt and tar from the KINEF Limited
Liability Company, broken granite (fraction 3�5 mm)
from the Pulkovo asphaltic concrete plant, and gab-
brodiorite (fraction 3�5 mm) from the Kuznechnoe
deposit (Leningrad oblast).

The initial BND 60/90 paving asphalt has a soften-
ing point (Ts) of 49�C and penetration (�25) of
78 mm�0.1.

Sulfur-extended composites were prepared as fol-
lows. A weighed portion of BND 60/90 was heated in
a metallic crucible to 120�C, and then a fixed amount
of elementary sulfur was added with vigorous stirring
of the reaction mixture for 30 min.

The ring and ball softening point was determined
according to GOST (State Standard) 9950; penetra-
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�25, mm � 0.1 Ts, �C

c, wt %

Fig. 1. Penetration �25 (mm�0.1) and softening point
Ts of the composite as a function of the sulfur content
(wt %): (1, 4) before and (2, 3) after heating.

Ts, �C D, cm �25, mm � 0.1

c, wt %
Fig. 2. (1) Softening point Ts, (2) penetration �25, and
(3, 4) ductility of the sulfur-extended composite D as func-
tions of the sulfur content c during 2-month laboratory
storage at 22�C: (3) before and (4) after heating.

tion, according to GOST 11 508; ductility, according
to ASTM D 2872; and brittle point, according to
GOST 11 507 and also theoretically using the Gun
equation [4]:

Ts � Tbr = 70 � 7PI,

where Ts is the softening point (�C); Tbr, brittle point
(�C); and PI, penetration index (determined from a
nomogram) [6].

The thermal stability of asphalts and their analogs
(composites) was determined by the standard method.
A weighed portion of a sample (60�1 g) was placed
into a stainless steel cup to form a 4-mm layer. The
sample was heated at 160�C for 5 h. After heating,
the softening point Ts, penetration �25, ductility D,
and weight loss �m (%) were measured.

The adhesion of a binder to a mineral filler was de-
termined by the aqueous boiling method with granite
and gabbrodiarite (3�5-mm fraction) at a 15 : 0.6 filler
to bitumen ratio. Samples were placed onto a standard

gauze and boiled for 30 min. The adhesion was esti-
mated from the weight loss due to washing the binder
off from the filler surface. Note that the 3�5-mm frac-
tion used is the best suited to model the specific sur-
face area of asphaltic concrete mixtures from the
domestic plants.

The moisture content W (%) in the binder was
estimated as

W = (W1 /W2) �100,

where W1 is the dry ball weight (g) and W2, weight of
the ball after saturation with water (g).

To obtain unmodified asphalt without oxidation of
tar, a fixed amount of tar was placed into a metallic
stirred reactor, the temperature was adjusted to 140�
160�C, and powdered elementary sulfur was added.
The reaction was performed for 30 min under stirring.

Evolution of properties of sulfur-extended asphalt
before and after heating is shown in Fig. 1. In both
cases, with small sulfur additions (5�10%), the hard-
ness of BND 60/90 paving asphalt decreases, which is
reflected in decreasing Ts and increasing penetration.
The material becomes more plastic as compared to the
initial material. With further increasing sulfur content,
the softening point passes through a minimum and
then gradually increases to the starting value. The
penetration and softening point of sulfur-extended
composites vary in opposite directions.

Thus, small additions (up to 10%) of sulfur to
paving asphalt increase its plasticity, and large addi-
tions increase its hardness by virtue of higher degree
of structuring and chemical interaction with asphalt
components.

Transformation of the structure of asphalt modified
with sulfur occurred not only in the preparation stage,
but also in subsequent storage in the laboratory at
25�C (Fig. 2). During 2-month storage, the plasticity
of sulfur-extended composites increased or decreased,
depending on the sulfur content. In all cases, the
penetration and softening point of sulfur-extended
composites varied in opposite directions. Aging of the
sulfur-extended composites is, evidently, accompanied
by transformation of the micellar structure of asphalt.
Here asphaltenes, paraffin, and various allotropic
modifications of sulfur form a dispersed phase, and
malthenes and tars form a dispersion medium. Reor-
ganization of the solvate shell of primary micellar
aggregates with formation of more compact structures
proceeds slowly, being temperature-sensitive. It is of
importance that, in the course of aging, Ts and pene-
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tration vary within rather narrow ranges, i.e., sulfur-
extended composites are relatively stable.

One more important characteristic of asphalt is the
ductility reflecting the cohesion interaction between
asphalt molecules. Sulfur additions (up to 20%) to
paving asphalt appeared to have a positive effect on
the ductility of the composites both before and after
heating (Fig. 2). Note that heating at 160�C simulates
the behavior of asphalt in the course of preparation
of asphalt concrete hot mix.

The adhesion of the initial paving asphalt and
sulfur-extended composites to a mineral filler (granite)
is shown in Fig. 3 as a function of the heating time.
Adhesion�cohesion interaction in both the initial pav-
ing asphalt and sulfur-extended composites depends
on the contact time of the binder with granite. All
the curves demonstrate the tendency to saturation at a
contact time of about 2 h. It is important that, in the
case of sulfur-extended composites with a sulfur con-
tent of 5�20%, the amount of asphalt retained on
granite is higher as compared to the initial paving
asphalt. This is consistent with the above-mentioned
increase in the ductility of sulfur-extended com-
posites.

With large sulfur additions (40%), the composite
becomes loose, and its adhesion to the mineral filler
is minimal.

In recent years, in laying roadbeds in the Russian
Northwest, basic mineral fillers, particularly, gabbro-
diorite have been widely used. This filler rapidly
interacts with paving asphalt and sulfur-extended
composites, so that establishment of the equilibrium
takes shorter time (<30 min) as compared to granite.
The composites with a sulfur content of up to 10%
demonstrate higher adhesion than the initial paving
asphalt. However, the composites containing 10�40%
sulfur demonstrate lower adhesion than the initial
material even at longer heating time. As in the case of
granite, the strongest adhesion (adhesion�cohesion
interaction) was observed in sulfur-extended com-
posites containing 5% sulfur. At a heating time of 2 h,
the maximal retention of the binder was 74.5 and 89%
with granite and gabbrodiorite, respectively.

Based on tar from KINEF (Ts 39.3�C, �25
320 mm�0.1), we prepared sulfur-modified composite
binders (sulfur content 5, 10, and 20%). The heating
temperature was 240�C, i.e., in this case sulfur was a
chemical coreagent and filler. The performance char-
acteristics of these composites (Ts, Tbr, and �25) are
shown in Fig. 4. All the characteristics pass through
an extremum at a sulfur content of about 10 wt %.

A, %

�, min

Fig. 3. Effect of the heating time � of (1) paving asphalt
and (2�5) sulfur-extended composites on the adhesion of
asphalt to granite A. Sulfur content (%): (2) 5, (3) 10,
(4) 20, and (5) 40.

�25, mm � 0.1 Ts, �C

c, wt %

Tbr, �C

Fig. 4. Penetration �25, softening point Ts, and brittle point
Tbr of sulfur-extended asphalts as functions of the sulfur
content c.

The composite with a sulfur content of 5% meets the
requirements of the GOST (State Standard) for BND
90/130 paving asphalt.

It should be pointed out that, at T < 95�C, sulfur
exists as a cyclooctasulfane crown with an S�S bond
length of 0.206 nm and S�S�S bond angle of 108�. At
119�C (melting point of sulfur), cyclooctasulfane
turns partly into polymeric zig-zag chains (bond
length 0.204 nm) [3]. At 119�159�C, molten sulfur
exists essentially as cyclooctasulfane (�-S). Above
159�C, eight-membered rings rapidly break down into
biradicals [3]. In their turn, biradicals recombine to
form polymeric chains with the maximal length of up
to 106 sulfur atoms:

S8
�
� S0�S6�S0

S0�S6�S0 + S8
�
� S0�S6�S�S8 etc.

At 159�180�C, less stable (than S8) cyclic struc-
tures having less or more sulfur atoms can occur in
the melt. Linear sulfur biradicals are in equilibrium
with large cyclic structures. The equilibrium sulfur
species detected by ESR spectroscopy are as follows.

nS8 (ring) �
� nS8�(chain) �

� (S8)n(chain).
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T, �C

DTA

TG

T

�m, %

Fig. 5. TG and DTA curves of elementary sulfur. (T) Tem-
perature and (�m) weight loss; the same for Fig. 6.

T, �C

�m, %

T

TG

DTA

DTA

Fig. 6. TG and DTA curves of (1) BND 60/90 paving
asphalt and (2) BND 60/90 + 5% S.

At T >200�C, sulfur is mahogany in color, and its
melt contains S3, S4, and, possibly, S2 fragments.

It was demonstrated in [5, 6] that alkanes C7�C12
actively react with sulfur at lower temperatures (110�
190�C) with formation of mercaptans, sulfides, and
disulfides. It is known from the literature that arenes
actively react with sulfur at 220�250�C, and in the
presence of Lewis acids (AlCl3), at 80�140�C.

Elementary sulfur was demonstrated to be the most
reactive in the temperature range from 220 to 260�C
(remarkable exothermic effect in the DTA curve in
Fig. 5). Comparison of the DTA curves of BND 60/90
and the sulfur-extended composite (5% S) shows that
at 240�C paving asphalt actively reacts with sulfur
(Fig. 6). In the DTA curve, the exothermic effect of
the composite is slightly weaker as compared to the
initial asphalt. The maximal thermal effect due to
reaction of asphalt components with sulfur was ob-
served at 320�340�C, which was accompanied by

active liberation of hydrogen sulfide. At lower tem-
peratures, no noticeable liberation of hydrogen sulfide
was observed.

At 390�425�C, active thermal decomposition of
relatively thermally unstable paraffin�naphthene com-
pounds takes place, which is reflected in clearly pro-
nounced endothermic effect at 425�C. The IR data
revealed the formation of a C�S bond at T >300�C.
In this case, primarily, radical sulfur species react
with unsaturated fragments of resins and alkenes
(=C�S�S�C= or =C�Sn +1�C=).

Therefore, the major part of sulfur in asphaltic con-
crete mix (ACM) serves as a filler. The size of sulfur
grains formed depends on the ACM preparation con-
ditions (temperature; contacting time of tar, sulfur,
and mineral filler; stirring rate; and cooling rate of the
resulting composite).

It was demonstrated that the strength of sulfur-
modified ACMs increases with time. Slow cooling of
ACM samples results in formation of rigid mechanical
contacts by virtue of sulfur crystallization. The struc-
ture of these contacts can be changed (damaged) in
rapid cooling or mechanical failure (in compaction).
With time, monoclinic sulfur transforms into ortho-
rhombic sulfur, which is accompanied by increase in
its strength. Therefore, structure formation in sulfur-
containing organic binders is an important problem in
view of development of durable sulfur organomineral
materials.

It should be pointed out that, at T >100�C, the vis-
cosity of the sulfur-extended asphaltic binder is lower
by a factor of 1.6 than that of the initial paving as-
phalt, allowing reduction in the power consumption
by virtue of decreasing temperatures of binder heating
and ACM preparation by 25�30�C. Therefore, addi-
tion of 5�10% sulfur to asphalt or tar allows up to
30% saving of paving asphalt without deterioration in
the characteristics of the resulting asphaltic concrete.
It appeared that sulfur additions improve not only the
binder ductility (Fig. 2), but also its viscosity�tem-
perature characteristics, as clearly illustrated in Fig. 7.
The Tbr�c and D�c curves show extrema clearly pro-
nounced at a sulfur content of 5�10%. Further in-
crease in the sulfur content in the binder results in
increasing brittle temperature and decreasing ductility.
These results suggest that sulfur in the asphalt occurs
in both liquid and crystalline states. Sulfur dissolved
in oil components of asphalt has a plasticizing effect.
Since the compounded paving asphalt based on tar
and sulfur contains more oils and its dispersion medi-
um is less structured with resins, the solubility of
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sulfur in such asphalt is higher as compared to BND
60/90.

With decreasing temperature, the relative amounts
of liquid and crystalline sulfur change in favor of the
latter by virtue of decreasing solvency of the oil frac-
tion. As a result, the maximal plasticizing effect is
observed at low sulfur contents (Figs. 1, 2). Sulfur-
extended binder has a wider operational range than
the conventional paving asphalts. Additions of up to
10�15% sulfur provide such positive effect as decreas-
ing brittle point of the binder, which is caused by
improved low-temperature characteristics. At a sulfur
content above 15%, the positive effect is caused by
increasing Ts, i.e., as a result of increasing hardness of
the paving asphalt.

Electron microscopic study of a sulfur-extended
asphalt film confirmed the presence of dispersed
sulfur uniformly distributed in the asphalt. This result
was also supported by X-ray diffraction data (Fig. 8).

The plasticizing effect disappears in the course of
prolonged storage (Fig. 4). Presumably, dissolved sul-
fur gradually crystallizes, thus increasing the degree of
crystallinity of the material. Hence, with time, initially
plastic thixotropic coagulation structure turns into
rigid coagulation-crystalline structure, which is ac-
companied by changing properties of the binders (they
turn from one rheological status into another typical
of each type of the disperse structure), reflected in
the binder viscosity (Fig. 7).

Note that, at T >119�C, liquid sulfur, being vigor-
ously stirred with asphalt, is dispersed in it, forming
an emulsion; and at T <119�C sulfur crystallizes. The
crystallization features are affected by such factors as
chemical reaction of sulfur with asphalt components
and its dissolution or dispersion in the asphalt mass.
The effect of newly formed structural links on proper-
ties of asphalts should largely depend on the asphalt
structure. If the structure represents a maximally
stabilized suspension of free asphaltenes (structure
no. 11 by Kolbanovskaya), the effect of sulfur form-
ing a crystallization network of a sort in the asphalt
structure will be more distinctly pronounced than
in the presence of a coagulation framework of as-
phaltenes (structure no. 111 by Kolbanovskaya). This
effect should be reflected in increasing thermal stabil-
ity, frost resistance, and elasticity of asphalt at low
temperatures.

One of the features of sulfur is the manifestation of
cementing properties in crystallization, i.e., in this
case, sulfur is a structure-forming and binding agent
simultaneously. Therefore, the desired combination
of coagulation and crystallization structures in asphalt

T, �C

	, Pa s

Fig. 7. Viscosity 	 of the binder as a function of the tem-
perature T: (1) initial paving asphalt and (2�5) sulfur-
extended BND 60/90. Sulfur content (wt %): (2) 5, (3) 10,
(4) 30, and (5) 40.

I, %

2
, deg
Fig. 8. X-Ray diffraction pattern of (1) initial paving
asphalt and (2) sulfur-extended composite. (I) Relative
intensity and (2
) Bragg angle.

S, kgf cm�2

c, wt %
Fig. 9. Compressive strength of asphaltic concrete S as
a function of the sulfur content c. Temperature (�C): (1) 20
and (2) 60.

concrete and, therefore, its maximal durability can be
attained by optimizing the sulfur content in asphalt.

Based on BND 60/90 paving asphalt, we prepared
a cementing material by mixing the asphalt with
molten sulfur at 140�C, followed by adding granite
heated to the same temperature into the stirred ap-
paratus. The strength of the resulting asphalt concrete
passes through a minimum at a sulfur content of
about 5% and then increases (Fig. 9). The strength is
higher as compared to ACM based on conventional
oil asphalt.
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CONCLUSIONS

(1) With small additions of sulfur (below 10%),
BND 60/90 paving asphalt becomes more plastic, and
at high sulfur content, the bitumen structure becomes
harder, as compared to the initial material.

(2) Adhesion�cohesion interaction of the ini-
tial paving asphalt and sulfur-extended composites
depends on the time of contact of a binder with the
mineral filler. The amount of paving asphalt retained
on granite in a sulfur-extended composite (sulfur con-
tent 5�10%) is higher than that in the initial material.

(3) After heating for a short time (30 min), the
sulfur-extended composites demonstrate higher adhe-
sion to gabbrodiorite as compared to granite. The
maximal amount of retained binder, determined by
the aqueous boiling extraction method, was 74.5 and
89% on granite and gabbrodiorite, respectively, at
a contact time of 120 min.

(4) Road paving based on sulfur-extended com-
posites demonstrates better mechanical character-
istics and durability as compared to the conventional
binders.
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Abstract�With the aim of developing new fluorine-conducting solid electrolytes, the compound NH4SnF3
was synthesized and its electrical conductivity and thermal behavior were studied.

Tin(II) fluoride SnF2 forms compounds MSnF4
(M is Pb, Ba, or Sr) and MSn2F5 (M is NH4, Na, K,
Rb, Cs, or Tl), which have high unipolar electrical
conductivity with respect to fluoride ions [1, 2]. In-
creased interest in solid electrolytes derived from
SnF2 is stimulated by prospects of their application in
all-solid-state power sources, sensors, and other elec-
trochemical apparatus. At the same time, successful
application of solid electrolytes in practice requires
reliable synthesis procedures to obtain materials with
well reproducible chararacteristics.

In this work, ammonium trifluorostannate(II)
NH4SnF3 was prepared and its electrical conductivity
was studied.

EXPERIMENTAL

Ammonium trifluorostannate(II) was synthesized
from tin(II) oxide, which, in turn, was prepared from
SnCl2 solution by adding a solution of NH3 �H2O to
pH 9.5, separating the precipitate, repeatedly washing
with distilled water, and heating the Sn(OH)2 suspen-
sion for 4�5 h. The SnO and NH4HF2 weighed por-
tions in a molar ratio of 1 : 1.5 were dissolved in
distilled water at 60�70�C, and the solution was
evaporated on a water bath until a precipitate formed,
which was filtered off after cooling the solution and
dried at room temperature.

Chemical analysis was performed as follows. Ap-
proximately 0.2-g portion was dissolved in hydro-
chloric acid, and tin(II) was determined by direct titra-
tion with an iodine solution in the presence of starch.
The relative eror of the determination was less than
2%. The ammonia content was determined according
to [3]. The relative determination error was less than

1%. The content of fluoride ions was not determined.

Found, mol %: NH3 9.5; Sn(II) 59.5.
NH4SnF3. Calculated, mol %: NH3 9.31; Sn(II) 61.34.

The product yield with respect to tin(II) was
92.4%. According to the X-ray phase analysis (HZG-4
diffractometer, CuK� radiation), the samples studied
are single-phase, and their structure (trigonal crystal
system, a = 6.841(1) and c = 15.930(4) �, Fig. 1a)
corresponds that of NH4SnF3 [4]. The values available
from Powder Diffraction File, Data Cards, JCPDS,
no. 33�0081, are a = 6.842 � and c = 15.92 �.

Electrophysical properties were studied by im-
pedance spectroscopy with a VM-507 impedansom-
eter (frequency range 5 Hz�500 kHz, resistance range
1 ��10 M�) in a vacuum (�0.1 Pa). The electrodes
were made from DAG-580 graphite paste (the Nether-
lands). The electrical conductivity � was measured on
pellets 5 mm diameter and 2�4 mm thick, obtained

(a)

(b)

2�, deg
Fig. 1. X-ray diffraction patterns of ammonium fluorostan-
nates(II). Sample: (a) initial (NH4SnF3) and (b) subjected
to temperature measurements (NH4SnF3 + NH4Sn2F5).
(2�) Bragg angle.
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103/T, K�1

log (�T) [S cm�1 K]

Fig. 2. log (�T)�T plot. (�) Conductivity of ammonium
fluorostannates(II). Sample 1: (1) heating 1, (2) cooling 1,
(3) heating 2, and (4) cooling 2; sample 2: (5) heating 1 and
(6) cooling 1.

from thoroughly ground NH4SnF3 powder under
a pressure of 4�5 MPa. The error in measuring � was
less than 5%. The activation energy Ea of the elec-
trical conductivity was found from the formula

�T = A exp (�Ea /kT),

where A is the preexponential factor.

In � measurements, the temperature was increased
and decreased in steps, during each measurement it
was kept constant.

The conductivity of the NH4SnF3 samples heated
for the first time to 90�C remained lower than the sen-
sitivity of the device (the total resistance exceeded
107 �). The low values of the NH4SnF3 conductivity
in this temperature range are close to � of alkali
metal trifluorostannates at room temperature {� �
10�9 S cm�1 [1]}. Above 90�C, � dramatically grows
(Fig. 2). On cooling and secondary heating, the com-
pound showed a complex behavior indicative of
hysteresis and phase transition. The transition region
is recorded at 84�5 on heating and at 74�5�C on
cooling. The temperature of the onset of the transition,
as determined from both cooling and heating curves,
is 78�2�C.

To interpret the results, we measured the diffrac-
tion patterns of the sample after measurements of � at
various temperatures and performed thermogravimetric
analysis (Pt crucible, heating/cooling rate 10 deg min�1,
heating to 115�C). In addition to the NH4SnF3 lines,
the lines due to NH4Sn2F5 [rhombic crystal system,

a = 12.4(3), b = 10.12(9), and c = 7.911(6) �] ap-
peared in the diffraction pattern (Fig. 1b). The values
available from Powder Diffraction File, Data Cards,
JCPDS, no. 16-0795, are a = 12.86, b = 10.05, and
c = 7.91 �.

Heating to 100�C is accompanied by weight loss
(1.4 wt %). On cooling to 80�C, a clear endothermic
peak, lacking in the heating curve, was recorded. This
peak can be assigned to decomposition:

2NH4SnF3 �� NH4Sn2F5 + NH3� + HF�.

This reaction is complete at a weight loss of
9.6 wt %, i.e., in the course of taking DTA curves
15% of the initial NH4SnF3 decomposed.

Thus, the samples were NH4SnF3 after the first
heating to 90�C and an NH4SnF3 + NH4Sn2F5 mix-
ture after cooling and the second heating�cooling
cycle. Apparently, a comparatively high electrical con-
ductivity observed in this case in the samples studied
(NH4SnF3 + NH4Sn2F5) is completely determined
by the formation of ammonium pentafluorostan-
nate(II). The obtained data on the phase transition
agree with the results of [2, 5, 6], according to which
the phase transition in NH4Sn2F5 occurs at 75�C [2,
5] or 70�84�C [6]. A small thermal effect accompany-
ing this transition shows that the NH4Sn2F5 polymor-
phous modifications being formed have similar struc-
tures. The conductivity value � = 3	10�6 S cm�1

at 20�C is close to the published value (� = 1 	
10�6 S cm�1 at 27�C [7]), and the activation energy
Ea = 0.52 eV (20�75�C) reasonably agrees with the
published values for NH4Sn2F5 (Ea = 0.5 [2, 5] and
0.65 eV [7]).

The phase transition in NH4Sn2F5 is accompanied
by an approximately twofold increase in the activa-
tion energy of the ionic transfer and increase in the
electrical conductivity by an order of magnitude. The
ionic conductivity reaches 10�3 S cm�1 at 100�C. The
high conductivity of NH4Sn2F5 above 80�C was also
observed in [5�7]. The obtained value of the activa-
tion energy for the high-temperature modification
(Ea = 0.3 eV) is close to the published value (Ea =
0.34 eV at T > 84�C [6]).

The measurement of the transferrence numbers for
electrons (te) in MSn2F5 shows that the contribution
of electronic transfer to the total electrical conductiv-
ity is insignificant: for RbSn2F5 te � 2 	10�5 at 122�
168�C [7]. The structural elements of NH4Sn2F5 are
ammonium ions [NH4]+ and complex anions [Sn2F5]�.
Therefore, it was important to reveal their role in
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the ionic transfer. NMR studies [1, 8] showed that
reorientation of [NH4]+ ions is the main relaxation
process in NH4Sn2F5 at low temperatures, and diffu-
sion of fluoride ions, above �20�C. In addition, ac-
cording to the 19F NMR data, fluoride ions occupy
dynamically nonequivalent positions and this non-
equivalence disappears after the phase transition. All
this shows that the transfer of fluoride ions is respons-
ible for the observed temperature dependence of the
electrical conductivity in NH4Sn2F5.

CONCLUSIONS

A study of the electrophysical properties of ammo-
nium fluorostannate(II) shows that the NH4SnF3 con-
ductivity is low (� < 10�6 S cm�1 below 90�C). Ap-
parently, comparatively low values of � in NH4SnF3
and alkali metal trifluorostannates(II) are due to a long
distance between the [SnF3]� complex anions in the
crystal lattice. It was confirmed that at 74�84�C
NH4Sn2F5 undergoes the phase transition into the
state with a high ionic conductivity (� � 10�3 S cm�1

at 114�C).
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Abstract�The extraction of halo- and aminobenzoic acids from aqueous solutions with a hydrophilic solvent
(ethyl acetate) was studied. Conditions for turbidimetric titration of these acids in the organic extract were
optimized. Procedures for reliable nonaqueous titration of acids were developed.

Wastewaters from paint-and-varnish industry and
production of chemical agents for plant protection,
polymeric materials, drugs, and vitamins are contami-
nated with halo- and aminobenzoic acids [1, 2]. Sup-
ply of these acids into water of storage basins and
sewage treatment plants affects pH, destroys micro-
flora, and prevents biological treatment of water.

We found that these acids can be extracted from
aqueous solutions with a hydrophilic solvent (ethyl
acetate) and then determined in nonaqueous extract
without backwashing.

The aim of this work was to develop an extraction-
titrimetric method for determination of monoamino-
and also mono- and polyhalo-substituted benzoic
acids in aqueous solutions.

EXPERIMENTAL

The acids under consideration were extracted at
pH � 2 and 20�2�C. In order to prevent mutual dis-
solution of the organic and aqueous phases in extrac-
tion, ethyl acetate and water were preliminarily satu-
rated with water and ethyl acetate, respectively.
Before extraction, an aqueous solution of an organic
acid to be determined was acidified with H2SO4, and
then a prescribed amount of ethyl acetate was added.
Extraction was performed at the organic to aqueous
phase ratio of 1 : 10 (by volume) for 10�15 min.
Under these conditions, the extraction equilibrium was
attained. The equilibrium extract was quantitatively
separated from the aqueous phase, transferred to titra-
tion cell, and titrated potentiometrically with 0.01 M
KOH in ethanol using a glass indicator electrode and
an electrochemical circuit with charge transfer

GE�H+BA�AgCl�KCl,

where GE is a glass electrode; BA, substituted benzo-
ic acid; and AgCl/KCl, silver chloride electrode filled
with saturated ethanolic solution of KCl.

The distribution factor D and degree of recovery
of acids in single extraction step were calculated by
known equations [3].

The concentration of substituted benzoic acid in
the nonaqueous concentrate obtained by extraction of
this acid with ethyl acetate was determined as follows.
The concentrate, preliminarily diluted with ethyl ace-
tate if necessary, was poured into a photometric cell
and then titrated with 0.01 M KOH in ethanol. In
titration, 0.02-ml portions of the titrant were added
from a microburet to the titrated solution at its con-
tinuous stirring with a mechanical stirrer. The changes
in the optical density of the solution in the course
of titration was registered in 20 s after addition of
each portion of the titrant on a KFK-2MP photo-
colorimeter.

The amount of acid in the solution analyzed m
(mg) was calculated by the equation

m = 0.01cVMR,

where c is the titrant concentration (M); V, titrant
volume (ml) consumed in titration; M, equivalent
weight of acid (g mol�1); and R, degree of extractive
recovery of the acid (%).

It is known that the degree of extractive recovery
of weak acids from aqueous solution is dependent
on pH of the aqueous phase [4]. With lowering pH,
ionization of weak acids in the aqueous phase is sup-
pressed, and, as a result, the degree of their transfer
into the organic solvent (i.e., the extraction efficiency)
increases. To ensure favorable conditions for extrac-
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tion of the acids under consideration, the aqueous
phase was acidified to pH � 2. The distribution factors
of acids determined in our experiments are listed
in the table.

Extraction of acids with ethyl acetate is influenced
by the water and ethyl acetate concentrations in both
organic and aqueous phases. In going from benzoic
acids with hydrophobic substituents to those with
hydrophilic substituents, the distribution factors
decrease.

It was found in [5] that, in extraction of acids with
ethyl acetate, virtually anhydrous extracts are formed.
Therefore, ethyl acetate is a poor extractant for organ-
ic acids with hydrophilic substituents (OH, NH2).

Owing to specific steric configuration of the meta
and para isomers of acids [6], these compounds are
characterized by stronger hydration. As a result, their
solvation with ethyl acetate weakens and the distribu-
tion factor decreases. Therefore, 3- and 4-aminobenzo-
ic acids are extracted poorly. The increase in the
distribution factor D of 2-aminobenzoic acid can be
explained in terms of the Hildebrand theory of the
regular solutions [7]. According to this theory, the
intramolecular hydrogen bonding decreases both the
enthalpy of vaporization and the cohesion energy
density, and the latter parameter becomes close to the
solubility parameter of ethyl acetate. Therefore, the
solubility of 2-aminobenzoic acid in ethyl acetate
increases, and, as a result, its extraction with ethyl
acetate also increases.

Halobenzoic acids containing hydrophobic halide
atoms are virtually completely extracted with ethyl
acetate. The ortho-substituted halobenzoic acids are
characterized by strong mesomeric conjugation bet-
ween the halogen atoms and benzene ring. This effect
strengthens the hydrogen bonding, which, in turn, in-
creases the extractability of halo-substituted acids [8].
Their extractability decreases with decreasing electro-
negativity of halide substituents (chlorine > bromine >
iodine [9]).

With increasing number of substituents, the distri-
bution coefficient of halo-substituted acids increases
owing to increase in their hydrophobicity. An excep-
tion is 2,4-dichlorobenzoic acid, which is more soluble
in water than 2-chlorobenzoic acid [10].

We found that potassium 2-bromo-, amino-, and
chlorobenzoates are insoluble in ethyl acetate. There-
fore, the corresponding benzoic acids were titrated
turbidimetrically with a KOH solution in ethanol.

To provide reliable and sufficiently accurate deter-
mination, the poorly soluble salt of the titrated acid

Distribution factors and degrees of extraction of halo- and
aminobenzoic acids from aqueous solutions with ethyl
acetate r = 10, n = 4, and P = 0.95
����������������������������������������

Acid � D � R, %
����������������������������������������
2-Aminobenzoic � 510�10 � 98.2
3-Aminobenzoic � 61�3 � 85.3
4-Aminobenzoic � 10�1 � 50.0
2-Chlorobenzoic � 515�8 � 98.1
2,4-Dichlorobenzoic � 220�5 � 95.7
2-Iodobenzoic � 190�4 � 95.0
2,5-Diiodobenzoic � 273�6 � 96.5
2,3,5-Triiodobenzoic � 300�7 � 96.8
2-Bromobenzoic � 460�9 � 97.9
5-Bromosalicylic � 108�6 � 91.4
����������������������������������������

should be formed in the course of titration and this
salt should form a sol exhibiting aggregative stability
and strong light scattering [11].

The sols formed in titration of aminobenzoic acids
with KOH do not meet these requirements. The curves
of their turbidimetric titration do not show clear in-
flection points necessary for determining the equiv-
alence point.

In order to choose the optimal wavelength for
turbidimetric titration of the acids studied, Rayleigh
spectra of their ethyl acetate extracts treated with
excess KOH were registered against the initial trans-
parent extract. These studies showed that the optimal
light scattering occurs at a wavelength of 440�
540 nm. To ensure the maximal accuracy, the optical
density was registered in a 2-cm optical cell.

Our experiments showed that the curves of turbi-
dimetric titration of 2-chlorobenzoic, 2,4-dichloro-
benzoic, and 2-bromobenzoic acids are identical (see
figure). This figure shows that, in the course of turbi-
dimetric titration, the optical density passes through

V, ml

Curve of turbidimetric titration of 2,4-dichlorobenzoic acid
in the ethyl acetate extract. Titrant: 0.01 M KOH solution
in ethanol; � = 490 nm. (A) Optical density and (V) titrant
volume.
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a maximum corresponding to the equivalence point
and then decreases owing to coagulation of the sol and
its dilution with excess titrant. The linear parts of the
titration curve before and after the maximum were
extrapolated to their interception, and the abscissa of
the interception point was taken as the equivalence
point. The turbidimetric titration provides fast and
precise determination of substituted benzoic acids
without using expensive chemicals. The determination
error does not exceed 8%. The detection limit is about
0.1 mg l�1. The presence of foreign mineral acids does
not interfere with determination of benzoic acids.

CONCLUSIONS

Extraction of monoamino-, 2-chloro-, 2,4-dichloro-,
2-iodo-, 2,5-diiodo-, 2,3,5-triiodo-, and 2-bromoben-
zoic and 5-bromosalicylic acids from aqueous solu-
tions with ethyl acetate was studied, and the optimal
conditions for their turbidimetric titration in the
organic extracts were found. The simple and reliable
techniques for extraction-turbidimetric determination
of acids in aqueous solutions at their concentration
of about 0.1 mg l�1 were developed.
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Abstract�Water treatment to remove phenols using a bubble extractor is studied for specific conditions
of the Fergana Refinery.

In oil-refining industry, to remove phenols, water is
treated using such methods as extraction and evapora-
tion, since the phenol concentration in wastewater is
mostly high (above 3�4 g l�1), and recycling of phe-
nols completely covers the expenses for their recovery
[1]. In extractive recovery, such solvents are used as
carbon tetrachloride, butyl acetate, benzene, etc.

For wastewater treatment to remove phenols, a
bubble extractor was proposed [2], whose design and
operation are shown in the figure.

Vertical housing 1 of the extractor is divided into
separate settler sections with horizontal baffle plates 2.
Mixing elements consisting of inner (3) and outer (4)
concentric pipes are arranged on baffle plates 2. The
lower ends of the pipes 3 run out under the baffle
plate 2, being gas-distributing nozzles 5 with holes 6
in their sidewalls. Downpipes 7 with holes 8 at the
lower blanked-off end sides are also arranged at the
baffle plates 2. The downpipes 7 are covered from
above with caps 9 having cuts 10 at the lower section
and holes 11 in the upper covers. Gas-intake pipes 12
are also arranged at baffle plates 2. At the upper
blanked-off ends they have holes 13 for supply of
an inert gas to the annular channel between concentric
pipes 3 and 4 of the mixing element.

The extractor flowsheet is as follows. A light fluid
is supplied to pipe 3 through the lower section of gas-
distributing nozzle 5. A heavy fluid is supplied right
there through holes 8 in downpipes 7. Moving
together bottom-up along pipe 3, the fluids are vigor-
ously mixed with a part of the inert bubbling gas that
is fed through holes 6 and collected after mixing in
a �gas bag� under baffle plate 2. Another part of the
inert gas is supplied through holes 13 of gas-intake
pipes 12 to the annular channel between concentric
pipes 3 and 4. Moving bottom-up through a counter-
current flow of the fluids, the inert gas vigorously

Bubble extractor (for explanation, see text).

mixes them and is then collected in a �gas bag� under
baffle plate 2.

Fluids mixed with the inert gas bubbles in pipe 3
and additionally in the annular channel between con-

Table 1. Characteristics of extractors (phenolic water�
benzene liquid system)
����������������������������������������

Extractor type � Number� Efficiency
� of steps� of step

����������������������������������������
Mixer�settler � 5 � 0.73�0.79
Mixer�settler with a transfer pump� 3 � 0.95
Mixer�settler with a stirrer � 8 � 0.75
Multistep bubble extractor � 3 � 0.93
����������������������������������������



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 3 2003

504 ALIMATOV, SEDOV

Table 2. Physicochemical characteristics of liquid systems
������������������������������������������������������������������������������������

Phase
� c, g l�1, for indicated extractor step �

�, kg m�3
�

� � 103, Pa s
�

�, N m�1��������������������������������� � �
� I � II � III � � �

������������������������������������������������������������������������������������
Wastewater � 0.12* � 0.017 � 0.0037 � � �

� ����� � ����� � ����� � 1000 � 1.28 � 42.8 � 10�3

� 0.017 � 0.0037 � 0.0007 � � �
Benzene � 0 � 0.0015 � 0.007 � � �

� ����� � ����� � ����� � 870 � 0.65 �
� 0.0015 � 0.007 � 0.04 � � �

������������������������������������������������������������������������������������
* Initial and final concentrations are given in the numerator and denominator, respectively.

centric pipes 3 and 4 go to the settling section, where
they are separated into phases. Drops of the heavy
fluid settle, forming a continuous layer on baffle plate
2, from which the heavy fluid flows through cuts 10
to downpipes 7 and then spills over to the underlying
section. In this case, the position of the phase bound-
ary between the light and heavy fluids is controlled
by the position of the upper section of downpipes 7.

The cross section of the annual channel is set so as
to meet the requirement that the bottom-up fluid flow
velocity is lower than the velocity of gas bubble flota-
tion from holes 13 of pipes 12 to this channel. The
arrangement of holes 13 of gas-intake pipes 12 below
the lower section of pipe 4 guarantees getting of gas
bubbles only to the annular channel between con-
centric pipes 3 and 4.

Additional mixing of fluids in the annular channel
between the concentric pipes of the mixing element is
equivalent to increase in the residence time of the
fluid mixture in the turbulence zone of the mixing
element, thus improving the extraction efficiency.

The extractor efficiency is controlled by its diam-
eter and the number of mixing elements per section.
The desired degree of recovery of a target component
is controlled by the number of sections.

We selected benzene as an extractant, because of
its easy availability and relatively low distribution co-
efficient (according to [3], the distribution coefficient
of phenols is 0.4, 2.4, and 8�12 in carbon tetrachlor-
ide, benzene, and butyl acetate, respectively).

It is of no small importance also that, because of a
small phenol concentration in the extractant (benzene),
the latter can be regenerated by the phenol�phenolate
method [1].

Characteristics of the multistep bubble extractor
proposed for wastewater treatment to remove phenols
[2] are given in Table 1. The characteristics of extrac-
tion apparatuses of other types used in industry for
this purpose are given for comparison.

In this work, first, we theoretically determined the
overall mass transfer coefficient and single step ef-
ficiency (Kv = 0.04 s�1 and � = 0.92) using the rela-
tionships proposed in [4]. Then we estimated the
required number of extraction steps using the grapho-
analytical method [5]. This number is 3.

Experiments were conducted with industrial fluid
systems from the Fergana Refinery using a model
three-step bubble extractor. The benzene : water ratio
was 3 : 1. The maximal water consumption was
0.13 m3 h�1, and that of benzene, 0.39 m3 h�1. The
initial and final phenol concentrations in the phases
are given in Table 2. The table also includes data on
physicochemical characteristics of the fluid systems
used (density �, viscosity �, and interfacial tension �),
determined by standard methods.

Finally, it was demonstrated that treatment of
120 m3 of wastewater with the initial phenol concen-
tration of 0.12 g l�1, to obtain the final concentration
of 0.0007 g l�1, requires a three-step bubble extractor
with a working height of 3.2 m and a diameter of
1.96 m. The expected annual cost efficiency due to
utilization of recovered phenols is 175 000 rubles.
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Abstract�Deuterium distribution in ethanols produced by sulfuric acid hydration of ethylene was studied
by quantitative NMR spectroscopy.

It is well known that the natural content of deuteri-
um and the features of its distribution in structural
fragments of molecules bear information on the origin
of organic compounds [1]. In synthetic ethanol the
deuterium content is 0.0134�0.0136%, and in food-
grade ethanol its level is lower, from 0.0114 to
0.0122% [2]. However, irrespective of the ethanol
origin, the deuterium content in the methyl group is
higher than that in the methylene group by a factor of
1.1�1.4 in all cases [3]. Since all deuterated molecules
occur in the form of d1 isotopomer owing to minor
content of deuterium, it was of interest to establish
the mechanism of distribution of deuterium atoms
between methyl and methylene groups of alcohol.

For this purpose, we simulated formation of ethanol
by sulfuric acid hydration of ethylene and studied
the deuterium distribution in this process, using
deuterated sulfuric acid or [1,1-2H2]ethylene.

It was found that, in the 2H NMR spectrum of
ethanol produced by hydration of [1,1-2H2]ethylene
in the presence of sulfuric acid, the intensities of
signals of the methyl and methylene groups are the
same. This means that proton is added to both carbon
atoms of ethylene with equal probability, irrespective
of deuterium substitution. Thus, the deuterium atom in
the initial ethylene molecule does not affect the direc-
tion of proton addition and hence cannot be respons-
ible for the different natural deuterium content in
methyl and methylene groups of ethanol.

The 2H NMR spectrum of ethanol produced by
hydration of ethylene in deuterated sulfuric acid
showed that addition of acid is accompanied by pre-
dominant deuteration of the methyl group, since the
intensity of its signal is greater by a factor of more
than 25 than the intensity of the signal of the methyl-
ene group. It is evident that, under the reaction condi-
tions, the reverse decomposition of ethyl hydrogen
sulfate to the initial substances proceeds to no more
than 8%, and hydrogen atom of the acid mainly par-

ticipates in formation of the methyl group.

The data obtained show that natural enrichment
of ethanol with deuterium is caused by two sorts of
deuterium atoms, deuterium of the substrate (ethylene)
and reagent (acid). The deuterium content in the initial
ethylene determines the amount of ethanol molecules
deuterated in the methylene group, while higher frac-
tion of molecules deuterated in the methyl group is
caused by deuterium from acid.

EXPERIMENTAL

The reaction was carried out by the improved
procedure in [4]. A mixture of 20 g of sulfuric acid
and 0.2 g of the catalyst Ag2SO4 were vigorously
stirred at 60�C in an ethylene medium until complete
saturation. The resulting ethyl hydrogen sulfate was
decomposed with a mixture of ice and water. The
yield of ethanol after twofold distillation was 60%.

Ethanol was analyzed by 2H NMR spectroscopy on
a VXR-500S spectrometer operating at 76.7 MHz.
The pulse length was 25 �s (90�), and delay, 8 s.

CONCLUSION

The deuterium content in methyl and methylene
groups characterizes the components forming ethanol
and can be used for determining its origin.
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Petr Anatol’evich Kirpichnikov
(1913�1997)

On January 5, 2003, Petr Anatol’evich Kirpichni-
kov, a corresponding member of the Russian Academy
of Sciences, Honorary Academician of the Academies
of Sciences of the Republics of Tatarstan and Bash-
kortostan, Honored Scientist and Technologist of the
Russian Federation and the Republic of Tatarstan,
Laureate of a State Prize of the USSR, would be 90.

P.A. Kirpichnikov is a prominent scientist in the
field of basic organic synthesis and macromolecular
compounds. He made a major contribution to the
theory and practice of development of new materials,
especially rubbers and other elastomers, and to solu-
tion of problems concerning the aging and stabiliza-
tion of polymers.

He was the first in the country to develop a new
class of noncoloring stabilizers based on organophos-
phorus compounds, which effectively protect many
kinds of polymers in their processing and exploitation.

He studied in detail the mechanism of their action
in polymers, established the dependence of their per-
formance on structure, determined the kinetic condi-
tions for the appearance of a synergistic effect with
organophosphorus compounds upon addition of sec-
ond components. A set of investigations concerned
with organophosphorus compounds resulted in that
process regulations and feasibility calculations were
developed and introduced into industrial practice.

Based on these studies, Kirpichnikov succeeded in
solving a practically important problem of inhibiting
the thermally induced polymerization of isoprene; in
particular, this was done at the Nizhnekamsk combine.

An important direction in Kirpichnikov’s works
were studies in the field of synthesis and modification
of polysulfide oligomers and polyurethane rubbers,
which were used to synthesize new types of polymers,
many of which are manufactured commercially and
find wide application.

Kirpichnikov developed and introduced new proc-
esses into industrial practice.

Kirpichnikov was the author of more than 500 pub-
lications, 12 textbooks, manuals for higher school,
monographs, and reviews; he received 330 inventor’s
certificates and patents. His disciples include 12 doc-

tors and 60 candidates of science.

Kirpichnikov was an excellent pedagogue and tutor
of young scientists. His services in organization of
training of engineers for chemical industry are great.

When being the rector of Kazan Institute of Chemi-
cal Technology for 24 years, Kirpichnikov succeeded
in making it one the most prominent higher school
institutions of the country, in organizing new facul-
ties, chairs, and branches, and in training highly
skilled scientific and pedagogical workers. The insti-
tute became a center at which large conferences, sym-
posia, workshops, schools, and All-Union, Russian,
and republican schoolchildren contests were held.

Kirpichnikov was a prominent and talented science
organizer, many years’ head of the Kazan Branch of
the Academy of Sciences of the USSR and Russian
Academy of Sciences and the Tatarstan Division of
the Mendeleev All-Union Chemical Society, and a
member of the Editorial Board of Zhurnal Prikladnoi
Khimii (Russian Journal of Applied Chemistry).

Kirpichnikov participated in the Great Patriotic
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War. He served in the Air Force and was awarded
orders and medals for service in battle.

Having been demobilized in 1947, Kirpichnikov
was sent to Germany where he worked as chief en-
gineer at a large chemical combine Buna, and, after
Soviet plants were transferred to Germans in 1953, re-
mained at this plant as adviser. For his contribution to
the national economy of the German Democratic Re-
public, he received a government award �For Services
in Foundation and Development of the GDR.�

Kirpichnikov was a prominent public man, he was
elected at member of the Supreme Soviet of the
Republic of Tatarstan and Kazan City Soviet of
People’s Deputies, a member of the board of directors
of the Soviet Foundation for Peace, and chairman of
the committee for assistance to the Foundation for
Peace of the Republic of Tatarstan.

The outstanding contribution of Kirpichnikov to
the scientific, scientific-organization, and pedagogic
activities was honored with numerous State awards
and prizes.

The spirits and optimism of Petr Anatol’evich, his
encyclopedic knowledge and culture in personal con-
tacts won him deep respect of the scientific and peda-
gogic community, students, and industry managers.

Petr Anatol’evich was an outstanding, brilliant, and
life-loving man. Despite that already 6 years have
elapsed after he passed away, the pain of loss is still
perceptible and the gratifying memory of him is still
alive in those for whom he was a friend, co-partici-
pant in scientific creative work, and patient tutor. Petr
Anatol’evich’s disciples and colleagues continue to
develop his ideas and hold jubilee conferences and
sessions in his memory. This primarily refers to Kir-
pichnikov Readings, first held in 2000. These readings
constitute a new tradition of the Kazan chemical
school; in March 2003, Third Jubilee Kirpichnikov
Readings will be held, devoted to problems of syn-
thesis, study of properties, and processing of macro-
molecular compounds, and also to modern problems
of education in chemical technology.

G. S. D’yakonov
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REVIEWS

Zainullin, Kh.N., Babkov, V.V., Zakirova, D.M., Chulkov, A.N.,
and Iksanova, E.M., Utilizatsiya osadkov stochnykh vod

gal’vanicheskikh proizvodstv (Utilization of Sediments
from Electroplating Shop Wastewater)

Moscow: Ruda i Metally, 2003, 272 pp.

Electroplating shops for various purposes are nu-
merous in the country. According to the data presented
by the authors of the monograph, about 5000 plants in
Russia have such shops. However, utilization of their
wastes, and sediments (sludge) formed in wastewater
treatment in the first place, are far from being properly
organized everywhere. This leads to pollution, sig-
nificant excess over the maximum permissible concen-
tration of heavy metals in soil and water bodies, and
loss of valuable components. The monograph by
Kh.N. Zainullin et al. is concerned with topical prob-
lems, which are important in environmental and
economical regard. The authors have collected and
analyzed a vast body of factual data.

The book comprises an introduction, eight chapters,
conclusion, and bibliographic list. The introduction
(pp. 4�16) discusses the possibility of using wastes
from galvanic shops as secondary raw materials. It is
noted that only 30�40% of metals and 5�20% of
acids and alkalis constitutes useful expenditure. Small
Chapter 1 (pp. 17�24) classifies sediments formed
in wastewater at sewage treatment facilities. As
examples serve typical data for electroplating shops of
machine-building plants of the Republic of Bashkor-
tostan. A practically convenient classification is that
based on methods for utilization of sediments formed
in wastewater of electroplating shops. Also possible
are other approaches.

Chapter 2 (pp. 25�60) is devoted to the problem of
waste disposal. Disposal is to be regarded as a forced
measure, caused by the lack of acceptable processes
for utilization of one or another kind of waste. At the
same time, reliable disposal techniques are expensive
and pose quite a number of environmental problems.
Chapters 3 (pp. 61�83) and 4 (pp. 84�92) consider use
of electroplating sludges in metallurgy. The main dif-
ficulties are posed by the pronounced inhomogeneity
of composition, high moisture content, and presence
of impurities hindering the recovery of the main com-
ponent. A great number of flowsheets is considered.
The depletion of resources of nonferrous metallurgy
and the necessity for use of lean ores make processing

of various kinds of secondary raw materials, including
electroplating sludges, particularly topical. In their
processing, both pyrometallurgical and hydrometal-
lurgical techniques can be employed. The problems
associated with recovery of valuable components from
electroplating sludges by various techniques are also
discussed in Chapter 5 (pp. 93�111).

Use of sludges for direct manufacture of a number
of important products is the subject of Chapter 6
(pp. 112�123). As example serves production of
catalysts, complex ferrites, paint-and-varnish materi-
als, pigments, and means of corrosion protection.
Chapter 7 (pp. 123�237) analyzes the possibility of
utilizing wastes from electroplating shops in building-
materials industry. The possibilities and prospects in
this field are rather broad, but it is necessary to clearly
establish the environmental safety level when using
the materials thus obtained. There is no escape from
mentioning that utilization of electroplating wastes by
introducing them into building and pavement materi-
als leads to irreversible loss of nonferrous metals.
Chapter 8 (pp. 238�252) considers the possible or-
ganization measures for centralized utilization of elec-
troplating wastes in cities or industrial regions. The
brief conclusion (pp. 253�254) also contains organi-
zational recommendations. The bibliographic list
(pp. 255�271) includes references to 251 papers of
mainly Russian authors.

The monograph gives a large number of useful re-
commendations concerning utilization of wastes from
electroplating shops and discusses in most detail the
problems associated with the use of wastes in build-
ing-materials industry. The book has technological
purpose, is written in easily understandable language,
and can be recommended for a very wide audience of
engineers working at electroplating shops. Probably,
the large number of the authors of the monograph
resulted in that the text contains repetitions and the
structure of the first six chapters is insufficiently clear.
The book is well published and contains illustrative
graphic material.

A. G. Morachevskii and I. N. Beloglazov
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Abstract�Calcium phosphate compounds obtained by coprecipitation from sodium monophosphate and
diphosphate aqueous solutions under the action of calcium chloride are described.

Materials based on crystalline hydroxyapatite are
widely used in modern orthopedics and stomatology
[1�3]. Recently, increasing interest has been expressed
in calcium phosphate substances, which are close in
composition to hydroxyapatite, but have amorphous
nature. The enhanced reactivity, which results from
thermodynamic instability, is an advantage of such
substances over crystalline materials. Therefore, amor-
phous apatites can be regarded as promising com-
pounds for regeneration of bone tissue and as pre-
cursors of bioceramics.

Crystalline hydroxyapatite is usually obtained by
precipitation from aqueous solutions. This technique
is based on ion-exchange reactions between soluble
monophosphates and calcium salts [4]. If the precipita-
tion is carried out in the presence of crystallization
inhibitors, amorphous apatite-containing materials are
formed. Various substances, such as fluorides, mag-
nesium salts, polymeric phosphates, and calcium di-
phosphate can be used as inhibitors [4�7]. The last
compound is of interest because it is rather close to
hydroxyapatite in elemental composition and relative
content of phosphorous(V) and calcium(II). An ad-
ditional reason why the precipitated materials are
amorphous may be formation of a nonstoichiometric
hydroxyapatite

Ca(5 � x /2)(HPO4)x (PO4)(3 � x )(OH) � nH2O,

0 < x < 1, n = 0�2.5,

which is promoted by low pH values. Since the pres-
ence of HPO4

2� groups in the products is not always
desirable, the acidity is usually maintained at pH 7�8
by adding an alkali in the course of precipitation or

by using buffer solutions [4�7]. However, even under
these conditions, a local momentary decrease in the
pH value may occur at the surface of the forming par-
ticles as a result of liberation of an acid by the reac-
tion

3Na3PO4 + 5CaCl2 + H2O � Ca5(PO4)3OH�

+ 9NaCl + HCl.

As a consequence, HPO4
2� ions are incorporated,

despite all the efforts, into the structure of the precip-
itated substance. To make lower the probability of this
process, it is advisable to carry out precipitation in
an alkaline medium where the local decrease in pH is
minimized.

The aim of the study was to reveal the influence of
the relative content of diphosphate ions on the nature
of compounds precipitated with calcium chloride from
sodium mono- (MP) and diphosphate (DP) aqueous
solutions in the presence of an alkali, i.e., under con-
ditions that hinder formation of a nonstoichiometric
hydroxyapatite.

EXPERIMENTAL

Sodium hydrophosphate and diphosphate, Na2HPO4
and Na4P2O7, of analytically pure grade were used
in the study. Their 5% aqueous solutions were mixed
in required proportions. The relative content of the
salts in solutions was represented as DP/(DP + MP)
ratio (MP and DF are, respectively, the numbers of
moles of mono- and diphosphate in the starting so-
lutions). Preliminarily, NaOH was added to phosphate
solutions in amount sufficient to neutralize the whole
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Fig. 1. Content of sodium ions c in precipitated phosphates
vs. amount of sodium diphosphate m in starting solutions.

Fig. 2. X-ray diffraction patterns of precipitated prod-
ucts. (2�) Bragg angle. Sodium diphosphate content in
starting solutions (mol %): (a) 0, (b) 5, (c) 10,
(d) 20, (e) 30, (f ) 40, (g) 50, (h) 70, (i) 80, and
( j ) 100. (1) �-Na2CaP2O7 �4H2O, (2) Ca5(PO4)3OH, and
(3) �-Ca2P2O7.

amount of acid liberated upon the hydroxoapitite for-
mation. Calcium chloride (5% solution) was gradually
added dropwise to the phosphate solutions under
vigorous stirring. The precipitation terminated at
pH 8. All the procedures were carried out at room

temperature. The precipitates obtained were washed
many times with a dilute NaOH solution with pH 8
until the washing water became free from chloride ions.
After that the suspension was settled for 1�2 days
and separated from water first by decanting and then
by filtering on a porous glass filter. The substances
dried at 60�80�C were studied by X-ray diffraction
analysis and IR spectroscopy. A DRON-3 diffractom-
eter (CoK

�

radiation) and a Jasco IR-810 IR spectrom-
eter were employed for these purposes. KBr pel-
lets were used to record the IR spectra. The content
of sodium ions in the precipitated substances was
determined by flame photometry on a FLAPHO var
device.

In storage, aqueous suspensions separate into two
layers: water and a more concentrated suspension.
Products obtained from solutions with DP/(DP + MP)
molar ratio of 0.4 separate into layers at the lowest
rate. In all cases, the process is in fact complete within
5�7 h, and after that the suspensions become relative-
ly dense precipitates which slowly loose moisture
when stored in air.

The precipitates include sodium ions. It is seen
from Fig. 1 that the content of sodium ions in the
products obtained from solutions with molar ratios
DP/(DP + MP) < 0.3�0.4 is rather small and depends
on the composition of the starting solutions only
slightly. The content of sodium ions in substances
precipitated from solutions with higher relative DP
content is higher and grows with increasing DP frac-
tion in the starting solutions. It may be assumed that
products containing sodium ions as an impurity are
formed from DP-poor solutions, and calcium-sodium
phosphates are precipitated from solutions with high
relative content of sodium diphosphate.

According to the X-ray diffraction data, the prod-
uct obtained from a solution of only sodium mono-
phosphate is crystalline hydroxyapatite (Fig. 2a).
Substances formed in the presence of even small
amounts of sodium diphosphate show indications
of amorphicity (Figs. 2b and 2c). The correspond-
ing diffraction patterns suggest that these substances
are based on hydroxyapatite. X-ray-amorphous prod-
ucts are precipitated from solutions with molar ra-
tios 0.2 � DP/(DP + MP) � 0.4 (Figs. 2d�2f). If the
relative content of sodium diphosphate is greater
than 50%, substances containing crystalline diphos-
phates of calcium �-Ca2P2O7 and calcium-sodium
�-Na2CaP2O7 �4H2O are formed (Figs. 2g�2j).

To elucidate the effect of the composition of start-
ing solutions on the molecular base of the products,
we studied these latter by IR spectroscopy. We found
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two bands of medium intensity, which are peaked at
570 and 600 cm�1, in the low-frequency region of
the IR spectrum of the substance precipitated from so-
dium monophosphate solution, and a group of intense
mutually overlapping bands peaked at 1030, 1060,
and 1090 cm�1 in the range 950�1200 cm�1 (Fig. 3a).
All these bands correspond to P�O stretching vibra-
tions in hydroxyapatite monophosphate groups PO4

3�

[8�10]. The hydroxide ion is a structural unit of hy-
droxyapatite. Usually this group gives rise to a weak
band �L(OH) at 630�640 cm�1 in IR spectra and also
to a higher-intensity narrow band peaked at 3560�
3570 cm�1, which corresponds to �S(OH) vibrations
[8�10]. In the spectrum under consideration, the first
band appears as a weak peak with frequency of about
630 cm�1. As for the �S(OH) band, it is replaced by
a very broad and intense band at around 3420 cm�1in
the high-frequency region. This band is typical of
stretching vibrations of O�H bonds in water molec-
ules [11]. It is possible that this band and the �S(OH)
band overlap.

When even a minor amount of diphosphate is pres-
ent in a monophosphate solution, the IR spectrum of
the precipitated product contains all the above-men-
tioned bands, but some of them become less distinct
(Fig. 3b). The possible reason is the onset of disorder-
ing in the structure of the precipitate.

The IR spectrum of the substance obtained from
a solution with mole ratio DP/(DP + MP) = 0.1 con-
tains several weakly pronounced peaks, a shoulder
above 1130 cm�1, and a weak broadened band with
frequency of about 900 cm�1 in addition to the group
of mutually overlapping intense bands, (Fig. 3c). This
shoulder becomes better pronounced in the spectrum
of the product precipitated from a solution with di-
phosphate mole fraction of 0.2 (Fig. 3d). Among
the bands typical of hydroxyapatite, only the band
peaked at 1030 cm�1 survives, whereas all other com-
ponents of the spectrum undergo changes. In partic-
ular, all the peaks within the range 500�600 cm�1

merge into a single broad band.

In the IR spectrum of the substance precipitated from
a solution with mole ratio DP/(DP + MP) = 0.4, all
the strongest bands in the range 950�1200 cm�1

merge into a single broad band without any clearly
pronounced peaks (Fig. 3e). This band resembles in
shape the IR bands of such typical amorphous phos-
phates as glasses [12].

Changes in the spectra of products precipitated from
solutions with higher diphosphate content are caused
by the appearance and growth of the fraction of cal-
cium and calcium�sodium diphosphates (Figs. 3e�3i).

Fig. 3. IR spectra of precipitated products. (�) Wave num-
ber. Content of sodium diphosphate in starting solutions
(mol %): (a) 0, (b) 5, (c) 10, (d) 20, (e) 40, (f ) 50, (g) 70,
( h) 80, and (i) 100.

The IR spectra of substances precipitated from so-
lutions with mole ratios DP/(DP + MP) = 0.2�0.4 are
not a simple superposition of individual spectra of
hydroxyapatite and diphosphate. In addition, the main
bands are strongly broadened. As before, mono- and
diphosphate groups form the molecular base of the
substances, but we can assume that they have changed
their nature as compared with hydroxyapatite and di-
phosphates. The possible reason is the mutual in-
fluence of such groups under direct contact condi-
tions. In such a case, the amorphous substances under
discussion can be regarded as an aggregate of cha-
otically distributed PO4

3�, P2O7
4� groups, and also

OH� groups, which are linked by calcium cations
Ca2+.

Special attention should be paid to the high-fre-
quency range of the IR spectra, which shows stretch-
ing vibrations of O�H bonds in water molecules.
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The presence of a high-intensity high-frequency band
in all the spectra is attributable to strong hydration of
the products. As seen from Fig. 3a, the corresponding
band is asymmetric: its low-frequency wing shows
a pronounced shoulder. This suggests that two forms
of water are present in apatite, and one of these pre-
dominates. According to the other IR spectra, the water
prevailing in hydroxyapatite is gradually replaced by
the second form of water when the substance is en-
riched with a diphosphate.

It should be noted that none of the above-described
IR spectra contains clear lines typical of nonstoichi-
ometric hydroxyapatite [11]. This suggests that the
amorphicity of substances precipitated from solutions
with mole ratios DP/(DP + MP) = 0.2�0.4 is caused
by the inhibiting action of diphosphate on the crystal-
lization of hydroxyapatite.

CONCLUSIONS

(1) Crystalline or slightly amorphous products con-
taining hydroxyapatite are precipitated with calcium
chloride from alkaline sodium monophosphate solu-
tions in the presence of minor amounts of sodium di-
phosphate.

(2) Crystalline calcium and calcium�sodium di-
phosphates are precipitated from monophosphate-lean
solutions. Totally amorphous products are formed
from solutions with diphosphate/(diphosphate + mono-
phosphate) mole ratios of 0.2�0.4. These substances
mainly consist of chaotically arranged discrete PO4

3�,
P2O7

4� groups, and also OH� groups, linked by

Ca2+ cations. Molecular water is incorporated in the
structure of all the substances precipitated.
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Abstract�A mechanism of SO2 chemisorption by aqueous solutions of carbamide was suggested. The ef-
fective rate constants of accumulation of hydrogen ions in the reaction of sulfur dioxide with aqueous solu-
tions of carbamide in the range 278�313 K were determined.

One of the main tendencies in the use of methods
for desulfurization of waste gases consists in that sim-
ple absorption purification methods of nonregenerat-
ing type with limestone, lime, or other sorbents give
way to technological processes of regenerating type,
which enable removal of absorbed sulfur dioxide from
the system, with its subsequent utilization [1]. The
possibility of generation of sulfur dioxide in the form
of a virtually 100% gas can be ensured with the use
of aqueous solutions of nitrogen-containing bases as
sorbents [2].

The problems of SO2 dissolution in water and
aqueous solutions are widely discussed. The mech-
anism of sulfur dioxide dissolution in water and
aqueous solutions in the ionic form was rather well
described in [3�5]. This mechanism can be, in general
terms, represented as follows:

gas�liquid equilibrium

SO2
g �� SO2

l , (1)

specific equilibrium

SO2
l + H2O �� SO2 � H2O, (2)

SO2 � H2O �� H+ + HSO3
� , (3)

2HSO3
� �� S2O5

2� + H2O, (4)

HSO3
� �� H+ + SO3

2� , (5)

where SO2
g

and SO2
l

stand for sulfur dioxide in the gas
phase and that dissolved in water, respectively.

Also, Labutin et al. [6] suggested the molecular
mechanism of sulfur dioxide dissolution in water

SO2
g �� SO2

l , (6)

H2S2O5 + H2O ��
�
�

k5

k6

SO2 � H2O.

SO2 + SO2 � H2O
l

��
�
�

k3

k4

H2S2O5,

SO2 + H2O �
l ���

k1

k2

SO2 � H2O,
g

H2S2O5 + H2O ��
�
�

k5

k6

SO2 � H2O.

SO2 + SO2 � H2O
l

��
�
�

k3

k4

H2S2O5,

SO2 + H2O �
l ���

k1

k2

SO2 � H2O,
g (7)

(8)

(9)

Based on the assumptions that the first stage of
physical dissolution [Eq. (6)] is fast and obeys the
Henry law and the third stage [Eq. (8)] has equilib-
rium nature with account of the limiting action of
the second and fourth stages [Eqs. (7) and (9)], the
authors of [6] note that

������� = KI � KII � KIIId�

dcSO2 � H2O cSO2 � H2O cSO2 � H2O,2 (10)

where KI = k1 p/m, KII = k2 � (2k5k3 p/k4m), KIII = 2k6,
p is the partial pressure of SO2, and m is the Henry
constant. The total content of sulfurous acid, cSO2 �H2O

,
is directly proportional to the total content of the di-
sulfurous acid, cH2S2O5

:

cH2S2O5
= KIVcSO2 �H2O

, (11)

KIV = k3 p/k4m.

At the same time, a particular place among the
existing widely diverse absorption methods for desul-
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furization of discharged gases [1, 7�9] is occupied by
the carbamide technique [2, 10, 11]. This can be ac-
counted for by the fact that carbamide is a virtually
nontoxic product manufactured on large scale and its
aqueous solutions have high absorption capacity and
are easily regenerated [2], which allows their further
utilization. However, the mechanism of reaction be-
tween sulfur dioxide and aqueous solutions of car-
bamide remains poorly understood.

In the opinion of the authors of [10, 11], the reac-
tion of SO2 with aqueous solutions of carbamide pro-
ceeds via its acid hydrolysis to give CO2, H2O, and
(NH4)2SO4. However, according to [12, 13], the rate
of hydrolysis of carbamide is so slow that, in actual
practice, its solutions in water can be considered stable
up to 80�C. Only heating to 90�100�C or presence
of the urease enzyme accelerates the hydrolysis of
carbamide.

In [14, 15], a mechanism of SO2 chemisorption by
aqueous solutions of carbamide was suggested. This
mechanism consists in that the acid�base reaction
of the generated forms of sulfurous acid with carb-
amide occurs via complexation. The inorganic acid
neutralizes the weak organic base via protonation
[Eqs. (12)� (14)] or direct addition to its molecule to
give associates [Eq. (15)]:

[CO(NH2)2H]+ + HSO3
� �� [CO(NH2)2H]HSO3 , (12)

2[CO(NH2)2H]+ + S2O5
2� �� [CO(NH2)2H]2S2O5 , (13)

2[CO(NH2)2H]+ + SO3
� �� [CO(NH2)2H]2SO3 , (14)

CO(NH2)2 + SO2 + nH2O �� CO(NH2)2 �SO2 � nH2O. (15)

According to published data, carbamide exhibits
weak basic properties (pka � 0.5 [16], 0.18, 0.31 [17]).
This indicates that the uronium cation is a stronger
acid than SO2 � H2O (pka �2.0 [4]). Consequently,
formation of salts [Eqs. (12)� (14)] in aqueous solu-
tions is unlikely.

It is not improbable that donor�acceptor reaction
of SO2 with carbamide, which acts as a ligand with
respect to sulfur dioxide, results in that associates are
formed in water [Eq. (15)].

A model proposed by the authors of [6] can be well
applied to description of the reaction of sulfur dioxide
with aqueous solutions of carbamide.

The total content of sulfur dioxide in solution, Q,
at temperatures higher than 278 K is given by

(16)Q = cSO2 �H2O
+ cH2S2O5

+ [SO2
l ].

With account of (11) and (15), Eq. (10) takes the
form

������� = KI � KII ����� � KIII �����
dcSO2 � H2O

�

Q � p/m
1 + KIVd� �

	 

���

2

�

Q � p/m
1 + KIV �

	 

��� . (17)

The total content of sulfurous acid in solution

cSO2 �H2O
= [SO2 � H2O] + [HSO3

� ] + [SO3
2� ]. (18)

Since it is known [5] that disulfurous acid does not
exist in free form, the accumulation of hydrogen ions
apparently occurs mainly via dissociation of sulfurous
acid by the first stage. Since sulfurous acid is a weak
acid, it can be written at its low concentrations that

���� = k������� .
d[H+]

d�

dcSO2 � H2O

d�
(19)

After rearrangements Eq. (19) can be written as

���� = KI + KII Q + KIII Q2,
d[H+]

d�
� � � (20)

where K �I, K �II, and K �III are empirical constants:

KI = kKI + k����� � � k������� �� ,
KII p KIII p2

�
1 + KIV m (1 + KIV)2 m2��� (21)

KII = k������� � � k����� ,
2KIII

(1 + KIV)2
p

m
�

KII

1 + KIV
�� (22)

KIII = �k������� .
KIII

(1 + KIV)2
� (23)

To verify the adequacy of the model developed,
published data on the reaction of sulfur dioxide with
0.1 and 0.25 M aqueous solutions of carbamide
[15, 14] were processed in terms of this model and
the reaction of SO2 with 0.5 M carbamide solutions
was studied in the interval 278�313 K.

EXPERIMENTAL

The experimental procedure employed was de-
scribed in detail in [15, 16].

Model solutions were prepared with distilled water
and carbamide of analytically pure or pure grades,
additionally purified by recrystallization. The con-
centration of carbamide in the systems studied was
monitored by photometry [18].

Purified sulfur dioxide [19] was continuously bub-
bled at constant volumetric flow rate of 8 ml min�1

through a model solution placed in a thermostated cell
(solution volume 250 ml). Together with pneumatic
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agitation, mechanical stirring was also used, which
ensured ideal mixing of the components. The concen-
tration of hydrogen ions was measured in the course
of experiments with an ESL-43-07 glass electrode.
An EVL-1M3 silver chloride reference electrode was
filled with a saturated aqueous solution of potassium
chloride at 298 K.

The measurements were done at 278�313 K.

In the course of an experiment, cSO2
was monitored

after the reaction mixture at 15�30-s intervals by iodo-
metry [20]. The amount of reacted SO2 was deter-
mined by the Scheniger method [21] and calculated
using the formula

Q = ���������� ,
q(cSO2

� cSO2
)

Vl � 64

in fin

Q = ���������� ,
q(cSO2

� cSO2
)

Vl � 64

in fin

(24)

where Vl is the solution volume (ml); cSO2

in and cSO2

fin ,
the SO2 concentrations before and after the reac-
tion (M); q, the volume of the reaction mixture (ml)
passed through the reactor during a time �.

The experiments were performed to constant de-
termined parameters of the system. During an entire
experiment, there was no sulfur dioxide at the outlet,
which points to its nearly 100% absorption. It was
established experimentally that raising the intensity
of stirring to more than 50 rpm has no effect on the
run of the pH curves, i.e., the reaction of SO2 with
aqueous solutions of carbamide proceeds under these
conditions in the kinetic region. In addition, the
authors of [6] maintain that, at SO2 content in the gas
phase exceeding 4 vol %, the overall rate of sulfur di-
oxide dissolution in aqueous solutions is limited by
the rate of the SO2 hydration stage.

As shown by the experiments, the concentration of
carbamide sorbing SO2 remains virtually constant in
each set of runs over the entire range of the tempera-
tures studied. No sulfate ions were found in the sys-
tems under study, which contradicts the model pro-
posed in [10, 11].

The curves describing how the pH value varies
with the amount of absorbed SO2, Q (M), in solutions
are shown in Figs. 1a [15], 1b [14], and 1c. Process-
ing of these data by the least-squares method yielded
dependences [H+] = f T, cKA

(Q ) in the form of third-
order polynomials

[H+ ] = A T, cKA
+ B T, cKA

Q + CT, cKA
Q2 + DT, cKA

Q3, (25)

where AT, cKA
, BT, cKA

, CT, cKA
, and DT, cKA

are constants
for each of the runs, which depend both on tempera-

Fig. 1. Variation of the pH value with the amount Q of sul-
fur dioxide absorbed by (a) 0.1, (b) 0.25, and (c) 0.5 M
solution of carbamide. Temperature (K): (a) (1) 278,
(2) 283, (3) 288, (4) 293, (5) 303, and (6) 313; (b) (1) 288,
(2) 293, (3) 303, (4) 308, and (5) 313; (c) (1) 278, (2) 283,
(3) 288, (4) 293, (5) 303, (6) 308, and (7) 313.
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Parameters of Eq. (20) for 0.1, 0.25, and 0.5 M carbamide solutions
������������������������������������������������������������������������������������

T, K
� cKA = 0.10 M, 0 � Q � 0.05 M � cKA = 0.25 M, 0 � Q � 0.12 M � cKA = 0.50 M, 0 � Q � 0.25 M
�������������������������������������������������������������������������������
�KI� 
104 �KII� 
103�KIII� 
102� R2 �KI� 
104 �KII� 
103�KIII� 
102� R2 �KI� 
104 �KII� 
103�KIII� 
102� R2

�����	������	������	������	�����������	������	������	������������	������	������	����
278 � 0.39 � �2.25 � �3.76 � 0.98 � � � � � � � � � �4.42 � 2.19 � 8.5 � 0.98
283 � 2.17 � �1.91 � 0.63 � 0.99 � � � � � � � � � 8.33 � �4.99 � 1.20 � 0.99
288 � 8.79 � �43.78 � 76.32 � 0.98 � 8.60 � �4.25 � 1.03 � 0.99 � 8.06 � �7.53 � 2.30 � 0.99
293 � 7.43 � �16.68 � 14.57 � 0.99 � 3.06 � 4.53 � �2.95 � 0.99 � 4.91 � �3.68 � 0.84 � 0.99
303 � 2.17 � 27.22 ��44.97 � 0.99 � 3.95 � �4.11 � 1.36 � 0.99 � 2.80 � �1.97 � 0.51 � 0.99
313 � 4.99 � �9.11 � 5.25 � 0.99 � 2.15 � �2.12 � 0.65 � 0.99 � 1.36 � �0.88 � 0.23 � 0.99

�����
������
������
������
�����������
������
������
������������
������
������
����

ture T and on the total content of carbamide, cKA, in
the reaction mixture.

With account of the fact that SO2 was delivered
during an entire run at a constant volumetric flow rate
and virtually its whole amount reacted with the ab-
sorbers, it can be written that

Q = a�, (26)

where a is a constant dependent on the gas supply
rate, and � is the time during which the gas is sup-
plied. Substitution of (26) into Eq. (25) and subse-
quent differentiation with respect to time yields

�[H+]
���� = aBT, cKA

+
��

	
�



�T, cKA

2a2CT, cKA
� + 3a3DT, cKA

�2 (27)

or

�[H+]
���� = aBT, cKA

+
��

	
�



�T, cKA

2aCT, cKA
Q + 3aDT, cKA

Q2. (28)

If Eqs. (19) and (23) are compared, it can be writ-
ten

Fig. 2. Parameters of Eq. (20) for 0.5 M carbamide solution
vs. temperature T. (1) KI�, (2) KII� , and (3) KIII� .

KI� = aBT, cKA
, KII� = 2aCT, cKA

, KIII� = 3aDT, cKA
.

The processing of the data in Figs. 1a�1c made it
possible to determine the average values of the em-
pirical constants K �I, K �II, and K �III (see table). The tem-
perature dependences of these constants for a 0.5 M
solution of carbamide can be represented in the in-
terval 283�313 K as

KI� = 8.722 
 10�10exp(��1/RT ),

KII� = �1.322 
 10�10exp(��2/RT ),

KIII� = 1.106 
 10�10exp(��3/RT ),

where ��1 = 38.94, ��2 = 41.38, and ��3 =
42.80 kJ mol�1.

Analysis of the temperature dependence of the em-
pirical constants (Fig. 2) shows that their absolute
values decrease with increasing temperature, i.e.,
the exponents in the temperature dependences of K �I,
K �II, and K �III are positive by virtue of the relationship
between the activation energies (k1�k6) and the ex-
ponent in the temperature dependence of the Henry
constant.

However, the temperature dependences of K �I, K �II,
and K �III for 0.1 and 0.25 M solutions (see table) are
more complicated and can be represented as K �I =
f (T ). For example, for a 0.25 M carbamide solution
with sulfur dioxide concentration 0 	 QSO2

	 0.12 M
at 288�313 K

KI� = 3 
10�8T 4 � 3 
10�5T 3 + 0.015T 2 � 3.0189T + 228.25,

KI�I = �7 
10�7T 4 + 0.0009T 3 � 0.4105T 2 + 82.672T

� 6241.8,

KI�II = 4 
10�6T 4 � 0.0044T 3 + 1.9847T 2 � 399.6T

+ 30 162.
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For a 0.1 M carbamide solution with sulfur di-
oxide concentration 0 	 QSO2

	 0.05 M in the range
278�313 K

KI� = �2 
 10�10T 6 + 4 
 10�7T 5 � 0.0003T 4 + 0.1018T 3

� 22.129T 2 � 2565T � 123 819,

KI�I = �3 
 10�8T 6 + 5 
 10�5T 5 � 0.0373T 4 + 14.634T 3

� 3232.7T 2 + 380 754T � 2 
 107,

KI�II = 8 
 10�7T 6 � 0.0014T 5 + 1.0154T 4 � 398.32T 3

+ 87 863T 2 � 107T + 5 
 108.

It should be noted that in all cases the approx-
imation is characterized by a correlation factor
R2 > 0.97.

Apparently, the acidity of the medium is a mea-
sure of sulfur dioxide hydration by water, since this
gives SO2 � H2O [Eq. (2)] and one of products of its
dissociation are hydrogen ions [Eqs. (3) and (5)].

Thus, aqueous solutions of carbamide strongly af-
fect solvation of SO2 by water, probably forming
various associates with sulfur dioxide. The effect of
carbamide on the hydration of sulfur dioxide has com-
plex nature. For example, the acidity of the medium
decreases in a 0.5 M carbamide solution with the tem-
perature increasing from 278 to 313 K. This can be
accounted for by the fact that, under the specific
action of carbamide, the affinity of water for sulfur
dioxide decreases in solutions with increasing tem-
perature.

CONCLUSIONS

(1) The possibility of effective absorption of sul-
fur dioxide by carbamide solutions in the temperature
range 278�313 K was established.

(2) It was found that the temperature of the reaction
medium and its composition strongly affect the acid-
base reaction in SO2�water�carbamide systems.
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Abstract�The heat conductivity of liquid binary mixtures of the system methanol�n-nonanol was measured
at different temperatures, pressures, and concentrations. A relationship between the heat conductivity of
the binary mixtures and the concentration of their components was established.

A sufficient body of experimental data on the heat
conductivity � of neat methyl and n-nonyl alcohols
is available in the literature. At the same time, the
heat conductivities of mixtures of methyl and n-nonyl
alcohols have only been reported once [1] for atmo-
spheric pressure and a narrow temperature interval
(20�80�C) at concentrations of 25, 50, and 75 wt %.

Results obtained in measuring the heat conductivity
of neat methyl alcohol at high pressures were reported
in [2�4]. Previously, the � value has been measured
for methanol [5] in a wide range of temperatures and
pressures (T = 293�600 K, P = 0.1�60 MPa), and the
results obtained are in good agreement with the data
of [3]. The heat conductivity of n-nonanol was mea-
sured at high pressure in [6, 7], with the results re-
ported being well consistent.

In the present study, the heat conductivity of liquid
binary mixtures of methanol and n-nonanol was mea-
sured in the temperature interval 293�600 K at pres-
sures ranging from atmospheric to 60 MPa. The ex-
periments were carried out on a modified cylindrical
high-pressure tricalorimeter [8�10].

The heat conductivity of neat methanol and n-no-
nanol and of their mixtures were measured on similar
setups to eliminate systematic experimental errors
constituting �1.3% for heat conductivity (for the reg-
ular-mode method).

Basic geometric dimensions of the measuring de-
vice (mm): diameter of inner measuring cylinder
12.255, inner diameter of the outer cylinder 12.931,
measuring clearance 0.338, outer diameter of the

outer cylinder 37, inner diameter of the autoclave 40,
length of measuring cylinders 140, length of com-
pensating cylinders 40.

The error in determining the heat conductivity co-
efficient did not exceed 1.8%.

The results obtained in determining experimentally
the heat conductivity for methanol�n-nonanol mix-
tures are listed in Table 1.

The scatter of experimental points around the av-
eraging curve is less than 0.3%. Analysis of the data
in Table 1 shows that the concentration dependence
of heat conductivity of methanol�n-nonanol mixtures
shows negative deviations from the additivity line
and is symmetric with respect to the concentrations
of the constituent components. It should be noted that
the deviation �� observed in [1] in measurements
under atmospheric pressure has the same direction
and magnitude. However, the effect of temperature
varies. Raising the pressure and temperature makes
the deviation �� (�� = � � �ad) smaller at mass con-
centration x = 0.5; here, �ad is the heat conductivity
of a solution, calculated using the additivity law.

On the basis of the experimental data obtained,
the following empirical equation is proposed:

� = �1x1 + �2x2 + 10�4x1x2(��T + �P � �), (1)

where �1 and �2 are the heat conductivities of the first
and second components (W m�1 K�1); x1 and x2 are
the mass fractions of the components; �, �, and � are
constants for a given system. The following values
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Table 1. Experimental heat conductivities of mixtures at high pressure
������������������������������������������������������������������������������������

� Heat conductivity � � 104 (W m�1 K�1) at indicated P, MPa
������������������������������������������������������������������������������T, K
� 0.101 � 1 � 5 � 10 � 20 � 30 � 40 � 50 � 60

������������������������������������������������������������������������������������
� 25 wt % methanol + 75 wt % n-nonanol�

288.7 � 1718 � 1724 � 1755 � 1786 � 1842 � 1887 � 1925 � 1961 � 1996� � � � � � � � �
313.3 � 1634 � 1640 � 1670 � 1705 � 1763 � 1807 � 1850 � 1885 � 1923� � � � � � � � �
344.4 � 1537 � 1547 � 1578 � 1615 � 1671 � 1717 � 1765 � 1803 � 1838� � � � � � � � �
371.7 � 1460 � 1474 � 1506 � 1543 � 1600 � 1647 � 1700 � 1738 � 1774� � � � � � � � �
400.0 � 1385 � 1403 � 1436 � 1474 � 1531 � 1583 � 1634 � 1675 � 1716� � � � � � � � �
424.9 � � 1342 � 1379 � 1419 � 1480 � 1533 � 1587 � 1629 � 1672� � � � � � � � �
450.2 � � 1283 � 1324 � 1365 � 1429 � 1484 � 1539 � 1586 � 1628� � � � � � � � �
472.8 � � 1228 � 1273 � 1320 � 1384 � 1442 � 1500 � 1548 � 1593� � � � � � � � �
498.1 � � � 1206 � 1261 � 1334 � 1397 � 1457 � 1508 � 1553� � � � � � � � �
521.7 � � � 1138 � 1197 � 1286 � 1354 � 1416 � 1470 � 1520� � � � � � � � �
548.4 � � � 1040 � 1107 � 1229 � 1308 � 1375 � 1431 � 1483� � � � � � � � �
570.6 � � � 962 � 1039 � 1180 � 1270 � 1342 � 1402 � 1455� � � � � � � � �
599.6 � � � � 978 � 1118 � 1222 � 1303 � 1367 � 1420

�
� 50 wt % methanol + 50 wt % n-nonanol
�

289.0 � 1801 � 1807 � 1839 � 1876 � 1929 � 1976 � 2015 � 2055 � 2092� � � � � � � � �
316.2 � 1713 � 1720 � 1749 � 1787 � 1842 � 1889 � 1934 � 1974 � 2014� � � � � � � � �
343.4 � 1629 � 1639 � 1670 � 1707 � 1763 � 1814 � 1860 � 1901 � 1942� � � � � � � � �
370.3 � 1550 � 1568 � 1600 � 1638 � 1696 � 1746 � 1796 � 1838 � 1878� � � � � � � � �
394.7 � 1485 � 1507 � 1540 � 1581 � 1639 � 1692 � 1743 � 1786 � 1829� � � � � � � � �
420.0 � � 1445 � 1480 � 1525 � 1587 � 1644 � 1695 � 1740 � 1786� � � � � � � � �
445.9 � � 1383 � 1423 � 1474 � 1538 � 1598 � 1652 � 1700 � 1745� � � � � � � � �
469.3 � � 1325 � 1368 � 1424 � 1495 � 1556 � 1615 � 1665 � 1712� � � � � � � � �
495.6 � � � 1296 � 1357 � 1443 � 1510 � 1574 � 1628 � 1677� � � � � � � � �
520.0 � � � 1208 � 1274 � 1391 � 1467 � 1537 � 1594 � 1647� � � � � � � � �
546.1 � � � 1070 � 1156 � 1330 � 1422 � 1499 � 1560 � 1618� � � � � � � � �
571.8 � � � � 1033 � 1248 � 1374 � 1460 � 1529 � 1586� � � � � � � � �
601.9 � � � � 975 � 1180 � 1330 � 1429 � 1503 � 1561

�
� 75 wt % methanol + 25 wt % n-nonanol
�

290.3 � 1908 � 1915 � 1946 � 1976 � 2036 � 2082 � 2125 � 2165 � 2205� � � � � � � � �
317.7 � 1821 � 1828 � 1855 � 1891 � 1950 � 1998 � 2040 � 2083 � 2126� � � � � � � � �
340.0 � 1755 � 1762 � 1790 � 1826 � 1887 � 1936 � 1981 � 2025 � 2069� � � � � � � � �
372.3 � � 1678 � 1707 � 1748 � 1805 � 1855 � 1904 � 1947 � 1991� � � � � � � � �
378.1 � � 1662 � 1693 � 1735 � 1791 � 1841 � 1890 � 1934 � 1978� � � � � � � � �
401.6 � � 1603 � 1636 � 1680 � 1735 � 1792 � 1845 � 1889 � 1935� � � � � � � � �
424.5 � � 1550 � 1583 � 1633 � 1696 � 1755 � 1807 � 1854 � 1900� � � � � � � � �
451.4 � � 1485 � 1525 � 1578 � 1649 � 1711 � 1767 � 1817 � 1864� � � � � � � � �
475.2 � � � 1461 � 1528 � 1605 � 1671 � 1733 � 1784 � 1835� � � � � � � � �
500.0 � � � 1360 � 1454 � 1556 � 1631 � 1699 � 1754 � 1806� � � � � � � � �
524.6 � � � 1230 � 1343 � 1501 � 1583 � 1662 � 1723 � 1781� � � � � � � � �
548.5 � � � � 1190 � 1432 � 1541 � 1630 � 1698 � 1758� � � � � � � � �
569.4 � � � � 1075 � 1360 � 1507 � 1605 � 1678 � 1740� � � � � � � � �
600.5 � � � � 996 � 1265 � 1456 � 1572 � 1654 � 1718

������������������������������������������������������������������������������������
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Fig. 1. (� � �0) for (I) methanol and (II) n-nonanol vs.
density � of the liquid phase.

Fig. 2. Relationship between the heat conductivities � � 104

of the system methanol�n-nonanol at different component
contents. Mixture: (1) A�B, (2) B�C, and (3) C�A. Meth-
anol + n-nonanol (wt %): A = 25 + 75, B = 50 + 50, and
C = 75 + 25.

were obtained: � = 0.2143, � = 0.80, � = 215.08;
	T = T � T0, T0 is the base temperature, T0 = (T 
m +
T 

m )/2; T 
m and T 

m are the melting points of the first
and second components (K), for methanol T 
m = 1
75.49 K, for n-nonanol T 

m = 260.60 K; P is pressure
(MPa). The �1 and �2 values were taken from [3, 7].

Table 2. Constants ai in Eq. (3) for methanol and
n-nonanol
����������������������������������������

ai � Methanol � n-Nonanol
����������������������������������������

a0 � 890.00 � �350.00
a1 � 0.4167 � 4.1167
a2 � �0.0015 � �0.0090
a3 � 0.00000333 � 0.00000833

����������������������������������������

Equation (1) describes the experimental values of
� for binary mixtures of methyl and n-nonyl alcohols
with an error not exceeding the experimental error.

Of practical interest is generalization of the data
on heat conductivities of neat alcohols and mixtures
of these. There exists a relationship between the ex-
cess heat conductivity and density of liquids and
gases

� � �0 = f (	), (2)

where �0 is the heat conductivity of a substance at
atmospheric pressure in the gas phase, � is the heat
conductivity at given T and P, and � is the substance
density at T and P.

As seen from relation (2), a knowledge of the �
value in a wide range of pressures and temperatures
is necessary for generalization. Unfortunately, this is
not the case for mixtures of methanol and n-nonanol.
The density of neat methanol and n-nonanol has
been determined with high accuracy [11�19]. These
results enable processing of data on heat conductiv-
ities of neat liquid methanol and n-nonanol at high
pressures. The results obtained are shown in Fig. 1,
whence it can be seen that the experimental points
fall on averaged parabolic curves. The maximum scat-
ter of the points around the averaging curves is 3.5%
for methanol and 3.3% for n-nonanol.

Processing of the data on �0, �, and � yields the
following dependence (3)

� � �0 = 

3

i = 0
ai	

i, (3)

where ai are constants for a given substance. The ai
values are listed in Table 2. With data on density
available, relation (3) can be used to prognosticate
the excess heat conductivity.

Data on � for binary methanol�n-nonanol mixtures
can be conveniently processed using the method of
comparative calculations in a three-axis coordinate
system [20], in which each axis corresponds to a mix-
ture [three axes and three mixtures (wt %): 25, 50,
and 75].

The method consists in the following. To establish
a relationship between the properties of the mixtures,
a closed three-coordinate system is used. The coordi-
nate axes are arranged one after another at angles of
60� (Fig. 2). The sides of the equilateral triangle ABC
are the coordinate axes. On each of the axes, the heat
conductivities of one of the three mixtures is plotted.
Here, the relationship between the three substances at
once is considered. This technique makes it possible
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to prognosticate the heat conductivity of a third mix-
ture on the basis of two others and to perform interpo-
lation and extrapolation of the � value for the system.

The results of processing are shown in Fig. 2. It
can be seen that a single curve (straight lines 1�3) is
obtained for each pair of mixtures (25 wt % meth-
anol + 75 wt % n-nonanol and 50 wt % methanol +
50 wt % n-nonanol; 50 wt % methanol + 50 wt %
n-nonanol and 75 wt % methanol + 25 wt % n-no-
nanol; 75 wt % methanol + 25 wt % n-nonanol and
25 wt % methanol + 75 wt % n-nonanol). All these
lines intersect within the inscribed triangle at the
same point. It should be noted that parts of the curves
related to low heat conductivities go outside the in-
scribed triangle ABC. Therefore, the system is sup-
plemented with a circumscribed triangle abc.

Each of the lines 1�3 can be described by an equa-
tion of the type �1 = m�2 + n, where m and n are co-
efficients. Correspondingly, the following empirical
equations were obtained for lines 1�3:

��� = 0.9812734�� + 122.7266, (4)

���� = 0.96473��� + 175.540, (5)

�� = 1.06422���� � 325.2523, (6)

where �
, �

, and �


 are, respectively, the heat con-
ductivities of the first, second, and third mixtures
(25, 50, and 75 wt % methanol).

CONCLUSIONS

(1) The heat conductivities of methanol�n-nonanol
binary mixtures were determined experimentally at
content of 25, 50, and 75 wt % in the temperature
interval 293�600 K and pressures ranging from 0.1
to 60 MPa. The experiments were carried out on
a modified setup developed by the authors with the
use of a cylindrical tricalorimeter operating in the
regular mode. The results obtained are processed
using the method of comparative calculations.

(2) An equation is proposed for determining the
heat conductivity. This equation reflects the depen-
dence of heat conductivity on concentration, temper-
ature, and pressure. Experimental data for methyl and
n-nonyl alcohols are processed using data on their
densities.
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Abstract�The heat conductivity of mutual methanol�n-dodecanol solutions was measured at various pres-
sures, temperatures, and concentrations. The measurements were carried out on a modified cylindrical tric-
alorimeter.

The heat conductivity � is an important physico-
chemical property of liquids and gases. Consequently,
studying the heat conductivity is of indubitable prac-
tical importance.

The already carried determinations of � for al-
cohols were reviewed in [1]. Three values are known
from the literature for the heat conductivity at high
pressure, with the differences between these values
being unacceptably large. Therefore, the heat conduc-
tivity of methyl alcohol has been measured previ-
ously at temperatures of 293�600 K and pressures in
the range 0.1�60 MPa [2]. A comparison of the newly
obtained data on the heat conductivity � of methanol
demonstrated that they are in satisfactory agreement
only with the data of [3].

The heat conductivity of n-dodecyl alcohol was
measured at pressures of up to 50 MPa and tempera-
tures of 326�624 K in [4]. The present study supple-
ments data on the � value for the system methanol�
n-dodecanol, which makes it possible to obtain mu-
tual dependences of binary solutions.

The experiments were carried out on a modified
setup [2, 5]. The same setup was used to measure
the � value for neat n-dodecyl alcohol [4] and to make
a control measurement of � for a model liquid, meth-
anol [2].

The heat conductivity of the system methanol�
n-dodecanol was studied in the liquid state up to
600 K and 60 MPa at component content of 25, 50,
and 75 wt %.

The basic dimensions of the device were as follows
(mm): diameter of inner measuring cylinder 12.255,
inner diameter of the outer cylinder 12.931, annular

clearance 0.338, length of measuring cylinders 40,
length of compensating cylinders 40. The maximum
error in determining the heat conductivity was 1.8%.
In the experiments, the Rayleigh number was much
smaller than 1000, and, therefore, any convection was
ruled out. No corrections for heat radiation across the
liquid layer were made since the alcohols are strongly
absorbing media.

The results obtained in determining � are summa-
rized in the table. The reproducibility of the experi-
mental points was better than 0.33%.

The heat conductivities of neat methanol and n-
dodecanol were taken from [2, 4].

The components taken for preparing the solution
had the following characteristics. For methanol: �4

20 =
791.14 kg m�3, melting point Tm = 175.49 K, boil-
ing point Tb = 337.70 K, critical temperature Tcr =
512.64 K, critical pressure Pcr = 8.096 MPa, criti-
cal density �cr = 272 kg m�3; for n-dodecanol, respec-
tively: �4

20 = 829.69 kg m�3, Tm = 297.07 K, Tb =
537.79 K, Tcr = 720 K, Pcr = 2.080 MPa.

The data in the table suggest that the curves de-
scribing the concentration dependence of the heat con-
ductivity in the system methanol�n-dodecanol show
negative deviations from additivity in the range of
state parameters studied, with these curves being sym-
metrical with respect to the additivity line.

Analysis of the experimental data suggests the fol-
lowing empirical equation reflecting the dependence
of the heat conductivity of solutions on concentration,
pressure, and temperature:

(1)� = �1x1 + �2x2 + 10�4x1x2 (��T + �P � �),
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Experimental heat conductivities of mixtures at high pressure
������������������������������������������������������������������������������������

� Heat conductivity � � 104 (W m�1 K�1) at indicated P, MPa
������������������������������������������������������������������������������T, K
� 0.101 � 1 � 5 � 10 � 20 � 30 � 40 � 50 � 60

������������������������������������������������������������������������������������
� 25 wt % methanol + 75 wt % n-dodecanol�

300 � 1774 � 1781 � 1801 � 1832 � 1882 � 1930 � 1976 � 2016 � 2056
320 � 1684 � 1692 � 1715 � 1747 � 1796 � 1846 � 1892 � 1938 � 1983
340 � 1604 � 1612 � 1636 � 1665 � 1721 � 1773 � 1818 � 1865 � 1912
360 � 1531 � 1539 � 1565 � 1595 � 1651 � 1703 � 1750 � 1795 � 1842
380 � 1464 � 1472 � 1498 � 1530 � 1586 � 1639 � 1687 � 1732 � 1778
400 � 1402 � 1410 � 1437 � 1470 � 1526 � 1580 � 1629 � 1676 � 1722
420 � 1345 � 1354 � 1382 � 1415 � 1472 � 1527 � 1577 � 1622 � 1670
440 � 1284 � 1294 � 1329 � 1369 � 1423 � 1478 � 1528 � 1576 � 1622
460 � 1230 � 1241 � 1280 � 1321 � 1378 � 1432 � 1484 � 1530 � 1578
480 � � 1181 � 1228 � 1273 � 1334 � 1390 � 1442 � 1490 � 1540
500 � � 1115 � 1170 � 1222 � 1294 � 1353 � 1407 � 1455 � 1503
520 � � 1043 � 1105 � 1165 � 1253 � 1315 � 1372 � 1422 � 1471
540 � � 944 � 1021 � 1099 � 1211 � 1283 � 1342 � 1393 � 1442
560 � � � 930 � 1027 � 1167 � 1249 � 1313 � 1367 � 1418
580 � � � 865 � 975 � 1123 � 1218 � 1289 � 1346 � 1397
600 � � � 822 � 937 � 1083 � 1186 � 1266 � 1326 � 1380

�� 50 wt % methanol + 50 wt % n-dodecanol�
300 � 1834 � 1841 � 1865 � 1898 � 1950 � 1996 � 2044 � 2085 � 2126
320 � 1755 � 1763 � 1788 � 1820 � 1873 � 1923 � 1967 � 2013 � 2060
340 � 1681 � 1689 � 1714 � 1746 � 1804 � 1856 � 1901 � 1948 � 1995
360 � 1615 � 1623 � 1651 � 1683 � 1740 � 1793 � 1840 � 1885 � 1934
380 � 1553 � 1561 � 1590 � 1625 � 1680 � 1734 � 1782 � 1828 � 1875
400 � 1494 � 1503 � 1532 � 1571 � 1624 � 1681 � 1731 � 1778 � 1826
420 � 1435 � 1445 � 1480 � 1522 � 1580 � 1637 � 1687 � 1733 � 1782
440 � � 1390 � 1431 � 1476 � 1537 � 1594 � 1646 � 1693 � 1743
460 � � 1334 � 1383 � 1431 � 1496 � 1554 � 1608 � 1655 � 1706
480 � � 1265 � 1326 � 1383 � 1454 � 1515 � 1573 � 1622 � 1673
500 � � 1191 � 1267 � 1327 � 1414 � 1481 � 1540 � 1591 � 1643
520 � � � 1170 � 1254 � 1371 � 1442 � 1509 � 1563 � 1615
540 � � � 1030 � 1164 � 1328 � 1406 � 1480 � 1537 � 1591
560 � � � 878 � 1062 � 1269 � 1375 � 1453 � 1514 � 1571
580 � � � 782 � 996 � 1213 � 1344 � 1432 � 1497 � 1553
600 � � � � 955 � 1165 � 1314 � 1410 � 1480 � 1539

�� 75 wt % methanol + 25 wt % n-dodecanol�
300 � 1913 � 1920 � 1945 � 1980 � 2036 � 2083 � 2128 � 2169 � 2210
320 � 1843 � 1851 � 1876 � 1911 � 1967 � 2016 � 2059 � 2104 � 2152
340 � 1776 � 1784 � 1811 � 1844 � 1904 � 1955 � 1999 � 2045 � 2093
360 � 1716 � 1725 � 1754 � 1789 � 1847 � 1899 � 1946 � 1990 � 2038
380 � � 1668 � 1698 � 1734 � 1792 � 1844 � 1893 � 1938 � 1985
400 � � 1613 � 1644 � 1682 � 1740 � 1798 � 1849 � 1895 � 1942
420 � � 1554 � 1595 � 1640 � 1703 � 1761 � 1812 � 1857 � 1907
440 � � 1495 � 1549 � 1601 � 1666 � 1725 � 1777 � 1826 � 1874
460 � � 1438 � 1501 � 1559 � 1629 � 1689 � 1746 � 1794 � 1845
480 � � � 1440 � 1510 � 1587 � 1654 � 1717 � 1766 � 1818
500 � � � 1358 � 1447 � 1548 � 1621 � 1687 � 1740 � 1793
520 � � � 1238 � 1357 � 1501 � 1582 � 1657 � 1715 � 1770
540 � � � 1015 � 1243 � 1452 � 1545 � 1629 � 1692 � 1751
560 � � � � 1109 � 1383 � 1514 � 1601 � 1672 � 1734
580 � � � � 1029 � 1316 � 1481 � 1583 � 1659 � 1719
600 � � � � 987 � 1257 � 1450 � 1564 � 1644 � 1707
������������������������������������������������������������������������������������



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 4 2003

524 NAZIEV, BASHIROV

where, �1, �2 are the heat conductivities of the first
and second components; x1, x2 the concentrations in
mass fractions; �T = T � T0, T0 = (T �m + T ��m )/2, where
T0 is the base temperature; T �m, T ��m are the melting
points of the first and second components; �, �, and
� are constants for a given system, found from ex-
perimental data to be � = 0.1571, � = 0.533, and
� = 161.008.

Equation (1) describes the experimental data with
an error not exceeding the experimental error.

As seen from Eq. (1), the deviation from additivity
for liquid mutual solutions of the system methanol�
n-dodecanol depends not only on concentration, but
also on temperature and pressure. Raising the temper-
ature and pressure affects negatively the magnitude of
the maximum deviation 	�1. For example, at 5 MPa
and 300 K 	� = 35.0 W m�1 K�1 and 	�/� = 1.9%,
and at 50 MPa and 500 K 	� = 23.0 W m�1 K�1 and
	�/� = 1.45% (x1 = x2 = 0.5).

A theoretical expression is known, which relates
the heat conductivity and the thermal pressure [6]:

� = �0 + a (Pt /T )n, (2)

where � is the heat conductivity at given T and P;
�0 is the heat conductivity of the substance at atmo-
spheric pressure in the gas phase; a, n are constants
for the given substance; T is absolute temperature;

Pt is the thermal pressure, Pt = T 
 .
	

 �

�
�P
�T �



The a value depends on density only slightly, and
n can be considered invariable.

Expression (2) was derived from the Enskog equa-
tion [7].

The following equation can be written for deter-
mining the thermal pressure:

Pt = �T 
 / 
 ,
	

 �

�P T

/
/ 	

 �

�

 
�� ��
�T �P

(3)

where � is the specific volume of the liquid, � = 1/�.

As seen from Eqs. (2) and (3), detailed experi-
mental data on density or the equation of state is
to be known for calculating the heat conductivities
of liquids. Unfortunately, the density of methanol�
n-dodecanol solutions has not been studied as a func-
tion of pressure, temperature, and concentration, and,
therefore, Eq. (2) is inapplicable to the solutions.
����������
1
�� = � � �ad; �ad is � value calculated on the basis of
the additivity rule at x = 0.5.

The PVT dependence has been studied for n-dodecyl
alcohol in the liquid phase in sufficient detail [8] (at
T = 308.15�598.15 K, P = 0.1�50 MPa), and, there-
fore, Eq. (2) was tested for the case of n-dodecyl al-
cohol. Preliminarily, the thermal pressure was calcu-
lated in relation to P and T. It was found that at a0 =
�1.0610286, a1 = 0.003718, a2 = �0.0000027143,
and n = 0.992 the error of the equation is the largest

(3.0%), where a = 

2

i = 0
ai�

i.

It has been proposed [9] to use a closed three-co-
ordinate system in processing data on thermal proper-
ties, including heat conductivity, of solutions. Howe-
ver, this method allows data processing for only three
solutions with different concentrations or composi-
tions. The three-axis coordinate system is inapplic-
able to the case of simultaneously four solutions. Thus,
a four-axis coordinate system should be used. In the
present study, an attempt is made to apply such a tech-
nique to four binary systems. The use of a four-axis
coordinate system will make it possible to relate in
a simple way the heat conductivities of the solutions,
to process these data graphically and prognosticate
the heat conductivity of a solution under study on the
basis of the other three solutions, and to perform,
when necessary, interpolation and extrapolation. Be-
low, the essence of the method is described.

The heat conductivities of the systems studied:
methanol�n-hexanol, methanol�n-nonanol, methanol�
n-undecanol, and methanol�n-dodecanol, are pro-
cessed in a four-coordinate system (see figure). Four
coordinate axes, OA, OB, OC, and OD, are set in
the square ABCD. On each axis, the heat conductiv-
ity of a single solution is plotted (methanol with
an alcohol). As an example serve (50 + 50%) solu-
tions of the above alcohols. For simplicity, the heat
conductivity scales are taken to be the same. For all
the axes, the origin of coordinates lies at point O.
Rectangular grids are used to find the intersection
points of the heat conductivities at given P and T.
Solution pairs give curves within the rectangular co-
ordinate system. The four possible combinations of
pairs give four curves 1�4. It was found that, to with-
in the experimental error, these curves are straight
lines described by simple mutual-dependence equa-
tions �� = m��� + n.

Processing gives the following equations:

�2 = 1.052�1 � 37.81, (4)

�3 = 1.051�2 � 60.05, (5)

�4 = 1.097�3 � 159.24, (6)

(7)�1 = 0.873�4 + 140.5,
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Mutual dependences of the heat conductivities of the sys-
tems methanol�n-hexanol, methanol�n-nonanol, methanol�
n-undecanol, and methanol�n-dodecanol at 50 wt % meth-
anol. Solution: (1) OA�OB, (2) OB�OC, (3) OC�OD, and
(4) OD�OA, where O, A, B, C, and D stand for, respec-
tively, methanol, n-hexanol, n-nonanol, n-undecanol, and
n-dodecanol.

where �1, �2, �3, and �4 are the heat conductivities
of the first (methanol�n-hexanol), second (methanol�
n-nonanol), third (methanol�n-undecanol), and fourth
(methanol�n-dodecanol) solutions. In all the solutions,
the content of methanol is 50 wt %.

Equations (4)�(7) make it possible to find the heat
conductivity of a given solution on the basis of the
other three solutions, which is very important for
mutual verification of the accuracy of calculation.

It should be noted that P and T can be used as de-
termining parameters for the properties of solutions
that are far from the saturation line and the critical
region. At the same time, for the zone close to the
saturation line and the pseudocritical point, the respec-
tive reduced parameters � and � should be used, where
� is reduced pressure and � is reduced temperature.

CONCLUSIONS

(1) An experimental study of the heat conductivity
of methanol�n-dodecanol mutual solutions at temper-
atures of 300�600 K and pressures in the range 0.1�
60 MPa was carried out at methanol content of 25,
50, and 75 wt %. The experiments were performed
on a modified setup by the regular-mode method.
The results obtained were processed graphically and
analytically. A four-coordinate system making it pos-
sible to calculate the heat conductivity of a solution
on the basis of the three others is proposed for the
first time.

(2) The heat conductivity of n-dodecanol was re-
lated to thermal pressure, and a corresponding equa-
tion was obtained.
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Abstract�The equilibrium between a copper�nickel alloy and an oxide melt in the Cu2O�NiO�SiO2 system
was studied experimentally. The distribution coefficients of nickel were determined as a function of the con-
tent of silicon dioxide, and the ratio of activity coefficients of nickel and copper oxides at 1300�C was found.

The information on thermodynamic properties of
molten metallic and oxide systems makes it possible
to solve a great number of problems related to the de-
velopment of technological processes. The equilibri-
um between a metallic melt of copper with admixture
of nickel and iron silicate melts with high concentra-
tion of copper and nickel oxides is of interest when
analyzing pyrometallurgical processes associated with
the production of copper from nickel-containing cop-
per raw materials. To processes of this kind, in par-
ticular, belong oxidizing fusion of a copper concen-
trate obtained by flotation of converter matte in con-
verters with oxygen overdraft to give nickel-contain-
ing [1, 2] and blister copper [3, 4], fusion of a sim-
ilar concentrate to yield nickel-containing copper in
a converter with bubbling oxygen [5], and a number
of other processes.

This study is a continuation of [6], in which the
equilibrium between a cooper�nickel metallic melt
and Cu2O�NiO oxide melt was analyzed. The aim of
the present study was to assess the influence exerted
by the main components of an industrial slag melt on
the equilibrium in this system.

The equilibrium distribution of copper and nickel
between metallic and oxide-silicate phases is governed
by the exchange reaction

(Cu2O) + [Ni] = (NiO) + 2[Cu]. (1)

The parenthesis traditionally denote the oxide-sil-
icate phase, and square brackets, the metallic phase.

The coefficients Lm of metal distribution between
a copper�nickel alloy and an oxide-silicate melt are
expressed as

Lm = (Ni) / [Ni]. (2)

Since the activities of copper and nickel in metallic
melts saturated with oxygen can be found in the litera-
ture [7], we can calculate the ratios of activity coef-
ficients in Cu2O�NiO�SiO2 melts, using the known
equilibrium constant of reaction (1):

�NiO /�Cu2O
= Ka / xNiO /xCu2O

x2 /xNi �2 /�Ni ./ / ���� / 	


�
� /Cu 	



�
� /Cu 	



�� (3)

The equilibrium constant of reaction (1) was cal-
culated from the melting heat �Hm = 50.6 kJ mol�1

[8], with account of nickel oxide supercooling, to
be 8.9 at 1573 K.

It was expedient to begin this study with considera-
tion of the phase diagram of Cu2O�NiO�SiO2. Since
this diagram could not be found in the accessible pub-
lications, we consider the available data on the binary
systems Cu2O�SiO2 and NiO�SiO2.

The first results obtained in studying the system
Cu2O�SiO2 by chemical methods for determining
melting points are indicative of the presence of var-
ious copper silicates: Cu2O � SiO2, 2Cu2O � SiO2,
3Cu2O � SiO2, 5Cu2O � SiO2, and CuO � SiO2. How-
ever, the majority of later studies ruled out the ex-
istence of these or any other chemical compounds in
the system. In particular, the systems Cu2O�SiO2 and
CuO�SiO2 have been studied in detail by Berezhnoi
[9, 10] on quenched samples, using microscopic and
X-ray methods, and then by Gadalla [11] by means of
gravimetry. They also found that there are no chem-
ical compounds in this system. In [12], the system
Cu2O�SiO2 was subjected to X-ray diffraction ana-
lysis, and the phase diagram of the CuO�SiO2 sys-
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tem in air was constructed on the basis of a critical
consideration of published data and the authors’ own
experimental data. It was found that copper(II) oxide
completely dissociates at 1025�C into copper(I) ox-
ide and oxygen and the eutectic containing 92 wt %
Cu2O + 8% SiO2 melts at 1050�C.

The system NiO�SiO2 belongs to eutectic systems
with broad stratification region. It is seen from the
phase diagram presented in [13] that a single com-
pound, specifically, nickel orthosilicate Ni2SiO4 with
olivine structure, exists in the system. It was shown
in [14] that, unlike other olivines, which melt con-
gruently, nickel orthosilicate dissociates in the solid
state at 1545�C.

Using the EMF method, Rog and Borchardt [15] de-
termined the standard molar Gibbs energy of Ni2SiO4
formation from oxides by reaction (4) and also found
its temperature dependence:

2NiO + SiO2 = Ni2SiO4, (4)


G0 = �0.0089T + 15.941. (5)

It is seen from dependence (5) that, with increasing
temperature, the Gibbs energy inevitably becomes
higher and the reaction equilibrium is shifted toward
the starting compounds.

The standard molar Gibbs energy of nickel ortho-
silicate formation by reaction (4) was determined in
a similar manner in [16, 17]. The resulting Gibbs en-
ergies for Ni2SiO4 agree well with each other and are
equal at 1300�C to �2.5 [16] and �2.6 kJ mol�1 [17].
These values indicate that the equilibrium constant is
small and, hence, the compound obtained is rather un-
stable.

The available published thermodynamic data for
the systems Cu2O�SiO2 and NiO�SiO2 suggest that
introduction of silicon dioxide into the system Cu2O�
NiO will virtually not affect the activity coefficient of
copper oxide, but, in all probability, the activity coef-
ficient of nickel oxide will decrease owing to the ex-
istence of a chemical compound in the system.

To determine the dependence of LNi on the com-
position of the oxide melt Cu2O�NiO�SiO2 and the
numerical values of the �NiO /�Cu2O

ratio, we per-
formed a set of experiments by a technique similar to
that described in [6], except that varied amounts of
silicon dioxide were introduced into the stock. The
experiments were carried out at 1300�C in an argon
atmosphere. In addition to analyzing the obtained
metallic alloys and oxide melts by chemical methods,
part of samples of the oxide melts was quenched on

Content of nickel [Ni]m in copper and silicon dioxide
(SiO2) and nickel (Ni) in slag, and distribution coefficients
of nickel LNi , as determined from experimental data
����������������������������������������
(SiO2)� (Ni) � [Ni]m �

LNi

� (SiO2)� (Ni) � [Ni]m
������������������ ������������������

wt % � � at.%
����������������������������������������

0.12 � 0.25 � 0.10 � 2.50 � 0.28 � 0.47 � 0.10
0.26 � 0.73 � 0.22 � 3.32 � 0.61 � 1.38 � 0.24
0.32 � 0.28 � 0.09 � 3.11 � 0.76 � 0.53 � 0.10
0.78 � 1.93 � 0.68 � 2.84 � 1.80 � 3.57 � 0.74
1.18 � 2.44 � 0.66 � 3.70 � 2.69 � 4.47 � 0.71
1.26 � 1.90 � 0.64 � 2.97 � 2.88 � 3.50 � 0.69
1.28 � 2.50 � 0.79 � 3.16 � 2.92 � 4.57 � 0.85
1.70 � 4.29 � 1.06 � 4.05 � 3.77 � 7.65 � 1.15
1.90 � 3.07 � 0.75 � 4.09 � 4.26 � 5.53 � 0.81
3.06 � 4.20 � 1.01 � 4.16 � 6.67 � 7.37 � 1.09
4.81 � 4.51 � 0.87 � 5.18 � 10.23 � 7.72 � 0.94
7.00 � 4.72 � 0.87 � 5.43 � 14.74 � 7.85 � 0.94

10.49 � 4.30 � 0.76 � 5.66 � 20.89 � 6.89 � 0.82
12.39 � 4.20 � 0.80 � 5.25 � 24.17 � 6.59 � 0.86
����������������������������������������

a copper disc (cooling rate of about 103 deg s�1) and
studied by scanning electron microscopy and X-ray
fluorescence microanalysis.

The content of nickel in copper and silicon dioxide
in nickel and slag, and also the distribution coeffic-
ients of nickel, found in our experiments, are listed in
the table.

The main difficulty in studying the equilibrium be-
tween metallic and oxide melts of the system Cu2O�
NiO is that its phase diagram and, in particular, the
liquidus line are unknown. Therefore, we subjected
the samples obtained to chemical analysis only if
we were sure that the oxide melt was homogeneous.
In this case the ratio of the amounts of the starting

Fig. 1. Microstructure of a homogeneous oxide melt of the
system Cu2O�NiO�SiO2.
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Fig. 2. Microstructure of quenched oxide melt with
NiO/Cu2O ratio of 0.13. Microstructure of (a) melt with
inclusions of nickel oxide and (b) homogeneous oxide melt.
Phase close in composition to (1) Cu2O, (2) SiO2;
(3) nickel silicate (wt %): SiO2 29, NiO 65.4, Cu2O 5;
(4) nickel oxide (wt %): SiO2 0.2, NiO 96.7, Cu2O 2.5.
Average composition of the homogeneous part of the melt
(wt %): SiO2 6.72, NiO 6.67, Cu2O 83.87.

Fig. 3. Dependence of nickel content (Ni) in an oxide
melt on the silicon oxide content (SiO2) in the melt at
NiO/Cu2O ratio equal to 0.11.

Fig. 4. Dependence of the ratio of activity coefficients of
nickel and copper oxides �NiO /�Cu2O

on the content of
silicon dioxide (SiO2) in an oxide melt.

materials was selected in such a way that, first, the
NiO/Cu2O ratio of molar concentrations in the oxide
melt was less than 0.11 (limiting ratio of molar con-
centrations for a homogeneous melt in the system
Cu2O�NiO [6]) and, second, the concentration of SiO2
was negligible (see phase diagram for Cu2O�SiO2 in
[12]). The homogeneity of the melt was selectively
monitored by its quenching.

A typical microstructure of a homogeneous oxide
melt of the system Cu2O�NiO�SiO2 is shown in
Fig. 1. It is evident that the melt is formed of cop-
per(I) oxide on a matrix of silicon oxide with inclu-
sions of nickel silicate. In our opinion, the phase
based on nickel silicate is of secondary origin, i.e., it
is formed in the course of crystallization because of
the insufficient cooling rate. The size of other com-
ponents of the sample also indicates that the melt is
homogeneous.

When burdening involved possible going beyond
the limits of the homogeneity area, the use of quench-
ing and subsequent microanalysis to determine the
phase composition and the composition of directly
the homogeneous part of the melt was mandatory.

The typical microstructure of samples with inclu-
sions of nickel silicate and oxide is shown in Figs. 2a
and 2b. As a rule, these are melts with high NiO/Cu2O
ratios, in which nickel oxide crystals are irregularly
distributed in the bulk of a sample. The size of these
crystals is indicative of their primary origin, i.e., the
crystals are present in the melt in the solid state.

We determined the concentrations of the com-
ponents of the oxide melt with inclusions of nickel
oxide for the subsequent calculation of LNi , with the
analysis disregarding the solid phase. In this case,
the maximum possible NiO/Cu2O ratio in a slag
melt at the boundary of saturation with nickel oxide
in the system Cu2O�NiO�SiO2 was 0.13. As noted
above, this ratio is 0.11 for the system Cu2O�NiO.
Thus, the introduction of silicon dioxide somewhat
increased the ratio.

To assess the effect produced by raising the content
of silicon dioxide on the content of nickel in a slag
and on the ratio of the activity coefficients of nickel
and copper oxides, we consider separately experi-
ments in which the oxide melt was characterized by
the same ratio NiO/Cu2O (0.11) and varied SiO2 con-
tent. The dependence of the nickel content in the ox-
ide phase on the silicon dioxide content is shown in
Fig. 3. It is seen that, with increasing concentration
of silicon dioxide in a slag, the content of nickel in it
decreases. However the dependence of �NiO /�Cu2O

on
SiO2 shows different behavior (Fig. 4). On addition of
up to 10 at.% silicon dioxide, the �NiO /�Cu2O

ratio



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 4 2003

INFLUENCE OF SiO2 ON THE EQUILIBRIUM IN THE Cu�Ni�Cu2O�NiO SYSTEM 529

decreases rapidly to become 1.7 times smaller than
the �NiO /�Cu2O

ratio in the system Cu2O�NiO; further
increase in the content of silicon oxide leaves this
ratio virtually unchanged. A noticeable drop in the
�NiO/�Cu2O

value at small content of SiO2 seems to be
due to the fact that silicon oxide forms associates
with nickel oxide, which makes lower the activity
coefficient of nickel oxide, but virtually does not af-
fect the activity coefficient of copper oxide.

At the NiO/Cu2O ratio in an oxide melt equal to
0.11 and at silicon dioxide content in the slag exceed-
ing 10 at.%, the whole amount of nickel oxide (in
terms of the stoichiometry of the compound Ni2SiO4)
is already associated with silicon oxide, and, there-
fore, an excess amount of the latter does not affect
the activity coefficient of nickel oxide and, hence,
the ratio of the activity coefficients.

There is good reason to believe that NiO and SiO2
are associated in the melt in the same proportions as
in Ni2SiO4. This is evidenced by the data of X-ray
fluorescence microanalysis (Figs. 2a and 2b), which
indicate that the compositions of nickel silicate and
the compound in the phase diagram are close.

The coefficients of nickel distribution between an
oxide melt and a metallic alloy, obtained in this study
and in [6], are shown in Fig. 5a as functions of the
oxide melt composition. It is seen that LNi becomes
greater on addition of SiO2 to the Cu2O�NiO system.
This is due to the fact that silicon dioxide tends to
form associates with nickel. The dependence of the
nickel distribution coefficient on the composition of
the oxide melt in the presence of silicon dioxide is
described by the equation

LNi = 20.285(NiO)/(Cu2O) + 2.472. (6)

Here (NiO) and (Cu2O) are the concentrations (at.%).

The ratios of activity coefficients of nickel and cop-
per oxides, found in this study, are shown in Fig. 5b.
Also presented in the figure is a similar dependence
obtained in [6] for the equilibrium with a binary NiO�
Cu2O melt. It is seen from Fig. 5b that the presence of
silicon dioxide in a system decreases somewhat the
ratio of the activity coefficients of the oxides.

As already mentioned, this is due to a drop in the
activity coefficient of nickel because of its associa-
tion with silica in the melt.

The dependence of the activity coefficients of nick-
el and copper oxides on the ratio of their concentra-
tions in the Cu2O�NiO�SiO2 melts at 1300�C is
described by the analytical equation

(7)�NiO /�Cu2O
= 3.631 � 14.759(NiO)/(Cu2O).

Fig. 5. Dependence of (a) nickel distribution coefficient
LNi and (b) ratio of activity coefficients of nickel and
copper oxides �NiO /�Cu2O

on the ratio of the contents of
nickel and copper oxides in an oxide melt. (1) Cu2O�NiO,
(2) Cu2O�NiO�SiO2.

CONCLUSIONS

(1) Silicon dioxide affects the coefficient of nickel
distribution between a copper�nickel alloy and an
oxide melt, which increases in proportion to the con-
tent of silicon dioxide and nickel in a slag.

(2) Addition of silicon dioxide to the NiO�Cu2O
system results in an insignificant decrease in the
�NiO /�Cu2O

ratio. The decrease in the �NiO/�Cu2O
ratio

in the Cu2O�NiO�SiO2 melts results from the forma-
tion of associates between NiO and SiO2. This is con-
firmed by the results obtained in studying quenched
oxide melts by X-ray fluorescence microanalysis.

(3) The data obtained can be used in analyzing the
refinement of nickel-containing blister copper in the
presence of silicon dioxide in the forming slag.
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Abstract�The effect of alkaline, acid, and lime treatment on the chemical composition and sorption-struc-
tural characteristics of natural diatomites was studied. The efficiency of the lime treatment of natural di-
atomites for obtaining adsorbents was substantiated.

Diatomites, which belong to the group of sedimen-
tary siliceous rocks, are composed of diatom shells
having the form of an X-ray-amorphous variety of
opal. Despite the large volume of mining of diatomites
on the territory of CIS countries, their use is mainly
limited to manufacture of cement, claydite, and bricks
[1]. It is known that more promising and economical-
ly effective is use of these valuable mineral resources
for manufacture of adsorbents, filter powders, fillers,
and catalysts [2�5].

Synthesis of adsorbents and filter powders by lime
and acid treatment of natural diatomites was studied
in [3, 5�9].

The present communication reports the principal
results of a study of the adsorption and structural
characteristics of natural diatomites and products ob-
tained in their alkaline, acid, and lime treatments. As
objects of study were chosen typical representatives
of diatomite rocks containing 44.16 to 81.00 wt %
amorphous silica and 13 to 35 wt % accessory mi-
nerals (Table 1). Depending on the content of total

and amorphous silica and that of accessory minerals,
these rocks are conventionally termed high-quality (1),
medium-quality (2), and low-quality (3) rocks.

EXPERIMENTAL

The diatomites under study were subjected to treat-
ment with various reagents (5% NaOH solution, 6�
27% HCl solution, milk of lime with CaO content of
150 g l�1 at CaO : SiO2 molar ratio of 0.1�1.5 in
the initial mixture) at 95�C and mass ratio l : s = 7.
The duration of alkaline, acid, and lime treatments
was 2, 4, and 1�16 h, respectively.

Washed, filtered, and dried products were subjected
to comprehensive physicochemical studies.

The sorption properties of natural and processed
diatomites were assessed by determining their specific
surface area by the BET method [10] from low-tem-
perature adsorption of nitrogen. For all of the samples
studied, isotherms of adsorption of water and benzene
vapors were measured, and porous structure param-

Table 1. Chemical composition of natural diatomites
������������������������������������������������������������������������������������

� Content, wt %
������������������������������������������������������������������������

Diatomite � SiO2 � � � � � � �
������������������ � � � � � �� � Fe2O3 � Al2O3 � CaO � MgO �

Na2O +
� CO2 � calcination loss

� total � amorphous � � � � �
K2O

� �
������������������������������������������������������������������������������������
High-quality � 88.26 � 81.00 � 0.49 � 1.26 � 0.58 � 0.42 � 0.22 � 1.82 � 8.60
Medium-quality � 86.40 � 75.66 � 1.16 � 4.32 � 1.86 � 0.99 � 0.36 � 1.07 � 5.24
Low-quality � 70.00 � 44.16 � 5.50 � 13.00 � 2.20 � 1.00 � 0.87 � 0.30 � 7.06
������������������������������������������������������������������������������������
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Fig. 1. Isotherms of adsorption of (A) benzene and (B) wa-
ter vapor on starting diatomites at 20�C. (a) Adsorption
and (P/Ps) relative pressure; the same for Figs. 2 and 3.
Diatomite: (A) (1�3) low-quality, (4) medium-quality, and
(5) high-quality; (B) (1) medium-quality, (2) high-quality,
and (3�5) low-quality.

Fig. 2. Isotherms of water vapor adsorption at 20�C on
diatomites treated with (1, 3, 5) alkali and (2, 4, 6) acid.
Diatomite: (1, 2) high-quality, (3, 4) low-quality, and
(5, 6) medium-quality.

eters were calculated on their basis [11, 12]. A spec-
troscopic analysis was carried out on a Specord IR
instrument in the spectral range 400�4000 cm�1, and
X-ray diffraction analysis, on a DRON-1,5 diffract-
ometer [13, 14]. The chemical composition, density �,

and volume mass mV were found using the known
procedures [15, 16].

The results obtained indicate that natural diatomites
mainly possess macroporous structure with predom-
inance of pores of the same radius, but the structure
also contains intermediate pores.

As seen from Fig. 1A, the isotherms of benzene
vapor adsorption on the surface of high- and medium-
quality diatomites (curves 5 and 4) have similar shapes
and show hysteresis at P/Ps = 0.2�0.7. At P/Ps >
0.75, a dramatic increase in benzene adsorption is
observed for all the three types of diatomites (Table 2,
Fig. 1A), which points to the presence of a developed
macroporous structure.

Isotherms of water adsorption (Fig. 1B) on diat-
omites of all types show, except in the case of sam-
ple no. 1 (curve 2), hysteresis characteristic of swell-
ing sorbents. The adsorption and desorption branches
do not coincide in the entire range of relative pres-
sures P/Ps (0�1). The width of hysteresis in the iso-
therms of water vapor adsorption in the initial region
(P/Ps < 0.2) depends on the content of impurities
(clayey materials). The only exception is sample no. 2
(curve 1), whose hysteresis is wider in the initial
region than that for other samples, presumably, be-
cause of the fact that the clayey component of this
diatomite has an expanding structural unit (mainly of
montmorillonite type ) [17]. The desorption branches
of the isotherms of water vapor adsorption on all the
diatomites studied show a bend at P/Ps = 0.2�0.3,
which corresponds to pores whose radii calculated by
the Kelvin method [7] are equal to 7 �. The presence
of pores with radii of 7�8 � in high- and medium-
quality diatomites, which are nearly totally composed
of intact diatom shells, suggests that pores with this
radius belong to silica of organic origin.

With the content of accessory minerals increasing
from 13.0 to 18.5 wt %, the density of natural di-
atomites grows and the porosity decreases (Tables 1
and 2). An inverse relationship between the con-
tent of diatom shells (beginning with 60�70 mil-
lion shells per gram) in diatomites and their vol-

Table 2. Physicochemical properties of natural diatomites* (relative pressure P/Ps = 0.95)
������������������������������������������������������������������������������������

� pH � mV � � � � Content of � � Vp (cm g�1) found from �
� ������������� � � � �

Diatomite
� of � � Ssp , �intact shells, �

�, %
� adsorption of indicated vapor �

rp,�� � � � � ������������������������ aqueous �
kg m�3 � m2 g�1 �million pieces� � �

� extract � � � per gram � � water � benzene �
������������������������������������������������������������������������������������
High-quality � 6.5 � 140 � 1620 � 19 � 60�70 � 91.4 � 0.121 � 0.078 � 89
Medium-quality � 7.2 � 167 � 1700 � 27 � 50 � 89.8 � 0.122 � 0.085 � 65
Low-quality � 7.6 � 350 � 2180 � 60 � 7�9 � 84.1 � 0.152 � 0.082 � 28
������������������������������������������������������������������������������������
* � is porosity; Vp, total pore volume; rp, average pore radius.
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Table 3. Adsorption-structural characteristics of high-quality diatomites treated with milk of lime (treatment temperature
95�C, P/Ps = 0.95)
�����������������������������������������	������������������������������������������

� CaO/SiO2 �Vp (cm g�1) found from ad-� � 
 � CaO/SiO2 �Vp (cm g�1) found from ad-� �
� molar ratio �sorption of indicated vapor� Ssp , � 
 � molar ratio �sorption of indicated vapor� Ssp , �
� �������������������� � 
 � �������������������� �� in the ini- � � � 
 � in the ini- � � �
� tial mixture � water � benzene �

m2 g�1

� 
 � tial mixture � water � benzene �
m2 g�1

�
������������������������������������������������������������������������������������
6 � 0.2 � 0.535 � 0.521 � 191 � 11 
 6 � 1.25 � 0.775 � 0.745 � 147 � 13
6 � 0.3 � 0.640 � 0.597 � � � 11 
 1 � 0.4 � 0.591 � 0.540 � 220 � 11
6 � 0.4 � 0.717 � 0.702 � 257 � 11 
 2 � 0.4 � 0.656 � 0.603 � 229 � 11
6 � 0.5 � 0.660 � 0.631 � 237 � 11 
 3 � 0.4 � 0.703 � 0.680 � 240 � 11
6 � 0.6 � 0.510 � 0.489 � 160 � 9 
 4 � 0.4 � 0.710 � 0.688 � 236 � 11
6 � 0.7 � 0.668 � 0.642 � � � 12 
 6 � 0.4 � 0.717 � 0.702 � 257 � 11
6 � 0.8 � 0.565 � 0.489 � 160 � 13 
10 � 0.4 � 0.705 � 0.681 � 251 � 10
6 � 1.0 � � � � � 140 � � 
16 � 0.4 � 0.974 � 0.965 � 240 � 10
������������������������������������������������������������������������������������

ume mass (140�1350 kg m�3) is observed, in good
agreement with published data [18]. The specific sur-
face area of all the diatomites studied is small, with
high- and medium quality diatomites, in which the
content of the main component (diatom shells) ex-
ceeds that in low-quality diatomites, characterized by
smaller specific surface area and total pore volume
than these latter (Table 2). A conclusion can be made
on the basis of Tables 1 and 2 that the adsorption ca-
pacity of natural diatomites is low and they cannot
be effectively used in sorption processes without pre-
liminary treatment.

As seen from Figs. 2 and 3A and Table 3, alkaline,
acid, and lime treatment of natural diatomites strongly
modifies their chemical composition and physico-
chemical and adsorption-structural properties.

The desorption branches of the isotherms of water
vapor adsorption on diatomites subjected to alkaline
treatment (Fig. 2) show no bend at P/Ps = 0.2�0.3,
and, consequently, there are no pores with radius of
7�8 �. By contrast, pores with this radius are pre-
served in the diatomites after acid treatment. It has
been shown [18] that, in the course of an alkaline
treatment of the diatomites, amorphous silica con-
tained in them is completely dissolved, whereas clayey
materials remain unchanged (Table 1). Acid treatment
has nearly no effect on the diatom shells and silica
of chemical origin, whereas the clayey component of
the diatomites partly disintegrates [18].

Reflections at 3.5�4.5 � and absorption bands at
800 and 1100 cm�1, which are characteristic of amor-
phous silica, disappear from X-ray diffraction patterns
and IR spectra of diatomites after alkaline treatment.
In the IR spectra of diatomites subjected to acid treat-

ment, the intensity of absorption bands at 535, 430,
and 3620 cm�1, which are associated with montmo-
rillonite, decreases.

The isotherms of adsorption of water and benzene
vapor on diatomites subjected to lime treatment, which
show hysteresis of type B according to de Boer’s clas-

Fig. 3. Isotherms of water vapor adsorption on lime-treated
high-quality diatomites at 20�C. (A) Treatment temperature
95�C and duration 6 h. CaO/SiO2 molar ratio in the initial
reaction mixture: (1) 0.2, (2) 0.3, (3) 0.4, (4) 0.5, (5) 0.6,
(6) 0.7, (7) 0.8, and (8) 1.25. (B) CaO/SiO2 molar ratio
in the initial reaction mixture 0.4, treatment temperature
95�C. Treatment duration (h): (1) 16, (2) 10, (3) 6, (4) 5,
(5) 4, (6) 3, (7) 2, and (8) 1.
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Table 4. Chemical composition of high-quality diatomites after lime treatment (treatment temperature 95�C and
duration 6 h)
������������������������������������������������������������������������������������

CaO/SiO2
� Content, wt % � CaO/SiO2 �
���������������������������������������������������������� �

molar ratio
� � molar � pH of

in the initial
� SiO2 � � � � � � calci- � � ratio �aqueous
���������������� � � � � � � � �

mixture
� � Al2O3 � Fe2O3 �CaOtot� MgO �

Na2O +
� nation �

sum
� in treated � extract

� total � amorphous� � � � �
K2O

� loss �
total

� diatomites �
������������������������������������������������������������������������������������
Initial diatomite� 88.26 � 81.00 � 1.26 � 0.49 � 0.58 � 0.42 � 0.22 � 8.60 � 99.83 � 0.007 � 6.50

0.1 � 80.50 � 56.31 � 0.81 � 0.33 � 8.02 � 0.53 � 0.21 � 9.20 � 99.60 � 0.107 � 9.37
0.2 � 71.44 � 42.75 � 1.54 � 0.61 � 12.50 � 0.79 � 0.24 � 12.00 � 99.12 � 0.187 � 9.40
0.4 � 60.03 � 24.6 � 1.74 � 0.71 � 23.28 � 0.98 � 0.18 � 12.90 � 98.82 � 0.415 � 9.61
0.5 � 56.71 � 13.2 � 1.51 � 0.39 � 26.01 � 0.46 � 0.20 � 14.60 � 99.88 � 0.491 � 10.02
0.6 � 52.03 � 8.71 � 1.38 � 0.62 � 28.87 � 0.59 � 0.23 � 16.90 � 99.65 � 0.593 � 10.26
0.8 � 44.79 � 6.61 � 1.64 � 0.50 � 34.05 � 0.65 � 0.22 � 17.70 � 99.55 � 0.813 � 10.31
1.00 � 39.47 � 4.75 � 1.68 � 0.41 � 38.04 � 0.63 � 0.24 � 19.00 � 99.00 � 1.01 � 10.90
1.25 � 36.47 � 2.33 � 1.09 � 0.25 � 42.60 � 0.42 � 0.20 � 18.30 � 99.33 � 1.25 � 11.71
1.35 � 34.59 � 0.36 � 1.07 � 0.56 � 44.31*� 1.04 � 0.21 � 18.00 � 99.78 � 1.37 � 12.3

������������������������������������������������������������������������������������
* In addition total CaO, the sample contains 2.84 wt % free CaO.

sification, are characteristic of layered adsorbents.
The bend in the desorption branches (Fig. 3A) at P/Ps
0.20�0.25 (in adsorption of benzene vapor) and 0.25�
0.30 (in adsorption of water vapor) is due to adsorp-
tion of benzene and water vapors in the interlayer
space of the newly formed calcium hydrometasilicates.
The width of hysteresis grows with increasing
CaO/SiO2 molar ratio in the initial mixture, which
points to a rise in the content of calcium hydrometa-
silicates of the C�S�H (1) type (according to Taylor’s
classification [20]) in the products obtained (Table 4).
Raising the duration of the lime treatment of di-
atomites from 1 to 10 h at CaO/SiO2 molar ratio in
the initial mixture equal to 0.4 has virtually no ef-
fect on the run of the isotherms of water adsorption
(Fig. 3A), despite the significant change in the spe-
cific surface area of the samples (Table 3). With the
duration of treatment raised to 16 h, the bend in
the desorption branches of the isotherms of water ad-
sorption on the surface of diatomites treated with
milk of lime and the hysteresis become more pro-
nounced (Fig. 3B).

At CaO/SiO2 molar ratio in the initial mixture of
0.2�0.5, the average pore radius calculated from the
isotherms of benzene vapor adsorption on high-quality
diatomites remains unchanged after lime treatment (11
�), at CaO/SiO2 = 0.6 it has the minimum value of
9 �, and at CaO/SiO2 molar ratios in the range
from 0.7 to 1.25 it increases to 13 � (Table 3). At
constant CaO/SiO2 molar ratio in the initial mixture
(0.4), the average pore size (11�10 �) and specific

surface area remain unchanged when the treatment
duration is raised from 1 to 16 h. The maximum spe-
cific surface area and pore volume are observed at
CaO/SiO2 = 0.4 (Table 3). This behavior is character-
istic of all kinds of diatomites.

Analysis of the experimental data obtained and
published evidence suggests that, in contrast to the
other above-mentioned treatments, lime treatment of
diatomites results in that active centers appear in
the form of unsaturated C�S�C bonds on the surface
of silica of chemical origin [20�23]. Owing to their
amorphous uniform surface and structural features,
diatomites treated with milk of lime have enhanced
sorption capacity.

CONCLUSIONS

(1) A comprehensive study of the adsorption-struc-
tural properties of natural and treated diatomites de-
monstrated that, in contrast to other methods, lime
treatment of diatomites leads to a pronounced increase
in the specific surface and total pore volume of natural
diatomites.

(2) The optimal CaO/SiO2 molar ratios in lime
treatment of diatomites were revealed, at which the
treatment products have the highest adsorption ca-
pacity and most developed pore structure.

(3) It was shown that, with increasing duration of
lime treatment of diatomites, the average pore radius
remains virtually constant.
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(4) Strong differences in the structure of diatomites
subjected to treatments with different reagents were
revealed.
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Abstract�The possibility of directed modification of the functional composition of the surface and sorption
properties of a disperse Cambrian clay was examined. The concentration of donor�acceptor centers was
determined and changes in the structure and composition of the adsorption centers in the course of the acid-
base treatment were evaluated. The mineralogical composition of the Cambrian clay and of the products of
its chemical modification was analyzed by the successive dissolution procedure.

Clays from various deposits are used as raw
materials in production of ceramics and as sorbents.
In these cases, the requirements to the structure
and properties of clays are fundamentally different.
The plasticity, phase stability, and refractoriness of
clays are the most important in ceramics production,
whereas the surface area, functional composition, and
sorption capacity are the decisive properties for sor-
bents. The sorption capacity of natural clays is low
and is determined by secondary porosity. The particle
size and crystal structure (i.e., the nature of the clay-
forming minerals) also affect the sorption capac-
ity. The static sorption capacity of kaolins, illites,
and montmorillonites is 3�15, 10�40, and 80�
150 mg-equiv per 100 g dray clay, respectively [1].
The exchange capacity of natural aluminosilicates can
be improved by treatment with mineral acids. The op-
timal activation conditions (acid concentration, ac-
tivation time, liquid-to-solid phase ratio) for benton-
ites and zeolites from Turkmenistan were determined
in [2].

To prepare inexpensive and available sorbents for
treatment of soil to remove transition (heavy) metals,
we examined the possibility of chemical modification
of finely dispersed Cambrian clays mined in sub-
way tunneling. The directed modification of the clay
sorption properties was based on a physicochemical
study of the structure and functional composition of
the surface of the initial and modified samples. To

study the functional composition of the clay surface
and to monitor its changes in the course of modifica-
tion, we used the indicator procedure for evaluation
of the donor�acceptor properties, which define the
possibility of using the modified clays as sorbents.
The sensitivity of this procedure, proposed by Tanabe
[3], was significantly improved by modern spectro-
scopic methods [4, 5], in particular, by diffuse reflec-
tion spectroscopy [4]. In this study we used the proce-
dure developed by Nechiporenko [5], which allows
determination of both Brønsted (protonic) and Lewis
(aprotic) centers.

EXPERIMENTAL

We studied samples prepared by treatment of
Cambrian clay with sulfuric acid and sodium hyd-
roxide solutions at 20 � 0.5 and 105 � 0.5�C. The clay
samples were ground and treated with H2SO4 of var-
ious concentrations (100 g clay per 100 ml acid).
After that, the samples were washed with water to
pH � 7 and then treated with NaOH solution at the
same temperature as that of H2SO4 treatment. Our
preliminarily data showed that the most pronounced
differences in the structure and composition of the
modified clays appear after treatment with 0.5 and
5.0 M solutions of sulfuric acid, and all further ex-
periments on clay modification were performed using
these acid concentrations.
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Structural and surface properties of modified clays
������������������������������������������������������������������������������������

T, �C
� Modifying agent, � � qpKa

, �
H0

� Ssp, �
d, �

� B, � D, � l, � I,*� � � � � � � � �
� wt % � �g-mol/100 g � � m2 g�1 � � rad � nm � �m � %

������������������������������������������������������������������������������������
Initial clay � 0.19 � 2.8 � 19.3 � 3.2928 � 0.26 � 350 � 0.89 � 298.5

20 � 0.5 � H2SO4, 0.5 � 0.087 � 5.9 � 19.4 � 3.2928 � 0.28 � 325 � 0.88 � 202.1
� NaOH, 0.5 � 0.31 � 1.2 � 15.2 � 3.2928 � 0.30 � 303 � 1.13 � 217.0

105 � 0.5 � H2SO4, 0.5 � 0.023 � 1.3 � 15.7 � 3.2928 � 0.27 � 336 � 1.1 � 196.4
� NaOH, 0.5 � 0.14 � 0.33 � 16.8 � 3.2928 � 0.27 � 303 � 1.0 � 263.8

20 � 0.5 � H2SO4, 5 � 0.014 � 2.1 � 8.8 � 3.2928 � 0.27 � 336 � 2.0 � 220.9
� NaOH, 5 � 0.12 � 0.071 � 11.8 � 3.2928 � 0.30 � 336 � 1.5 � 351.0

105 � 0.5 � H2SO4, 5 � 0.017 � 6.6 � 11.0 � 3.2738 � 0.32 � 284 � 1.57 � 228.5
� NaOH, 5 � 0.030 � 1.6 � 10.5 � 3.2928 � 0.27 � 336 � 1.64 � 200.4
Kaolin � � � � � � � 3.5797 � 0.45 � 202 � � � 449.1

������������������������������������������������������������������������������������
* Total relative intensity.

The functional composition of the surface was
characterized by the distribution of donor�acceptor
active centers on the clay surface, which was deter-
mined by adsorption of colored acid�base indicators
with pKa varying from �4.4 to 12.8; the procedure
is described elsewhere [6]. The optical density of
the indicator solutions was recorded on an SF-26
spectrophotometer, then the concentration of the ac-
tive centers qpKa

(�g-mol g�1) with given pKa and
the Hammett function of the surface acidity H0
were evaluated. In accordance with [5], the optical
density of the blank sample was also taken into
account.

The specific surface area of the samples, Ssp, was
determined by the Klyachko�Gurvich procedure (low-
temperature adsorption of air), whose sensitivity was
improved using the silicone oil as a pressure-gauge
fluid. The particle size was tentatively evaluated from
the following equation:

l = Kf /(�Ssp ),

where � is the average density of aluminosilicates
(3.5 g cm�3, particle shape was disregarded) and Kf is
the coefficient for the spherical and cubic particle
shapes (Kf = 6).

The crystal structure of the initial and modified
clays was studied by powder X-ray diffraction (XRD)
on a DRON-3.0 diffractometer (CuK

�

radiation, Ni fil-
ter). The samples were ground in an agate mortar and
sifted with a sieve no. 004. The interplanar spacing
was calculated from the Bragg equation:

d/n = 	 /2sin 
.

The size of the coherent scattering regions was
evaluated from the broadening of the diffraction peak,
using the Selyakov equation:

D = k	 /Bcos 
,

where D is the size of the coherent scattering re-
gion (nm), B is the half-width of the diffraction peak
(rad), and k is the constant approximately equal to 1.

The content of heavy metals in the initial and
modified Cambrian clay was analyzed on a KVANT-
AFA atomic-adsorption spectrometer. The content of
the majority of heavy metals in the clays of the Lenin-
grad oblast, except iron [7, 8] (14 g per kg dray clay),
is small (�1 g kg�1). Furthermore, these metals mostly
occur in the form of polyanions, and only a minor
fraction, in the cationic form; therefore, unchanged
clay cannot act as a source of soil pollution with
heavy metals.

Data on the crystal structure, composition of
the surface donor�acceptor centers, and specific sur-
face area of the initial and modified clays are listed
in the table.

Figure 1a shows the distribution of the donor-ac-
ceptor centers over the sample surface in the qpKa

=
f (pKa) coordinates (spectra of the adsorption center
distribution (ACD) [5]), where qpKa

is the content
of the active centers, equivalent to the amount of
the sorbed indicator with the corresponding pKa.
Shifts in the entire ACD spectrum or its separate
bands and variations in the band intensity indicate
changes in the energy state of the modified clay sur-
face.
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Fig. 1. Distribution of the adsorption centers in the samples
treated with (a) 0.5 and (b) 5.0 M solutions of H2SO4 and
NaOH at 20 � 0.5 and 105 � 0.5�C. Treatment: (1, 3) acid,
(2, 4) base, and (5) initial clay. Temperature, �C: (1, 2) 20
and (3, 4) 105.

Since H0 of the surface is a statistic mean value, it
can be approximately evaluated from the ACD spec-
tra, using the following equation:

H0 = � pKa qpKa
/� qpKa

.

It is known that the adsorption surface centers can
be identified as Lewis and Brønsted acid and base
centers. The initial clay contains both Lewis base
(pKa �4.4) and Brønsted acid (pKa 2.5) centers; the
Hammett function of the surface acidity H0 3.9 and
Ssp 19.3 m2 g�1.

As seen from Fig. 1, after the clay treatment with
0.5 M H2SO4, the content of centers with pKa �4.4
(Lewis centers providing hydrolytic adsorption of
water) and 2.5 (OH groups on the anionic complex
surface) strongly decreases, whereas the concentration
of active centers with pKa 10.5 (Brønsted base centers,
substituted acid centers) increases.

The subsequent treatment with dilute NaOH solu-
tion makes lower the content of the active centers, and
H0 decreases from 5.9 to 1.3. The specific surface area
after acid treatment slightly increases, and after base
treatment it decreases to 15.2 m2 g�1. When the sam-
ple is treated with 0.5 M H2SO4 at 105 � 0.5�C, the
specific surface area decreases to 15.7 m2 g�1, and
new active centers with pKa �0.9, 5.0, and 10.5
(absent in the initial clay) appear; simultaneously,
the concentration of the Brønsted acid centers in-
creases. This is probably due to partial dissolution of
the clay skeleton.

The content of the sorption centers after the base
treatment decreases, although after treatment at 105 �
0.5�C it is slightly greater, probably due to the preci-
pitation of amorphous and finely crystalline silicates
and aluminosilicates. Also possible is formation of
porous crystalline aluminosilicates, zeolites [4]. Never-
theless, in all the cases, the final specific surface area
does not exceed the specific surface areas of the initial
Cambrian clay. The total content of the active centers
increases from 0.19 (initial clay) to 0.31 mg-mol/100 g
(after treatment with NaOH solution at 20�C)
(see table).

After treatment of the clay with 5.0 M H2SO4, the
content of the active centers (Fig. 1b) and specific sur-
face area (see table) decrease appreciably; after treat-
ment with 5 M sodium hydroxide solution, the con-
tent of the Lewis acid and base centers increases, and
the content of the Brønsted centers decreases. The
specific surface area after the acid treatment strongly
decreases, whereas after the base treatment it increases,
but remains smaller than that of the initial clay. After
heating of the sample with concentrated sulfuric acid,
the intensity of the bands of the Brønsted acid cen-
ters (pKa 2.5) grows; simultaneously, the content of
the other centers also increases, but to a lesser extent.
After treatment with NaOH solution, the content of
the active centers and the specific surface area de-
crease in parallel.

The powder diffraction patterns were obtained with
ionization recording of the diffraction maxima at room
temperature at a scanning rate of 2 deg min�1. Loca-
tion of the reflection maxima was determined with
accuracy of 0.5 mm. The reflections were indentified
using the ASTM database.

As seen from Fig. 2, the diffraction patterns of the
initial and modified clays are complex and contain
a series of intense reflections, which remain unchanged
even after treatment of the clay with sulfuric acid and
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sodium hydroxide at 20 � 0.5 and 105 � 0.5�C (3.29,
1.8, 1.36, 1.53, and 4.18 	, in order of decreasing
intensity). This fact suggests that the clay contains
a crystalline skeleton with rather large coherent scat-
tering regions. The most intense reflection (d 3.29 	)
is close to that of 
-quartz (d 3.34 	).

The identification of the sample structure using
the database is rather difficult, because the reflections
(typical of various clay-forming minerals) are shifted
and superimposed. The preferred orientation of the
crystals may also pead to significant error, especial-
ly in the analysis of anisotropic materials with non-
spherical particles. All the defects in the crystalline
sample cause diffuse scattering under angles dif-
ferent from the Bragg angles. Moreover, the reflec-
tions may shift owing to close atomic numbers of alu-
minum and silicon.

Thus, to identify the clay structure, we used the
successive dissolution procedure [9]. As the amor-
phous fraction of the sample is dissolved in an acid,
the number of reflections decreases and the diffraction
pattern becomes simpler, whereas the crystalline struc-
ture represented by the reflections at 3.29, 1.8, 1.36,
1.53, and 4.18 	 remains unchanged. In particular,
after treatment of the clay with 0.5 M H2SO4 at 20�C,
the number of reflections in the XRD pattern and their
intensity decrease. After subsequent treatment with
0.5 M NaOH, the intensity of the weak reflections
increases somewhat. After treatment with H2SO4 at
105 � 0.5�C, we obtained a sample with pronounced
reflections typical of the initial clay, whereas all the
other reflections disappeared. When this sample was
treated with sodium hydroxide at the same tempera-
ture, the weak reflections observed in the initial clay
(e.g., 2.26, 1.65 	) appeared again. This suggests that
the acid treatment removes the amorphous fraction of
the clays, whereas the base treatment promotes pre-
cipitation of crystalline aluminosilicates from solu-
tions retained in the pores after dissolution of amor-
phous or finely crystalline inclusions. In the course
of treatment, the reflection width does not change
noticeably, i.e., the size of the structural elements in
the polycrystalline clay skeleton remains constant.

After subtraction of the reflections of the quartz
and crystalline compounds precipitated after acid and
base treatments, the spectrum contains the reflec-
tions allowing identification of kaolin with crystallite
size of 202 nm (see table). Thus, in the Cambrian
clay samples studied, about 33% is dispersed 
-quartz
(see table, 0.89/0.35). The rest contains kaolin or
clay minerals and alumina. In the course of acid�base
treatment, the compounds with a three-dimensional

Fig. 2. Diffraction patterns of the (1) initial clay and
(2, 3) samples treated with 0.5 and 5.0 M solutions of
H2SO4 and NaOH at 20 � 0.5 and 105 � 0.5�C. (�) Bragg
angle. Treatment: (2) 0.5 M H2SO4 and 105�C and (3) 5 M
NaOH and 20�C.

skeleton (in contrast to the initial lamellar materials)
precipitate. In this case, a decrease in the specific sur-
face area is accompanied by an increase in the content
of donor�acceptor centers, which increases the sorp-
tion activity of the surface in the ion-exchange stage
of sorption.

The sorption capacity of the sorbents prepared was
tested using lead(II) solutions (compound of hazard
class I). The concentration of the initial solution was
40 mg l�1 and the s : l ratio was 10 g sorbent per 100 ml
solution.

As seen from Fig. 3, the sorption of lead(II) cations
on the modified clay samples proceeds in two steps.
After the ion-exchange sorption, dissolution of the
skeleton becomes predominant. The second stage in-
cludes bulk conversion of the initial silicate and
aluminosilicate compounds, i.e., the degradation ep-
itaxial transformation involving dissolved silicate
polyanions proceeds. This leads to a pronounced rise
in the clay sorption capacity and decrease in the re-
sidual concentration of lead(II) cations in the solution
with increasing sorption time.
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Fig. 3. Sorption of lead(II) ions on clay samples treated
with (a) 0.5 and (b) 5.0 M solutions of H2SO4 and NaOH at
105 � 0.5�C. (c) Concentration of lead(II) and (�) time.
Treatment: (1) first acid, (2) second acid, and (3) base.

CONCLUSIONS

(1) The possibility of directed control of the sorp-
tion properties of the Cambrian clay surface in the
course of acid�base treatment was shown.

(2) The content of donor�acceptor centers on the
Cambrian clay surface was studied as influenced by
the conditions of chemical modifications, using the in-
dicator procedure.

(3) The mineralogical composition of the Cam-
brian clay and of the products of its chemical mod-
ification was assessed by the successive dissolution
method.

(4) The sorption of lead(II) cations proceeds in
two steps: ion-exchange sorption and degradation ep-
itaxial conversion.
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Abstract�The preparative isolation of albumin from a model albumin�analgin mixture by filtration through
Sephadex G-25 was studied. The conditions providing optimal protein decontamination to remove low-mo-
lecular-weight impurities were established, and recommendations on both laboratory and industrial application
of this technique were made. Based on laboratory experiments, a commercial installation for production of
refined vaccines was designed.

One of the most important applications of gel
filtration through Sephadex is fast separation of or-
ganic mixtures into macromolecular (MMF) and low-
molecular-weight (LMW) fractions. This technique
has been successfully used for desalination of aqueous
proteins, polysaccharides, and nucleic acids, replace-
ment of buffering components, and decontamination
of macromolecular compounds to remove low-molec-
ular-weight impurities. Owing to the ease of operation,
gel filtration can be successfully applied to pretreat-
ment of multicomponent mixtures in analysis of natu-
ral objects. However, in spite of its relative simplicity,
gel�chromatography requires high skill, especially in
the case of preparative gel filtration involving treat-
ment of large amounts of expensive substances.

In a common analytical version of gel chromato-
graphy, efficient separation is achieved when using
long chromatographic columns, slow elution, and
small samples [1]. As opposed to analytical gel chro-
matography, the preparative gel filtration is, as a rule,
applied when it is necessary to separate macromolec-
ular components of initial multicomponent mixture
from low-molecular-weight impurities. In order to
decrease the reagent consumption and accelerate the
separation process, the preparative and semiprepara-
tive gel filtration should be performed under the op-
timal chromatographic conditions.

In this study, we analyzed gel filtration of a model
aqueous analgin�albumin mixture through Sephadex
G-25 to determine the conditions providing maximal
decontamination of the albumin fraction to remove
analgin.

EXPERIMENTAL

All experiments were carried out on a FPLC
(Pharmacia-Biotech, Sweden) liquid-chromatographic
device. A UV photometer (� = 280 nm) was used as
detector.

Gel filtration was performed on a column with in-
ner diameter of 26 mm, packed with Sephadex G-25 F
(Amersham Pharmacia, Sweden). At gel-bed height
of 24 cm, the working volume of the column was
127 cm3. The stock solution used in the gel filtration
experiments contained albumin (5 g l�1) modeling
a protein (macromolecular fraction, MMF) and anal-
gin (5 g l�1) modeling a low-molecular-weight ionic
component (LMWF). In gel filtration experiments,
the volume of filtered albumin�analgin mixture and
the eluent flow velocity were varied. Analysis of gel
chromatograms allows determination of the main par-
ameters characterizing the efficiency of separation of
the filtered mixture: degree of separation Rs; degree
of dilution F of the macromolecular fraction relative
to its concentration in the initial mixture; separation
efficiency N measured in the number of the theoretical
plates (tp), determined by a common method; total
eluent consumption in single separation; and content
of low-molecular-weight impurity in the isolated
macromolecular fraction.

The degree of separation (resolution) Rs was cal-
culated by the formula

Rs = 2(�r2 � �r1)/(W1 + W2),

where �r2 and �r1 are the retention times of low-
molecular-weight and macromolecular fractions, re-
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Table 1. Separation parameters in relation to eluent flow
velocity v
����������������������������������������

Parameter
� Eluent flow velocity v, cm h�1

������������������������
� 60 � 75 � 90

����������������������������������������
Resolution Rs � 1.08 � 1 � 1.02
Efficiency, N: � � �

MMF � 392 � 400 � 432
LMWF � 126 � 115 � 112

MMF volume VMMF, � 15 � 14 � 13
cm3 � � �
Eluent consumption in � 165 � 172 � 176
single separation, cm3 � � �
Sampe volume, cm3 � 5 � 5 � 5
����������������������������������������

Table 2. Separation parameters in relation to sample
volume
����������������������������������������

Parameter

� Volume, cm3 (% of the
� working column volume)
���������������������
� 5 (4) �20 (16) � 30 (24)

����������������������������������������
Eluent flow velocity, v, � 75 � 75 � 75
cm h�1 � � �
MMF volume VMMF, cm3 � 14 � 30 � 40
F (VMMF/Vs ) � 2.8 � 1.5 � 1.33
Eluent consumption, cm3 � 172 � 177 � 182
Specific eluent consump- � 34.4 � 9 � 6
tion, cm3 cm�3 of the � � �
sample � � �
Extent of separation* � C � C � P
����������������������������������������
* (C) Complete, (P) partial separation.

Table 3. Characteristics of separation of albumin from
analgin by gel filtration of their mixture (sample volume
30 ml)
����������������������������������������

MMF � Degree � � MMF contamination with
volume,� of recov- � F � LMWF (% of LMWF con-

ml � ery, % � � tent in the initial sample)
����������������������������������������

31.5 � 84.7 � 1.24 � 0
34.5 � 91.5 � 1.26 � 0
37.5 � 97.2 � 1.29 � 0
40.5 � 99.3 � 1.36 � 0.2
43.5 � 99.8 � 1.45 � 0.5
46.5 � 99.9 � 1.55 � 1.0

����������������������������������������

spectively, measured as the time elapsed from the
beginning of filtration to the appearance of the elution
peak; W1 and W2 are the widths of the elution bands
of the macromolecular and low-molecular-weight frac-
tions, respectively, measured at their bottoms.

The eluent flow velocity v was varied fom 60 to
90 cm h�1, and the filtered sample volume V, from 5
to 30 cm3, or from 4 to 24% of the working volume
of column. A 0.025 M phosphate buffer solution with
pH 7 was used as eluent.

The contamination of the macromolecular frac-
tion with low-molecular-weight components was eval-
uated by ion-exchange chromatography on a Mono
S HR5/5 column, Pharmacia-Biotech, packed with
a strong cation exchanger. In elution of analgin�al-
bumin mixture through such a column, analgin is
eluted completely by the solvent, which makes the
detection sensitivity the highest.

We found that, in filtering the albumin�analgin
mixture, albumin is completely separated from analgin
without any sorption of analgin on albumin macromol-
ecules. Table 1 shows how the separation efficiency
N and the degree of separation (resolution) Rs depend
on the eluent flow velocity. With increasing eluent
flow velocity, the efficiency of protein separation in-
creases, whereas the band of the analgin fraction is
smeared. As a result, the degree of separation of low-
molecular-weight and macromolecular components (re-
solution) remains virtually unchanged. As expected,
the eluent consumption in single separation grows
somewhat with increasing eluent flow velocity. Owing
to an increase in the separation efficiency, the macro-
molecular fraction volume decreases.

Table 2 shows how the sample volume influences
the principal separation factors.

Although, with increasing sample volume, the
macromolecular fraction volume grows, its dilution
decreases. We found that, at the ratio of the Sephadex
bed diameter to its height of 1 : 10 and the sample vol-
ume of about 1/4 of the column working volume, the
bands of macromolecular and low-molecular-weight
components overlap. In order to evaluate the degree
of separation of the filtered mixture and choose the
optimal zone of elution of the target macromolecular
fraction, we determined the content of LMWF impu-
rity in the macromolecular fraction.

Table 3 shows the main characteristics of separa-
tion of macromolecular components from low-molec-
ular-weight impurities. It is seen that, even at a ex-
cessively large sample volume (1/4 of the Sephadex
volume), approximately 99% of the macromolec-
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ular component is isolated with the minimal dilution.
A similar separation efficiency was obtained on a col-
umn with 1 : 10 ratio of the Sephadex bed diameter
to its height.

Based on our experimental results, the following
practically important conclusions can be made.

(1) In gel filtration, the eluent flow velocity is not
a critical parameter. The separation efficiency grows
only slightly with increasing eluent flow velocity.
Therefore, gel filtration can be successfully performed
using any available columns and devices for eluent
feeding and sample introduction. In the case of gel
filtration on the commercial scale, the eluate flow
velocity should be the maximum possible. Even at
minor increase in the eluent flow rate, the separation
time decreases significantly and the separation effi-
ciency increases.

(2) In order to provide efficient separation of a mix-
ture, the sample should have the optimal volume. At
approximately 1 : 10 ratio of the diameter to height
of the Sephadex bed, this volume is about 20�25%
of the Sephadex bed volume.

(3) In the course of gel filtration, the eluent flow
velocity should not be more than 2/3 of that in the

process of column packing. Under these conditions,
the Sephadex bed is not compacted, and, therefore,
both the separation efficiency and the adapter func-
tioning remain stable. In filtration of more viscous so-
lutions, still lower flow velocity should be maintained.

CONCLUSION

The most efficient decontamination of macromo-
lecular components to remove low-molecular-weight
impurities by gel filtration is achieved at the highest
possible eluent flow velocity, and 1 : 10 diameter-to-
height ratio of the Sephadex bed and sample volume
equal to about 1/4 of the gel bed volume. Taking
into account that the mechanism of gel filtration
is independent of the gel nature, our recommenda-
tions can be extended to other gel materials suitable
for gel filtration. The maximum permissible eluent
flow velocity depends on the mechanical properties
of a gel.
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Abstract�The kinetics of extraction of practically interesting vegetable raw materials: carsil (Silibium
marianum L.), amorpha (Amorpha fructicosa L.), and coriander (Coriandrum sativum L.), was studied ex-
perimentally. The results obtained were represented as a characteristic function. The optimal conditions of
the extraction process were studied.

The wide diversity of vegetable raw materials used
for solid-phase extraction, combined with the com-
plexity of mass transfer in the solid�liquid system,
leads to a number of methodological and mathemat-
ical difficulties in describing the extraction process.

To ensure versatility of extraction apparatus, it
is necessary not only to determine the extractor pa-
rameters, but also to control the process when chang-
ing the type of vegetable raw materials. This is pos-
sible with the use of the characteristic function. The
method is especially valuable in the case of processing
of a vegetable raw material characterized by a com-
plex mechanism of diffusion extraction [1, 2].

The characteristic function takes into account, in
an integral manner, specific structural features of the
solid phase and the amount of outer-diffusion resis-
tance. The function is derived from an experimental
kinetic curve c1 = f(�) on the condition that the con-
centration c1 is the same for all particles. The char-
acteristic function �(�) is most easily found with the
use of kinetic curves obtained in the batch mode of
the process under ideal mixing conditions [3, 4].

The aim of the present study was to demonstrate
the applicability of the characteristic function to cal-
culations and control of the extraction process.

Three solid�liquid systems were studied:

System T, �C
� ,

n, s�1 c*,
m3 kg�1 kg m�3

Carsil�methanol (I) 30 0.02 7.5 889.80
Amorpha�petroleum 40 0.01 7.0 921.31
ether (II)
Coriander�petroleum 50 0.01 7.0 735.21
ether (III)
����������
Note. � is the specific volume; n, the rate of worm rotation;

c *, the saturation concentration.

The experiments were carried out in a batch extrac-
tion apparatus under ideal mixing conditions. The in-
stants of sampling were varied, depending on a raw
material under study. It was established experimental-
ly that the process is limited by inner diffusion�
transport within pores of the solid phase. The outer-
diffusion resistance is virtually eliminated at the in-
dicated stirring rate.

The kinetics of extraction is described by the ex-
pression

c1 = A � B exp(�H�), (1)

where c1 is the concentration of the component being
extracted in the liquid (kg m�3); A, B, and H are con-
stants; � is the process duration (s).

For systems (I)�(III), respectively,

c1 = 0.980 � 0.966exp(�2.20 � 10�4�), (2)

c1 = 4.600 � 4.400exp(�3.40 � 10�3�), (3)

c1 = 2.050 � 1.950exp(�1.20 � 10�3�). (4)

Figures 1a�1c [respective Eqs. (2)�(4)] show the
experimental data obtained. In system (I), silimarine
(the solid phase contains silibine, silidianine, and
silichrytine, with the flavolignan complex having
general name silimarine) is extracted under the con-
ditions specified. The content of the complex was
analyzed by spectrophotometry. Silimarine is used in
manufacture of an important pharmaceutical product
Legalon (Carsil). In the case of system (II), the ex-
tracted solid phase contains isoflavonoids (or, more
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precisely, rotenoids)�amorphigenine and dehydro-
amorphigenine. They are extracted with low-tempera-
ture fractions of petroleum ether (57�C). In system
(III), the solid phase is a plant producing oil and es-
sential oil. This plant contains coumarin, flavonoids,
sitosterol, etc. The extraction was done with the same
fraction of petroleum ether as in the case of system
(II). The extracts obtained for systems (II) and (III)
were analyzed gravimetrically with an error of 10�3 g.

Constants A, B, and H in Eqs. (2)�(4) were found
numerically on the basis of experimental results.
The statistical-average error of the experimentally
determined concentrations and those calculated using
Eqs. (2), (3), and (4) � = �2.07, �3.30, and �1.09%,
respectively.

In [1, 2], the method of characteristic function for
calculation and control of extraction from solids was
described in detail. The integral (5) is a characteristic
function

�(�) = � ��� ,	



d �
�(�)

i

�

�(�) = � ��� ,	



d �
�(�)

i

�

(5)

where 	(�) = DeF/m0
�


��
c

n
�
��F
�
�
, F is the mass-exchange

surface area (m2), and De is the effective diffusion
coefficient (m2 s�1).

The characteristic function was derived from the
experimental kinetics on the condition that c1 = const
and is the same for all particles. In this case, the fol-
lowing sequence is observed:

c1 (�) � � (�) � � (�) � � (�), (6)

where

�(�) = 1 � � [c1 (�) � c1 (0)], � (�) = 	



�

0
[c* � c1 (�)]d�.

The calculation of continuous and batch processes
with the use of �(�) is based on the following set
of equations:

d�/d� = c* � c1

� = �(�)

(1 � �)��1 = c1 � cm �

�
�
�

�
(7)

where cm is the final concentration in the case of
counterflow and initial concentration for direct flow
and periodic processes in the liquid (kg m�3).

Substitution of �(�) and c1 from the material bal-
ance equation into the differential equation of sys-

Fig. 1. Variation of the concentration c1 in the liquid phase
with time � for systems (I)�(III). Curve, calculation;
points, experiment.

Fig. 2. Characteristic function � (�) for system (I).

tem (7) yields the dependence �(�) and, as a result,
the relationship between the running time of extrac-
tion and the extractor coordinate (worm length) can
be found:

�(�) = ���������������� � �(�) � � � X = V�.	

 c* � cm � ��1[1 � �(�)]

d�
�

0

Characteristic functions were found for the three
systems under study, with the kinetic equations (2)�(4)
used as a basis. The method of characteristic func-
tion was used to determine for system (I) (Fig. 2) at
a given solid-phase output capacity G and degree of
extraction, �, the basic design dimensions of the
worm extractor: diameter D, pitch S, and length X of
the worm. The characteristic functions of systems (II)



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 4 2003

546 SIMEONOV, MINCHEV

Parameters of the solid�liquid system (D = 0.127 m,
X = 1.29 m, S = 0.057 m)
����������������������������������������
System�G�104, kg s�1� V, m s�1 �n�103, s�1� �, s
����������������������������������������

(I) � 6.94 � 2.12 � 3.71 � 6100
(II) � 25.60 � 7.37 � 12.90 � 1750
(III) � 11.70 � 3.30 � 5.79 � 3910

����������������������������������������

and (III) have been used to calculate the necessary
rate n of worm rotation for the extractor designed for
system (I) at a prescribed degree of extraction, �, and
the solid-phase output capacity of the apparatus has
been obtained [1, 2].

The table lists the parameters calculated for the
above three solid�liquid systems.

Of interest for technological and engineering pur-
poses is calculation of the linear motion velocity V
of the solid phase in the extractor, corresponding
to the rate n of worm rotation. This ensures the re-
quired time � of extraction at which a prescribed de-
gree of recovery, �, of a component being extracted
is achieved.

CONCLUSIONS

(1) The obtained experimental data on the kinetics
of the process in batch extraction from the systems
constituted by carsil and methanol, amorpha and pe-

troleum ether, and coriander and petroleum ether were
used to calculate the characteristic functions �(�).

(2) The use of �(�) and the method of character-
istic function for the carsil�methanol system yielded
the basic design dimensions of the worm extractor.
The same �(�) functions were used for two other sys-
tems for calculating the rate of worm rotation and
the output capacity of the apparatus at a prescribed
degree of extraction.

(3) It was shown that the method of characteristic
function enables not only calculation, but also control
of the processes by varying certain technological par-
ameters. In doing so, there is no need to rely upon
simplifications, which are commonly inevitable in
solving numerically or analytically the complicated
problem of extraction from vegetable raw materials.
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Abstract�The potentiodynamic method was applied to study the corrosion-electrochemical behavior in
an electrolyte (3, 0.3, and 0.03% NaCl solution), of an aluminum�lithium alloy (6% Li) alloyed with
calcium (0.01�0.5%).

Alloying of aluminum alloys with lithium leads to
a significant decrease in their density and increase in
strength, heat resistance, and modulus of elasticity.
Depending on the nature of a third alloying compo-
nent, the density decreases by approximately 11% and
the modulus of elasticity, by 4%, compared with the
D16 alloy. Commercial alloys VAD-23, 1420, 1430,
1450, etc., which exceed in corrosion resistance the
D16T alloy and approach the AMg6M alloy, have
been developed on the basis of alloys of the Al�Li
system. Compression-molded and rolled semifinished
products are fabricated from these alloys [1�5]. To
enhance the corrosion resistance of aluminum alloys
with lithium, they are additionally alloyed with man-
ganese, cadmium, and zirconium [3].

In the present study, the influence of calcium addi-
tions on the electrochemical behavior of Al�Li alloys
with 6% Li was analyzed on the basis of the scientif-
ic concept assuming that the corrosion resistance of
passivating alloys is enhanced by their alloying with
anodic microadditives [1, 6]. As is known, Ca is an
anodic additive (�2.8 V) for the aluminum�lithium
alloy. The standard electrode potential of lithium is
�2.87 V [7]. According to [8], minor additions of Ca
make slower the rate of aluminum corrosion, with the
corrosion potential shifted to the negative region,
whereas major additions of calcium raise the rate of
aluminum dissolution in 3% NaCl because of the for-
mation of an intermetallic compound Al4Ca.

EXPERIMENTAL

As object of study served aluminum of A 995 brand,
LE1 lithium, and KM1 calcium. These metals were
used to prepare alloys in corundum crucibles in a re-

sistance furnace at 750�C under a layer of flux of
composition (%): NaCl 32.5, KCl 32.5, LiCl 35. The
chemical compositions of the alloys are listed in
Tables 1�3.

The melt obtained was used to cast cylindrical
samples 8�10 mm in diameter and 60�100 mm long
for a study of the corrosion-electrochemical properties
of the alloys. Prior to being placed in an electrochem-
ical cell, the samples were ground and polished with
fine emery paper, washed with ethanol and distilled
water, and dried in a desiccator.

The measurements were done with a PI-50-1 poten-
tiostat with LKD-4-002 recorder in a 3, 0.3, or 0.03%
NaCl solution. A silver chloride reference electrode
and platinum auxiliary electrode were used.

Forward and reverse potentiodynamic curves were
measured at potential sweep rate of 2 mVs�1. The alloy
samples were polarized potentiodynamically in the pos-
itive direction from the steady-state potential attained

Table 1. Corrosion potential of Al + 6% Li alloy alloyed
with calcium at different concentrations of the NaCl elec-
trolyte
����������������������������������������

� �Ecor (V) at indicated NaCl solution
cCa, � concentration, wt %

���������������������������������wt %
� 0.03 � 0.3 � 3

����������������������������������������
� � 0.830 � 0.930 � 1.020

0.01 � 0.800 � 0.800 � 0.875
0.05 � 0.730 � 0.730 � 0.870
0.10 � 0.690 � 0.700 � 0.800
0.50 � 0.690 � 0.700 � 0.780

����������������������������������������
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Table 2. Corrosion rate K of Al + 6% Li alloy containing varied amount of calcium in NaCl solution
������������������������������������������������������������������������������������

� Concentration of NaCl solution, wt %
���������������������������������������������������������������������������

cCa, wt % � 0.03 � 0.3 � 3
���������������������������������������������������������������������������
� icor, A m�2 �K � 10�3, g m�2 h�1� icor, A m�2 �K � 10�3, g m�2 h�1� icor, A m�2 �K � 10�3, g m�2 h�1

������������������������������������������������������������������������������������
� � 0.035 � 11.7 � 0.060 � 20.01 � 0.080 � 26.8

0.01 � 0.020 � 6.70 � 0.023 � 7.71 � 0.025 � 8.37
0.05 � 0.015 � 5.02 � 0.018 � 6.03 � 0.019 � 6.37
0.10 � 0.018 � 6.03 � 0.024 � 8.04 � 0.025 � 8.38
0.50 � 0.024 � 8.04 � 0.026 � 8.70 � 0.032 � 10.72

������������������������������������������������������������������������������������

Table 3. Pitting potential Ep for alloys of the Al�Li�Ca system at varied concentration of NaCl electrolyte
������������������������������������������������������������������������������������

� �Ep (V) at indicated concentration 	 � �Ep (V) at indicated concentration
cCa, � of NaCl solution, wt % 	 cCa, � of NaCl solution, wt %

���������������������������������
 ����������������������������������wt %
� 0.03 � 0.3 � 3 	

wt %
� 0.03 � 0.3 � 3

������������������������������������������������������������������������������������
� � 0.650 � 0.680 � 0.680 	 0.10 � 0.460 � 0.570 � 0.670

0.01 � 0.540 � 0.580 � 0.680 	 0.50 � 0.460 � 0.560 � 0.660
0.05 � 0.480 � 0.580 � 0.670 	 � � �

������������������������������������������������������������������������������������

on submerging a sample in a solution, until a steep rise
in the current was observed (to a constant current of
2 mA, and then in the reverse direction to a potential
of �1600 mV), with the result that the oxide film was
reduced. Finally, the samples were polarized in the
positive direction to the pitting potential.

According to the phase diagram of the Al�Li�Ca
system, the alloys obtained lie in the single-phase
region of an aluminum�lithium solid solution or in
the double-phase region of Al + Al4Ca [9], i.e., are
single-or double-phase, depending on the content of
the alloying component. The results obtained in the
study are shown in Figs. 1 and 2 and listed in Ta-
bles 1�3.

Figure 1 shows the time dependence of the corro-
sion potential of the initial Al + 6% Li alloy and
alloys with various amounts of Ca. It was found that,
during the first minutes after an alloy is submerged in
an electrolyte solution, the potential is strongly shifted
toward the positive region. In the process, a steady-
state corrosion potential is reached in 40 min for
an alloy without alloying additives, and in a 2 times
shorter time, in 20�25 min, for alloyed alloys, which
points to their relatively strong passivation under the
action of calcium additions. For example, after keep-
ing an unalloyed alloy in a 3% NaCl solution, its cor-
rosion potential is �1.020 V, whereas for an alloy
containing 0.50 wt % Ca, the potential is �0.780 V.

Fig. 1. Variation of the corrosion potential E with time � for (1) Al + 6% Li alloys and (2�5) the same alloys with calcium.
Ca content (wt %): (2) 0.01, (3) 0.05, (4) 0.10, and (5) 0.50; the same for Fig. 2. Electrolyte, NaCl solution (wt %): (a) 3.0,
(b) 0.30, and (c) 0.03.
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Figure 2 shows the anodic of potentiodynamic
curves measured for aluminum�lithium alloys con-
taining varied amount of Ca in a 3% NaCl solution.
It can be seen that alloying with calcium shifts
the corrosion potential of the alloys toward the pos-
itive region, with the pitting potential growing with
the content of the alloying component increasing to
0.5 wt %.

The corrosion-electrochemical behavior of the al-
loys was studied at various concentrations of the NaCl
electrolyte. With increasing concentration of chloride
ions (Table 1), the corrosion potential decreases, which
indicates that the corrosion resistance of the alloys
falls. This is confirmed by studies of the rate of cor-
rosion in NaCl solutions of alloys with varied content
of Ca (Table 2).

Ca additions of up to 0.05 wt % improve the cor-
rosion resistance of the alloys in all the solutions stud-
ied. Raising the content of the alloying component fur-
ther, to 0.5 wt %, makes the corrosion rate of the al-
loys somewhat higher, but still lower (8.04 g m�2 h�1

in 0.03% NaCl solution) than that of the alloy without
Ca (11.7 g m�2 h�1). With increasing concentration of
chloride ions, the corrosion rates of both the initial,
Ca-free alloy and alloys with calcium grow. A certain
increase in the corrosion resistance of alloys contain-
ing up to 0.05 wt % calcium can be accounted for
by the solubility of calcium in the aluminum�lithium
solid solution. According to the phase diagram of
the Al�Li�Ca system, the aluminum�lithium alloys
containing up to 0.05 wt % lithium lie in the single-
phase region of a solid solution of lithium in alumi-
num. Further increase in the content of Ca leads to
formation of primary crystals of an intermetallic com-
pound, Al4Ca, which, in all probability, acts as anode
with respect to the aluminum�lithium solid solution.
This, in turn, favors an increase in the corrosion
rate of the alloys in the solutions studied.

The change in the pitting potential of the alloys in
electrolytes with varied content of chloride ions in-
directly confirms the aforesaid (Table 3). It can be
seen that, with decreasing concentration of chloride
ions in the electrolyte, the pitting potential grows,
which indicates that the resistance of the alloys against
pitting corrosion improves. Additions of the alloying
component also shift the pitting potential to the posi-
tive region.

CONCLUSIONS

(1) Calcium, which is alloying anodic additive,
improves the resistance of the aluminum�lithium al-
loy to general corrosion and pitting in 0.03, 0.3, and
3% NaCl solutions at 298 K.

Fig. 2. Potentiodynamic anodic polarization curves
(2 mV s�1 sweep rate) for (1) Al + 6% Li alloys and
(2�5) the same alloys containing Ca. Electrolyte, 3% NaCl
solution; 298 K. (E) Potential and (i) current density.

(2) The action of calcium as an effective anodic
additive can be accounted for by its dissolution in
the aluminum�lithium solid solution. The optimal
content of calcium for improving the corrosion resis-
tance of aluminum�lithium alloys should not exceed
0.05%.
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Abstract�Sulfated zirconia catalysts supported on silica gel and aluminum oxide were prepared by im-
pregnation, and their structure and acid�base and catalytic properties were studied. The parameters of syn-
thesis and characteristics of this catalyst, which ensure high activity and selectivity in liquid-phase alkylation
of isobutane with butenes, were determined.

Alkylation of isobutane with butenes is one of
the most important processes in production of high-
quality gasolines. Industrial alkylation is performed
with sulfuric and hydrofluoric acids as catalysts. Their
main drawbacks are high specific consumption, tox-
icity, corrosion activity, and the necessity for separa-
tion of the alkylate from the catalyst-product mixture
and utilization of spent acids. The progress in the tech-
nology of alkylate gasoline production is associated
with passing to solid acid catalysts [1] to avoid the
above problems.

The strong acidity of sulfated zirconia (SZ) allows
its use as catalyst for isomerization, alkylation, acyla-
tion, and many other processes [2]. However, in spite
of increased interest in this catalyst, studies of SZ
catalytic properties in isobutane alkylation with bu-
tenes are few in number [3�11]. The expectancies
associated with SZ as industrial alkylation catalyst
have diminished in recent years because of its low
stability. The studies of the synthesis of catalytic sys-
tems based on SZ, their chemical composition, and
structure of active centers were systematized in [2, 12,
13]. However, the patterns established are mainly re-
lated to synthesis of catalysts for light alkane isomer-
ization, whereas data on the chemical and phase com-
position, acidity, and other characteristics of such cat-

alysts as applied to isobutane alkylation with butenes
are extremely scarce [3, 6].

Dispergation of a catalytic component on the sur-
face of a porous matrix frequently provides substan-
tially higher activity, selectivity, and stability of the
catalyst in comparison with the bulk substance. In-
deed, numerous studies have shown that SZ in the
form of finely divided particles fixed on the surface
of porous supports is more active in isomerization
[14�17] and alkylation [18].

The goal of this study was to develop a procedure
for commercial synthesis of supported SZ and to ana-
lyze the texture, structural, and acid�base properties of
SZ supported on silica gel and aluminum oxide, in or-
der to understand the origin of its activity and selectiv-
ity in isobutane alkylation with butenes. In the choice
of the synthesis conditions, we made an attempt to take
into account the known experience, especially that con-
cerning the support properties and conditions of zirco-
nium hydroxide precipitation, sulfation, and calcination.

EXPERIMENTAL

Impregnation [19] is the simplest and the most prac-
tically feasible method for preparation of supported
catalysts. The main stages of synthesis of �impreg-
nated� catalysts based on SZ are shown in the scheme.
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Flow sheet of the synthesis of supported zirconium sulfate catalysts.
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Silica gel and aluminum oxide were taken as SZ
supports. Their main advantages are the possibility
of varying the texture characteristics, high thermal
stability, low catalytic activity in side reactions of
butene oligomerization, and wide experience in their
industrial production and preparation of supported
catalysts.

Silica gel and Al2O3 with specific surface area of
290 and 203 m2 g�1 and total pore volume of 0.95
and 0.64 cm3 g�1, respectively, were used. Both sup-
ports consisted of 0.4�1.0-mm particles. Silica gel was
washed with 1 M HCl to remove metal impurities.
Aluminum oxide was treated with 1 M H2SO4. This
preliminary sulfation of the aluminum oxide support
was performed to neutralize its basicity and thus to
eliminate its influence on the subsequent precipitation
of zirconium hydroxide. The thus treated supports
were calcined in a muffle furnace at 600�C for 4 h.

During catalyst synthesis, both multiple and single
impregnation of supports were performed (samples
SZS-X-Y on silica gel, SZA-X-Y on aluminum oxide,
X is ZrO2 content, and Y, the number of impregnation
runs). The supports were impregnated with ZrO(NO3)2
solutions with zirconium concentration varied from
25 to 300 g l�1 in terms of ZrO2.

The above zirconium salt is a commercial product.
Zirconium hydroxide formed by its hydrolysis is less
contaminated with impurities, which can later un-
controllably affect the structural and acid properties
of a catalyst prepared. In contrast to ZrOCl2 and,
the more so, to zirconium sulfate-containing com-
pounds, which give precipitates with Cl� or SO4

2� ions
virtually unremovable by washing, nitrate ions are
well washed out with ammonia water at pH 8�9 and
completely decompose in calcination.

The known tendency for zirconium salts to form
polymeric structures in solutions complicates prep-
aration of zirconium hydroxide with required prop-
erties [20]. Therefore, the impregnating solution was
stored for a week at pH < 1 before use. After im-
pregnation, the excess solution was separated by filtra-
tion, and the sample was dried in air at room tem-
perature to eliminate liquid drops and then covered
with the amount of ammonia water required to obtain
zirconium hydroxide precipitate in the matrix pores at
pH 9�10.

When preparing bulk SZ, the zirconium hydroxide
precipitate is aged in some cases. The processes occur-
ring in aging (reprecipitation, polycondensation, etc.),
as a rule, favor increase in size of amorphous particles
and formation of a more perfect structure and give

larger specific surface area of the oxide phase after
calcination. Aging of zirconium hydroxide precipi-
tated in the support pores is hardly useful; by contrast
it may lead to uncontrollable modification of the cat-
alyst. In an alkaline mother liquor, acidic supports
may break down. Silica gel will undergo partial dis-
solution to give ammonium silicates. The surface of
sulfated aluminum oxide may also change under the
action of ammonia solution. Therefore, we excluded
the aging stage from the procedure for synthesis of
supported catalysts.

After drying at 150�C, samples were calcined at
400�C to convert the precipitated hydroxide into zir-
conium oxide. Dried zirconium hydroxide actively re-
acts with sulfating agents already in the stage of im-
pregnation. During the subsequent thermal treatment,
the zirconium hydroxide�oxide transition is super-
imposed on the complex sulfation processes. From
the standpoint of reproducibility and stability of syn-
thesis, it is necessary to avoid simultaneous occur-
rence of these chemical processes and to subject to
sulfation specifically the zirconium oxide phases ob-
tained by calcination at 350�400�C, when dehydra-
tion and crystallization are 70�80% complete. This
is confirmed by the fact that the preliminary calcina-
tion of zirconium hydroxide at 200�400�C gives cat-
alysts with the maximal selectivity in alkylation [3].
After the formation of supported ZrO2, each of the
samples prepared was used both for further impreg-
nation and for sulfation to obtain a finished catalyst.

It is believed that the specific kind of a sulfating
agent is of no importance. Similar results were ob-
tained when H2SO4, (NH4)2SO4, (NH4)2S2O8, or gas
mixtures SO2 + O2 and H2S + O2 were used. Probably,
(NH4)2SO4 should be preferred as the least reactive
and neutral reagent. Its use allows the best control
over sulfation and the highest preparation reproduc-
ibility. This is especially important in sulfation of
finely dispersed supported ZrO2 particles. Samples
were sulfated with an excess of a (NH4)2SO4 saturated
solution for 1 h. Then, the samples were separated
by decanting, dried, and calcined in a flow of purified
air at 300�C for 1 h and then at 550�C for 2 h.

The content of SO4
2� ions after sulfation followed

by calcination is the most important parameter of
the catalyst, since it determines the number and ac-
tivity of the catalyst acid centers. In the case of bulk
SZ, a monolayer coating of the ZrO2 surface with
SO4

2� ions is considered to be optimal [13].

The monolayer capacity is estimated to be
4 SO4

2� nm�2, which gives a sulfur content of approx-
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Table 1. Composition of IBF and BBF raw material
fractions
����������������������������������������

Component
� Content, wt %
�������������������������
� IBF � BBF

����������������������������������������
Propane � 0.01 � 0.55
Isobutane � 99.81 � 42.64
1-Butene + isobutene � 0.15 � 26.65
n-Butane � 0.03 � 8.76
trans-2-Butene � 0.00 � 12.54
cis-2-Butene � 0.00 � 8.86
����������������������������������������

imately 2 wt % for SZ with specific surface area of
100�150 m2 g�1. Actually, a set of different S6+ co-
ordination states exists in the catalyst [21]. Sulfate
ions may be situated under the surface layer of zir-
conium atoms and form bulk nonstoichiometric dis-
persed oxysulfate phases. In addition, the surface sul-
fate ions may differ in denticity in complexation, and
also can form disulfate ions and polymeric structures.
Thus, the structure of the active center and optimal
S : Zr ratio are indefinite. For a supported catalyst,
the SO4

2� : ZrO2 molar ratio, whose optimal value can
be determined only experimentally, is the most im-
portant characteristic of the active component.

For comparison, we prepared bulk sulfated zir-
conia under the same conditions as in the synthesis
of the supported catalysts. The Zr and S content in
the catalysts was monitored by X-ray fluorescence
analysis on a VRA-20 spectrometer. The texture char-
acteristics of samples were studied on a Sorptomatic-
1900 device, using nitrogen adsorption�desorption
isotherms at �195.6�C. The 0.4�0.6-mm fraction
was used in measurements. Before the measurements,
the initial samples were kept at 300�C in a vacuum,
at a residual pressure of no more than 104 Pa, for
4�6 h. The adsorption measurements and data pro-
cessing were performed using Milestone-200 software.
The BET specific surface area, Ssp, was calculated
at equilibrium relative nitrogen pressures of 0.05�
0.33. The landing area of the nitrogen molecule in
the filled monolayer was taken equal to 0.162 nm2.
The adsorption pore volume was determined from
the nitrogen sorption at a relative pressure of 0.996.
The molar volume of the liquid adsorbate at the tem-
perature of the experiment was taken to be 34.68 �
10�6 m3 mol�1.

The X-ray diffraction analysis (XDA) was per-
formed on a DRON-3 diffractometer (CuK

�

radiation,
�-filter). The phase composition and particle size

were determined from X-ray diffraction patterns,
using the ASTM file.

High-resolution electron microscopy (HREM) was
applied to study the catalyst structure. Samples were
prepared by �dry� and �wet� methods. The �wet�
method involved sample grinding and preparation of
suspensions in ethanol or hexane, followed by ultra-
sonic dispergation. The suspensions prepared were
applied to perforated carbon films (supports) on cop-
per grids. In the �dry� method, a sample was mech-
anically ground in an agate mortar, applied to a cop-
per grid, and transferred into the electron microscope.

The acid centers on the catalyst surface were stud-
ied by IR spectroscopy after low-temperature adsorp-
tion of CO [22]. Carbon monoxide can form various
single-ligand complexes with the surface acid centers
and, depending on the center type, give H-bound states
or coordinate with aprotic centers. As a rule, a spec-
troscopic study of adsorbed CO allows identification
of the strongest Brønsted (BAC) and Lewis (LAC)
acid centers, which must be primarily responsible for
the catalytic properties. Samples were compacted into
4�12-mg cm�2-�thick� pellets. Before CO adsorption,
samples were calcined in a vacuum (0.00133 Pa) at
500�C for 1 h. Carbon monoxide was sorbed in por-
tions at liquid nitrogen temperature and maximal pres-
sure of 400 Pa. The IR spectra were recorded on IFS-
113v Bruker and Shimadzu 8300 spectrometers within
the 1000�5000 cm�1 range, with resolution of 4 cm�1

and accumulation of 50 to 128 scans. The LAC con-
centration c (�mol g�1) was determined as c = A/A0,
where A is the integral intensity of the CO absorption
band within the 2186�2200 cm�1 range, normalized to
the pellet thickness, and A0 is the integral absorption
coefficient, equal to 0.8.

The catalytic properties of the samples in alkyla-
tion were studied in a 180-cm3 stainless steel auto-
clave. Preliminarily purified (by treatment with solid
alkali and NaA zeolite) commercial isobutane (IBF)
and butane�butylene (BBF) fractions (their composi-
tions are presented in Table 1) were used as starting
reagents. A 4-g portion of a catalyst with 0.4�1-mm
particle size and 40 g of IBF were loaded into the au-
toclave. During the experiment, BBF was introduced
into the autoclave with a syringe at a rate of 0.5 to
1 g h�1. The autoclave with the reaction mixture was
agitated with a shaker. The alkylation was performed
at a temperature of 40�C maintained by heated water
circulating through the autoclave jacket. The composi-
tion of the liquid phase in the autoclave was monitored
every hour by GLC, using a special syringe for sampl-
ing liquid hydrocarbons under pressure and a Hewlett�
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Packard 5890 Series II chromatograph with a DB-1
capillary column and a flame-ionization detector.
A Multi-Chrom computerized chromatographic sys-
tem was used for recording and processing of the
chromatograms.

The following parameters were determined to char-
acterize the reaction in the autoclave: degree of butene
conversion, XC4 =

(%); weight yield of the C5+ products
based on converted butenes, YC5+

(g g�1); their frac-
tional composition. All these parameters were cal-
culated from the material balance for every hour of
the process, with subtraction of the accumulated initial
substances and reaction products.

In preparing the catalysts by multiple impregna-
tion, gradual formation of the SZ phase on the sup-
port surface allows successive monitoring of the step-
wise formation of catalytically active surface state
and probable reactions with the support, control over
the dispersity of SZ particles, and determination of
the optimal catalyst composition.

The characteristics of the texture and chemical and
catalytic properties of the supported catalysts, depend-
ing on the number of impregnations, are shown in
Tables 2 and 3 and in Fig. 1. Silica gel was impreg-
nated up to ten times; the ZrO2 content was varied
from 9.5 to 39 wt %. The catalysts prepared by im-
pregnation of aluminum oxide contained from 6.2
to 29.8 wt % ZrO2 (1 to 5 impregnations).

At similar amounts of supported ZrO2 and sulfa-
tion conditions, the sulfate content in the samples sup-
ported on Al2O3 was substantially higher than that in
catalysts supported on silica gel. This is caused by the
fact that sulfate ions are incorporated not only in the
zirconium oxide phase but also in the aluminum oxide
support during both preliminary and main sulfation.
The SO4

2� : ZrO2 molar ratio in the finished catalysts
varied between samples from 0.4 to 1 for the silica gel
support, reaching 3 for the aluminum oxide support.

The specific surface area and pore volume of the
supported catalysts are, of course, lower than those of
the initial supports because of the filling or blocking
of the pore space with the supported phase.

The XPA of the supported catalysts revealed no
zirconium oxide or zirconium sulfate phase. The dif-
fraction patterns of the SZS catalysts contain a broad
reflection of silica gel; in the SZA catalysts, the phase
of crystalline Al2(SO4)3 with particle size (deter-
mined from the size of the coherent scattering region)
of about 15 nm was identified. This suggests either
high dispersity of the supported particles, exceeding
the method sensitivity (�3 nm), or strong amorphiza-

Table 2. Properties of silica gel�supported SZ catalysts
����������������������������������������

� �Composition, wt %� Pore � Ssp,
� ��������������� �Sample � � �volume,�
� � ZrO2 � SO4

2� � cm3 g�1 �m2 g�1

����������������������������������������
SZS-9-1 � 1 � 9.5 � 5.3 � � � �
SZS-15-2 � 2 � 15.2 � 8.2 � � � �
SZS-19-4 � 4 � 19.4 � 15.5 � 0.63 � 270
SZS-23-5 � 5 � 22.6 � 15.4 � 0.63 � �
SZS-26-6 � 6 � 25.9 � 12.3 � 0.61 � 265
SZS-30-7 � 7 � 29.8 � 11.9 � 0.56 � 266
SZS-35-8 � 8 � 34.8 � 10.0 � 0.55 � �
SZS-39-10 � 10 � 39.0 � 14.5 � 0.50 � �
����������������������������������������

Table 3. Composition of aluminum oxide�supported SZ
catalysts
����������������������������������������

� Number � Composition, wt %
� ���������������������Sample � of impreg- �
� nations � ZrO2 � SO4

2�

����������������������������������������
SZA-6-1 � 1 � 6.2 � 15.6
SZS-11-2 � 2 � 11.4 � 19.3
SZS-18-4 � 3 � 17.8 � 18.0
SZS-24-5 � 4 � 24.2 � �
SZS-30-5 � 5 � 29.8 � �
����������������������������������������

tion of the zirconia component, e.g., due to reaction
with the support.

The formation of finely divided ZrO2 particles on
the catalyst surface on the silica gel support was con-
firmed by HREM. It is seen on an electron micrograph
of the SZS-9-1 sample (one impregnation) (Fig. 2a)
that ZrO2 forms crusts on the support particles, with

Fig. 1. Effect of the content of supported zirconium dioxide
W on the degree of butene conversion X and on the yield
Y of C5+ products based on converted butenes in isobutane
alkylation. Support: (1) silica gel and (2) aluminum oxide.
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Fig. 2. Electron micrographs of samples: (a) SZS-9-1, (b) SZS-23-5, (c) SZS-35-8, and (d) SZS-19-1 (ZrO2 particles are shown
by arrows).

fairly uniform surface distribution. However, part of
the zirconium oxide phase exists in the form of large
aggregates (more than 100 nm), seen as a contrasting
spot in the electron micrograph. The number of such
particles does not grow with increasing number of
impregnations (Fig. 2b, 2c), and the crust form of sup-
ported ZrO2 remains. Flat particles of supported ZrO2
on the surface of the silica gel globules are seen in
electron micrographs of the SZS-23-5 and SZS-35-8
samples. The regions of ordered structure are 1�3 nm
in size. In these formations, distorted planes of
the crystal lattice with interplanar spacing of about
0.29 nm are observed. This value is characteristic of
basal planes of the crystal lattice, forming the struc-

Table 4. Properties of bulk and supported SZ catalysts
����������������������������������������

Catalyst
�

Ssp, m2 g�1
� Composition, wt %

� ��������������������
� � ZrO2 � SO4

2�

����������������������������������������
SZ � 138 � 95.9 � 4.1
SZS-19-1 � 230 � 19.0 � 7.0
SZA-11-1 � 170 � 11.4 � 26.4
����������������������������������������

ture of known modifications of the ZrO2 phase. For
the SZS-35-8 sample (eight impregnations), the amount
of such crystalline structures increases as compared
with the SZS-23-5 sample, but qualitatively these
samples are virtually the same.

All the samples of the SZS and SZA series pre-
pared by successive impregnation showed activity
in alkylation of isobutane with butenes. The results
of their tests (Fig. 1) demonstrated that satisfactory
parameters of the catalytic activity (degree of butene
conversion no less than 90%, yield of liquid alkylate
1.5�1.8 g per g of converted butenes) were observed
beginning from the catalysts prepared by two- and
three-fold impregnation. For catalysts supported on
Al2O3, this corresponds to a ZrO2 content of no less
than 10�15 wt % and, for catalysts supported on sil-
ica gel, 15�20 wt %. Further increase in the amount
of supported SZ does not affect the catalyst proper-
ties substantially. Comparison of the test results with
the data of electron microscopy allows a conclusion
that the alkylation catalysis is ensured by formation
of highly dispersed phases of crystalline sulfated ZrO2
on the catalyst surface.
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Table 5. Vibration frequencies and concentration of CO adsorbed on LACs and BACs of catalysts
������������������������������������������������������������������������������������

Catalyst
����������������������������	���������������������������	���������������������������

SZ 
 SZS-19-1 
 SZA-11-1
������������������������������������������������������������������������������������

adsorption �
�, cm�1 �CO content,
 adsorption �

�, cm�1 �CO content,
 adsorption �
�, cm�1 �CO content,

type � � �mol g�1 
 type � � �mol g�1 
 type � � �mol g�1

������������������������������������������������������������������������������������
CO-BAC � 2169 � 91 
CO-BAC � 2167 � 75 
CO-BAC � 2167 � 116
CO-LAC (Zr 4+) � 2205 � 78 
CO-LAC (Zr 4+)� 2204 � 55 
CO-LAC (Al 3+)� 2223 � 8
CO-LAC (Zr 4+) � 2200 � 283 
CO-LAC (Zr 4+)� 2195 � 283 
CO-LAC (Zr 4+)� 2207 � 60
CO-LAC (Zr 4+) � 2191 � 283 
 � � 
CO-LAC (Zr 4+)� 2197 � 242
������������������������������������������������������������������������������������

Table 6. Comparison of properties of catalysts in isobutane alkylation with butenes
������������������������������������������������������������������������������������

� C4 = fed, � � � Content in alkylate, wt % � TMP
� � � �����������������������������������������Catalyst � g g�1 � XC4 =

, % � YC5+
, g g�1 � � �����

� of catalyst � � � C5�C7 � TMP � DMH � other C8 � C9+ � DMH

������������������������������������������������������������������������������������
SZ � 0.11 � 100.00 � 1.75 � 23.10 � 61.02 � 13.77 � 1.13 � 0.98 � 4.43

� 0.21 � 100.00 � 1.81 � 19.30 � 66.04 � 13.34 � 0.43 � 0.89 � 4.95
� 0.29 � 94.53 � 1.64 � 19.85 � 65.89 � 11.92 � 1.33 � 1.01 � 5.53
� 0.38 � 86.32 � 1.48 � 19.00 � 63.41 � 12.03 � 0.59 � 4.97 � 5.27

SZS-19-1 � 0.13 � 100.00 � 1.76 � 11.00 � 71.20 � 11.47 � 0.68 � 5.65 � 6.21
� 0.22 � 97.20 � 1.84 � 9.95 � 66.90 � 10.55 � 2.20 � 10.40 � 6.34
� 0.35 � 86.98 � 1.54 � 11.23 � 65.10 � 10.67 � 1.33 � 11.67 � 6.67
� 0.43 � 78.76 � 1.46 � 10.09 � 59.43 � 9.89 � 1.07 � 19.52 � 6.01

SZA-11-1 � 0.10 � 100.00 � 2.40 � 19.21 � 47.20 � 22.37 � 8.19 � 3.03 � 2.11
� 0.18 � 98.02 � 2.24 � 19.00 � 52.34 � 19.03 � 4.63 � 5.00 � 2.75
� 0.28 � 94.15 � 2.07 � 16.67 � 53.24 � 16.48 � 3.09 � 10.52 � 3.23
� 0.39 � 86.34 � 1.42 � 16.40 � 51.12 � 15.93 � 3.43 � 13.12 � 3.21

������������������������������������������������������������������������������������

A single impregnation of supports also gives active
alkylation catalysts ( SZS-19-1 and SZA-11-1 sam-
ples) when the content of applied ZrO2 lies within
the limits of the optimal interval 10�20 wt % we
found (Table 4). An HREM analysis of these samples
(Fig. 2d) showed their structural identity with the cat-
alysts prepared by multistage application of ZrO2.
Detailed data on acid-base and catalytic properties
of these catalysts are listed in Tables 5 and 6. For
comparison, data for bulk SZ prepared under the sim-
ilar conditions are also presented.

According to XPA data, bulk sulfated ZrO2 is
a mixture of monoclinic and tetragonal modifications
of zirconium dioxide in approximate ratio of 3 : 1,
with ZrO2 particle size of about 8 nm. Broadening
of the peak bases in the diffraction patterns indicates
the presence of an X-ray-amorphous phase (up to
10%). This phase may consist of less than 2�3-nm

ZrO2 crystallites and contain strongly disordered ZrO2
structures.

All the catalysts are characterized by virtually the
same strength and concentration of BACs. The con-
tent of strong LACs substantially exceeds the content
of proton-donor centers. The greatest difference is
observed for bulk SZ: the LAC concentration exceeds
by approximately a factor of 7 the concentration of
BACs. For SZS-19-1 and SZA-11-1 samples, the
LAC-to-BAC ratio is 3�4. The total content of LACs
on the surface of the bulk catalyst is also two times
greater than that on supported catalysts. The 2190�
2207 cm�1 range corresponds to CO adsorption on co-
ordination-unsaturated Zr4+ ions situated at crystal
defects and on more ordered surfaces [23, 24]. All
the catalysts have close amounts of the strongest
LACs (Zr4+), which form complexes with CO with ab-
sorption at 2204�2207 cm�1. The concentrations of
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medium-strength centers (CO absorption at 2195�
2200 cm�1) are also comparable. However, bulk SZ
also contains weak LACs (Zr4+) with CO absorption
band at 2191 cm�1 in approximately the same amounts
(283 �mol g�1). On the surface of the SZA-11-1
sample, there are very strong LACs (	CO = 2223 cm�1)
corresponding to Al3+ ions, but in very small amounts
(8 �mol g�1). Thus, compared with bulk SZ, the
supported catalysts exhibit narrower and more uni-
form distribution of the surface acid centers. In ac-
cordance with [24, 25], specifically the surface LACs
of the SZ catalysts directly participate in activation of
alkanes. In isoparaffin alkylation, LACs can provide
the so-called �hydride transfer,� which determines
stages of initiation and chain transfer in the course of
the reaction [26].

All the catalysts are characterized by high activity
in alkytation. At feeds of 0.1 to 0.2 g of butenes
per gram of catalyst, they ensure complete conversion
of butene and a yield of liquid alkylate (C5+ product)
of no less than 1.7�1.8 g per gram of converted bu-
tenes, which amounts to about 80�90% of the calcu-
lated value, which is equal to 2.04 g g�1. However,
for the SZA-11-1 sample, the initial concentration of
the catalyst is in excess with respect to the alkylation
reaction, which is expressed in an overstoichiometric
yield of hydrocarbons C5+ (up to 2.4 g g�1), probably
due to the so-called autoalkylation of isobutane [27].

During the reaction run, the degree of butene con-
version and alkylate yield decrease rapidly on all
the catalysts. At feed of 0.4 g of butenes per gram
of catalyst, the butene conversion is 80�86%, and
the yield C5+ hydrocarbons, about 1.4�1.5 g g�1.
The observed changes in the composition of the prod-
ucts are mainly associated with increasing content
of heavy hydrocarbons containing more than eight
carbon atoms. In accordance with the classical car-
benium-ion alkylation mechanism [27], this indicates
that, instead of formation of C8 isoparaffin via ab-
straction of a hydride ion from the isobutane molec-
ule, the intermediate cation C8+ reacts with one more
or several butene molecules. This is responsible for
the increased content of heavy products, decreased
conversion of isobutane, and, correspondingly, lower
yield of alkylation products. Thus, during deactivation
of catalyst active centers, the alkylation of isobutane
with butenes transforms into butene oligomerization.

The SZS-19-1 catalyst is most selective with re-
spect to products and provides virtually the same al-
kylation parameters as traditional liquid acids [27]:
isoparaffins C8 constitute no less than 75�80 wt %
of the liquid alkylate at average ratio of trimethyl-

pentanes (TMP) to dimethylhexanes (DMH) of about
6, whereas the fraction of light paraffins C5-C7 is
about 11 wt %. The samples of bulk SZ and SZ sup-
ported on aluminum oxide are characterized by ele-
vated cracking power, which follows from the high
content of the light fraction C5�C7. In addition, the
SZA11-1 catalyst gives substantial amounts of DMH
and other weakly branched octanes (20% and higher),
which strongly affects the octane characteristics of
the alkylate.

CONCLUSIONS

(1) Application of 10�20% sulfated zirconia (in
terms of ZrO2) on silica gel or aluminum oxide allows
preparation of catalysts for isobutane alkylation with
butenes. These catalysts are not inferior in activity to
bulk zirconium sulfate catalysts. The activity of the
supported catalysts is determined by crystalline phases
of sulfated ZrO2. Dispergation of SZ on the support
surface provides attainment of the acid properties of
the supported catalyst on the level of the bulk catalyst.
The more uniform distribution of strong acid centers
in the supported catalysts based on silica gel ensures
highly selective alkylation.

(2) Despite the relatively short uninterrupted work-
ing life of the above catalysts (0.5�1 t of liquid al-
kylate per 1 t of the catalysts), their effective indus-
trial exploitation in the reactor-regenerator type pro-
cess with continuous catalyst circulation is possible.
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Abstract�The reaction of 1-naphthol with methanol in the presence of mordenite catalysts was studied.
The synthesis conditions ensuring high yields of methylnaphthols, methylnaphthalenes, or methoxynaphthalene
were determined.

Catalytic methylation of naphthols with methanol
has been poorly studied. Both C-alkylation yielding
methylnaphthols and O-alkylation yielding methoxy-
naphthalenes are possible. However, it has been re-
ported [1, 2] that the reaction of naphthol with an ex-
cess of methanol mainly yields isomeric alkylnaph-
thalenes. Apparently, the reaction pathway and the
composition of the products depend on the reaction
conditions and catalysts used.

To examine the effect exerted by zeolite composi-
tion and reaction conditions on alkylation of 1-naph-
thol with methanol, we studied the catalytic properties
of synthetic mordenites containing 0.1�5.0 wt% Ni(II).

EXPERIMENTAL

H-Mordenite was prepared by treatment of Na-
mordenite (SiO2 : Al2O3 = 10) with 1 N NH4Cl and
then with eight portions of 2 N HCl, followed by
washing and drying. The nickel-containing zeolite was
prepared by impregnation of H-mordenite with a cal-
culated amount of an Ni(NO3)2 solution. The optimal
content of Ni(II) in H-mordenite was 1.5 wt %.

The catalytic activity of zeolites was evaluated on
a flow-through installation at atmospheric pressure.
A 10-cm3 portion of the catalyst was charged into re-
actor and heated for 5 h at 450�C in a flow of dry air
and then for 3 h at 450�C in a hydrogen flow. The ex-
periments were performed at 300�425�C, molar ratio
1-naphthol : CH3OH = 1 : 7, and space velocity of
0.8�1.4 h�1. The reaction products were analyzed on
a Chrom-5 chromatograph; 3600 � 4-mm columns
were packed with Chromosorb W containing 15 wt %
Apiezon M as the stationary phase. The relative error
of the analysis did not exceed 3.0%. The IR spectra
of individual reaction products were measured on
an M-80 spectrometer.

In contrast to the initial Na-mordenite, on which
1-naphthol undergoes virtually no chemical transfor-

mations, the naphthol conversion on H-mordenite is
significant.

The reaction of 1-naphthol with methanol follows
three major pathways: etherification, ring methylation,
and self-condensation. In the reaction products, we
detected 1-methoxynaphthalene, 2- and 4-methyl-1-
naphthols, methylnaphthalenes, and high-carbon com-
pounds.

At low temperatures (320�380�C), the major path-
way is electrophilic methylation of the 1-naphthol
core at 2- and 4-positions to form the correspond-
ing methylnaphthols. At higher temperatures (380�
420�C), the contribution of dehydroxylation accom-
panying ring methylation increases in the presence of
H-mordenite, and methylnaphthalenes become the
major products. At moderate temperatures, appreci-
able amounts of 1-methoxynaphthalene are formed,
apparently by the competing O-methylation pathway:
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The table shows that introduction of Ni(II) into
H-mordenite noticeably enhances its catalytic proper-
ties in alkylation of 1-naphthol with methanol. In the
range 320�360�C, the major reaction products are
1-methoxynaphthalene and 2- and 4-methylnaphthols;
the total selectivity of their formation is 91.3�96.4%.
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Alkylation of 1-naphthol with methanol in the presence of H- and Ni,H-mordenite (molar ratio 1-naphthol : methanol =
1 : 7)
������������������������������������������������������������������������������������

Parameter � H-Mordenite � Ni,H-Mordenite
������������������������������������������������������������������������������������
Temperature, �C �320 �360 �380 �420 �360 �320 �360 �380 �420 �360
Space velocity, h�1 � 1.0 � 1.0 � 1.0 � 1.0 � 1.4 � 1.0 � 1.0 � 1.0 � 1.0 � 1.2
Yield of reaction products based � � � � � � � � � �
on converted 1-naphthol, %: � � � � � � � � � �

1-methoxynaphthalene � 26.8 � 10.2 � 4.6 � � � 10.0 � 38.5 � 11.1 � 5.0 � � � 12.0
2- and 4-methylnaphthols � 40.0 � 42.1 � 32.4 � 11.7 � 50.3 � 56.2 � 80.2 � 77.7 � 20.5 � 84.4
methylnaphthalenes � 17.7 � 44.2 � 55.1 � 77.9 � 36.5 � � � 4.7 � 10.0 � 71.1 � 2.0
condensation products � 2.4 � 3.0 � 5.7 � 7.8 � 2.1 � 2.0 � 3.2 � 4.1 � 6.9 � 1.1

Conversion of 1-naphthol, % � 22.2 � 39.0 � 46.5 � 57.7 � 28.5 � 15.0 � 33.8 � 40.0 � 51.1 � 30.0
������������������������������������������������������������������������������������

Despite a certain decrease in the conversion of 1-naph-
thol, this catalytic system is more selective with re-
spect to formation of 2- and 4-methyl-1-naphthols
(56.2�84.4%).

In contrast to H-mordenite, the nickel-containing
zeolite ensures highly selective (77.7%) formation of
methyl homologs of 1-naphthol at 380�C. It should
be noted that, above this temperature, the contribution
of methylnaphthalene formation dramatically grows,
and at 420�C methylnaphthalenes become the major
reaction produts, as in the presence of H-mordenite.
The methylnaphthalene fraction formed in the pres-
ence of both catalysts has a complex chemical compo-
sition. Its major components are 1,2-dimethylnaphtha-
lene, 1,2,4- and 1,2,7-trimethylnaphthalenes, 1,2,4,7-
tetramethylnaphthalene, and 1,2,3,4,6-pentamethyl-
naphthalene. Also detected are 2-methylnaphthalene,
1,2,3-trimethylnaphthalene, 1,2,3,4-tetramethylnaph-
thalene, and 1,2,3,4,6,7-hexamethylnaphthalene. In
addition, the products contain 1-oxo-2,2-dimethyl-1,2-

dihydronaphthalene and 1-oxo-4,4-dimethyl-1,4-dihy-
dronaphthalene, which, along with naphthol methyl
derivatives, may be intermediates in formation of
methylnaphthalenes.

The acid centers present on the H-mordenite surface
promote a number of parallel and consecutive reac-
tions, which leads to a decrease in the selectivity with
respect to the target products. The increased selectivity
of Ni,H-mordenite with respect to methylnaphthols is
probably due to favorable changes in the acidity of the
H-mordenite surface upon modification with Ni(II).
With the Ni-modified catalyst, formation of methyl-
naphthalenes is fully or largely suppressed. Modifica-
tion with Ni(II) also makes the catalyst more stable as
compared with H-mordenite (the stable working life
of the catalyst increases from 5 to 50 h and more) and
affects the isomeric composition of methylnaphthols.

Figures 1a and 1b show how the content of 2-meth-
yl-1-naphthol in its mixture with 4-methyl-1-naphthol

Fig. 1. Influence of (a) temperature T and (b) space velocity A on the (1, 2) total yield of 2- and 4-methyl-1-naphthols, Y, based
on the naphthol taken into the reaction and (1�, 2�) content c of 2-methyl-1-naphthol in its mixture with 4-methyl-1-naphthol.
Catalyst: (1, 1�) N,H-mordenite and (2, 2�) H-mordenite.
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and the total yield of methyl homologs of 1-naphthol,
based on the naphthol taken into the reaction, depend
on the temperature and space velocity, with H- and
Ni,H-mordenites as catalysts. It is seen that, as the
temperature is increased from 320 to 360 (in the case
of H-mordenite) or to 380�C (in the case of Ni,H-
mordenite), the yield of methylnaphthols, based on the
naphthol taken into the reaction, grows to become
16.4 and 31.1%, respectively. At 420�C, this param-
eter decreases on both catalysts. Raising the reaction
temperature from 320 to 420�C also decreases the
content of 2-methyl-1-naphthol in its mixture with
the 4-methyl isomer. Raising the space velocity from
0.8 to 1.4 h�1 decreases the yield of methylnaphthols
based on the 1-naphthol taken into the reaction, with
the content of 2-methyl-1-naphthol in its mixture with
the 4-methyl isomer growing for both catalysts. In-
troduction of 1.5 wt % Ni(II) into H-mordenite in-
creases the content of 2-methyl-1-naphthol relative to
4-methyl-1-naphthol (Figs. 1a, 1b). It is seen that,
in the presence of Ni,H-mordenite, the ortho isomer
becomes prevailing in the target methylnaphthol frac-
tion. With increasing space velocity, the content of
the ortho isomer varies less significantly than in
the presence of H-mordenite. Figure 1b shows that,
with the space velocity increasing from 0.8 to 1.4 h�1,

the content of 2-methyl-1-naphthol in its mixture with
the 4-methyl isomer grows by 24.5% on H-mordenite
and by only 9.3% on Ni,H-mordenite.

Thus, our resuts suggest that the major pathway of
the reaction of 1-naphthol with methanol on morde-
nite catalysts at 320�380�C is C-alkylation at the
2- and 4-positions. Na,H-Mordenite is more selective
with respect to formation of the ortho isomer.

CONCLUSIONS

(1) Mordenite catalysts show high activity in reac-
tion of 1-naphthol with methanol.

(2) By varying the reaction conditions and catalyst
composition, it is possible to prepare methylnaphthols
or methylnaphthalenes, and, if required, also 1-meth-
oxynaphthalene in high yields.
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Abstract�Data on the kinetics of plasma-enhanced and plasma-enhanced catalytic oxidation of carbon(II)
oxide with IK-1-6 catalyst are presented. The influence exerted by IK-1-6 catalyst on the conversion of
carbon-containing components of the CO�CO2�CH4�SO2�air gas mixture in barrier-discharge plasma is
analyzed.

Methods using fast-electron beams or low-tem-
perature plasma (barrier or corona discharge) to ini-
tiate oxidation are presently recognized as promising
methods for purification of exhaust gases of thermal
power plants and internal-combustion engines, with
the plasma activation being, as a rule, more advanta-
geous energetically [1]. Combining the action of non-
equilibrium plasma on the gas mixtures with the ac-
tivating properties of catalysts may lead to a decrease
in energy expenditure and increase in the process rate
and degree of conversion. However, data on the ki-
netics of plasma-enhanced catalytic oxidation, and all
the more, on their mechanisms, are scarce. Therefore,
a study of the conversion of the main components of
real exhaust gases or model gas mixtures in barrier-
discharge (BD) plasma and in a combined plasma-
enhanced catalytic process is a topical task.

The aim of this study was to analyze the processes
of plasma-enhanced catalytic oxidation of carbon
monoxide in various gas mixtures.

EXPERIMENTAL

As test objects were chosen gas mixtures of com-
position (vol %): CO�O2�He (CO 6, O2 24, and He
70), CO�CO2�SO2�air (CO 5.84, CO2 0.16, and SO2
0.10), and CO�CO2�CH4�SO2�air (CO 0.74, CO2 17,
SO2 0.10, and CH4 0.26). The initial gas mixture
was fed at a certain rate into the discharge cell, where
a barrier discharge was excited at atmospheric pres-
sure. The reactor was in the form of two coaxial cyl-
inders, one of which (outer) was made of molybde-
num glass (dielectric barrier), and the other (inner
electrode), of an aluminum alloy [2]. The thicknes-
ses of the dielectric layer (S-49 glass) and air layer

between the electrodes were the same in all the ex-
periments (1.5 and 3 mm, respectively). The discharge
was excited with a high-voltage transformer (ac fre-
quency 50 Hz,) at a voltage varied within the range
12�16 kV. The discharge current was monitored with
an oscilloscope.

Plasma-enhanced catalytic processes were studied
with an IK-1-6 (V2O5 � K2O/SiO2) commercial cat-
alyst [3]. The catalyst (grain size 1.0�1.6 mm) was
placed in the plasma zone and fixed there with flu-
oroplastic rings with holes for the gas mixture to flow.
The concentration of CO, CO2, and CH4 in the initial
gas mixture and at the reactor outlet was monitored
chromatographically [4] (LKhM�80 chromatograph
with heat-conductivity detector, carrier gas helium),
and the SO2 concentration, photometrically, using
a standard procedure [5]. The gas flow rate was var-
ied from 0.08 to 0.63 cm3 s�1, which corresponded
to 20 to 120 s of contact of the gas with the plasma.
The random error in measuring the CO, CO2, and CH4
concentrations in a set of runs was no more than 30%
at confidence probability of 0.95.

One of parameters determining the kinetics of pro-
cesses occurring in BD plasma is the plasma dose
D (mA s cm�2), related to the current density j and to
the time �c of contact between gas and plasma by

D = j �c.

The plasma dose was varied within 0.1�
2.0 mA s cm�2.

It is known that use of BD leads to rather high de-
grees of carbon(II) oxide conversion in stoichiometric
mixtures with an oxidant [6]. Measurements of the
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Fig. 1. CO and CO2 concentrations cCO and cCO2
at the

exit from the discharge zone vs. plasma dose D. Gas mix-
ture: (1) CO (CO�O2�He), (2) CO2 (CO�O2�He), (3) CO
(CO�CO2�SO2�air), and (4) CO2 (CO�CO2�SO2�air).

Fig. 2. CO and CO2 concentrations cCO and cCO2
vs.

the time of contact �c between gas and plasma at various
voltages applied. Voltage (kV): (1) 12, (2) 13.5, (3) 15,
(4) 16, and (5) 17.

Fig. 3. Degree of CO conversion, �, at various plasma doses
D. Gas mixture: (1) CO�O2�He, and (2) CO�CO2�SO2�air.

CO and CO2 concentrations in the CO�O2�He mix-
ture at the exit from the discharge zone showed that,
with increasing plasma dose, the CO concentration
decreases from 74.5 to 11.18 g m�3 (i.e., by a factor
of 6), and the CO2 concentration increases (Fig. 1).
The CO2 yield and the decrease in the CO concentra-
tion are not affected by the voltage (or power) applied
within the experimental error (Fig. 2). The CO concen-
tration in the CO�CO2�SO2�air mixture subjected to
plasma treatment also decreases from 68 to 38.1 g m�3

(i.e., by a factor of 1.8), with a simultaneous in-
crease in the CO2 concentration (Fig. 1). The carbon
monoxide treated with the BD plasma in a mixture
with O2 and He is easily converted into CO2, with
the degree of conversion as high as 80% at the max-
imum plasma dose (2.0 mA s cm�2) (Fig. 3). In the
CO�CO2�SO2�air mixture, the maximum degree of
conversion of 44% is attained at a plasma dose of
0.63 mA s cm�2. However, the degrees of the CO
conversion in the gas mixtures indicated (CO�O2�He
and CO�CO2�SO2�air) coincide to within the mea-
surement error at the same plasma doses.

In the CO�O2�He mixture, the carbon balance
(amount of CO converted into CO2) is observed to
within 19% at a short time of contact between gas
and plasma and to within 5% at long time of contact.
The fact that the carbon balance is observed with
rather good accuracy shows that the CO conversion
in BD plasma is mainly associated with of CO2 for-
mation. To a first approximation, formation of other
carbon-containing compounds can be neglected. For
the CO�CO2�SO2�air mixture, the total content of
carbon in the system (before and after plasma treat-
ment) remains constant to within 6% at all plasma
doses, and the carbon balance is observed to within,
on the average, 17%, which does not go beyond the
measurement error.

In the general case, the CO oxidation is described
satisfactorily by a first-order reaction equation with
effective rate constant of 0.005 s�1 (for CO�CO2�
SO2�air) or 0.016 s�1 (for CO�O2�He).

In plasma treatment of CO-containing gas mix-
tures, the degree of dissociation and the reaction prod-
ucts depend on the composition of a plasma-forming
gas and discharge parameters [7]. The action of BD
plasma on the CO�CO2�CH4�SO2�air mixture results
in that the CO concentration in the mixture grows,
compared with the initial concentration, with increas-
ing plasma dose. This is due to the fact that the CO2
concentration in the mixture exceeds the CO concen-
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tration by a factor of 23. Under the action of active
species (e.g., free electrons) carbon dioxide dissociates
into CO (Fig. 4), and the total content of carbon in
the system remains unchanged within the measure-
ment error (no more than 7%) at any plasma dose. If
it is assumed that, in the given case, the conversion
of the carbon-containing compounds is described by
the reactions:

CO2 � CO + O, CH4 � CO + 2H2O,

then the mass of carbon in the output part of the
(CO2 + CH4) balance equation will be considerably
higher (by a factor of 2�3.5, depending on plasma
dose) than the mass in the input part (CO). This means
that, alongside with CO2 conversion into CO (meth-
ane contribution to the carbon unbalance is insignif-
icant), there exists at least one more reaction channel.
In fact, the set of reactions occurring in plasma is very
large. To these belong reverse processes, reactions
involving electron-excited species, and those with
ozone. Carbon suboxide C2O3, carbonyl compounds,
compounds with double C=C bond, acetylene, and
alcohols can be formed in BD plasma [8]. Among the
intermediate products of plasma-enhanced CH4 oxi-
dation may be aldehydes and alcohols, the possible
final products are CO2 and H2O. A qualitative reac-
tion for formaldehyde demonstrated its total absence
to within the detection sensitivity of the method (less
than 0.01 mg m�3). At the same time, appearance of
other products of CO2 and CH4 conversion, such as
carbon suboxide, carbon, and saturated hydrocarbons,
cannot be ruled out. Probably, formation of interme-
diates in the conditions under consideration is not
a rate-determining stage. The role of the latter is
played by oxidation-initiating reactions, i.e., by the
interaction of initial compounds with active species
of the plasma.

The reactions of CH4 oxidation, CO formation,
and CO2 dissociation are satisfactorily described by
first-order equations with effective constant of 0.01,
0.004, and 0.0007 s�1, respectively.

To accelerate the CO and SO2 oxidation in air,
the IK-1-6 commercial catalyst was introduced into
the plasma zone. The experiments showed that, in
a combined plasma-enhanced catalytic process (CO�
CO2�SO2�air mixture), the degrees of CO conversion
are the same as those observed in plasma-enhanced
oxidation. This may be due to low efficiency of the
given catalyst in CO and CO2 conversion. Similarly
to plasma-enhanced oxidation, combined plasma-en-
hanced catalytic process is characterized by carbon

Fig. 4. Kinetics of variation of the concentrations c of
carbon-containing components of the CO�CO2�CH4�SO2�
air gas mixture in (a) plasma-enhanced oxidation and (b)
plasma-enhanced catalytic process. (�c) Time of contact.
(1) CH4, (2) CO, and (3) CO2. Points: experimental data,
lines: results of model calculation.

balance observed to within 20% for all plasma doses.
The fact that the carbon balance is observed with
sufficient accuracy shows that CO2 formation is the
main channel of CO conversion. For the CO�CO2�
CH4�SO2�air mixture, the influence of the IK-1-6
catalyst on the efficiency of CO and CH4 oxidation
and CO2 decomposition is virtually not manifested,
either (Fig. 4). The effective rate constant of CH4
oxidation is approximately twice that of CO formation
(Table 1).

Table 1. Effective rate constants of conversion reactions
in plasma-enhanced oxidation and plasma-enhanced cat-
alytic process with IK-1-6 catalyst
����������������������������������������

Mixture � K(CO) � K(CO2) � K(CH4) � K(SO2)
������������������������������

composition � s�1

����������������������������������������
CO�CO2� � 0.0050* � 0.025 � � � 0.039� ����� � ����� � ����� � �����
SO2�air � 0.0045 � 0.022 � � � 0.105
CO�CO2� � 0.040 � 0.0007 � 0.011 � 0.018� ����� � ����� � ����� � �����
SO2�CH4�air � 0.0055 � 0.001 � 0.009 � 0.017
����������������������������������������
* Numerator, without catalyst; denominator, with catalyst.
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Table 2. Effective rate constants calculated by parametric
identification of the kinetic model for the gas mixture
CO�CO2�SO2�CH4�air
����������������������������������������

Process
� K1 � K2 � K3
�����������������������
� c�1

����������������������������������������
Plasma-enhanced �0.014� 2.6 � 10�4 � 6.9 � 10�4

Plasma-enhanced cata- �0.010� 4.1 � 10�4 � 5.4 � 10�4

lytic (IK-1-6 catalyst) � � �
����������������������������������������

In the plasma-enhanced catalytic process, similarly
to plasma-enhanced oxidation, the SO2 concentration
at the reactor outlet decreases with increasing time
of contact between the gas mixture and plasma. How-
ever, the oxidation of SO2 is more efficient. The ef-
fective rate constant of SO2 oxidation in the plasma-
enhanced catalytic process was 0.105 s�1, i.e., ex-
ceeded by approximately a factor of 2.7 that in plas-
ma oxidation (Table 1). The degree of SO2 conversion
in the heterogeneous process grows to 99% with in-
creasing plasma dose. In the CO�CO2�CH4�SO2�air
mixture, the rate constant of SO2 oxidation is inde-
pendent of the presence of catalyst in the plasma zone
and is lower by about a factor of 2 than that in the
CO�CO2�SO2�air mixture.

The conversion of carbon-containing compounds
in a mixture CO�CO2�CH4�SO2�air can be repres-
ented by the following simplified scheme

CH4 ��
K1 CO ��

K2 CO2 ��
K3 products,

which is described by a set of differential equations:

� dcCH4� ����� = �K1cCH4
,

� d�
�� dcCO2	 ����� = �(K2 + K3)cCO2

,
� d�
�� dcCO
� ����� = �K1cCH4

+ K2cCO2
.


 d�

The rate constants of the elementary processes were
estimated by means of parametric identification of
kinetic models specified in the form:

dX/d� = f (X, �), X
� = 0 = X 0, Y = GX + �,

where X is n-dimensional vector of state, Y and � are
m-dimensional vectors of the output and random noise,

and � is p-dimensional vector of the parameters be-
ing estimated.

The most plausible estimates of the parameters �̂
were obtained using the Gauss�Newton method:

�̂ k + 1 + �̂ k + 
k P k,

where k is the iteration number, �k and P k are the step
and vector of descent in k-th iteration.

The results of the calculation are in good agree-
ment with the experimental data.

Comparison of the effective rate constants calcu-
lated in terms (Table 2) of the given model shows
that the rate of plasma-enhanced oxidation of meth-
ane without catalyst exceeds by a factor of 1.4 that
in the combined plasma-enhanced catalytic process
and the total rate of CO2 dissociation is independent
of whether a catalyst is present in the plasma or
not. The effective rate constants of methane oxida-
tion and overall dissociation of CO2 (K2 + K3), found
using the model, coincide with those obtained from
kinetic dependences graphically (with the differ-
ence not exceeding 22% for methane and 26% for
CO2).

CONCLUSION

The results of the study performed show that the
kinetics of CO oxidation is affected, both in plasma-
enhanced oxidation and in plasma-enhanced catalyt-
ic process, by barrier-discharge parameters and com-
position of the model gas mixture. The presence
in the gas mixture of such carbon-containing com-
pounds as CO2, CH4, and SO2 makes the efficiency
of CO oxidation lower at the same parameters of bar-
rier discharge. The obtained data on the kinetics of
CO oxidation in the gas mixtures studied confirm
the known mechanism of CO oxidation in barrier-dis-
charge plasma.
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Abstract�Catalytic synthesis of 2,4-dinitrophenylhydrazones formed in the aqueous reaction mixture of
aliphatic and aromatic carbonyl derivatives with 2,4-dinitrophenylhydrazine in the presence of carbonic acid
protons under pressure of the CO2�H2O a steam�gas mixture was studied for the example of synthesis of
p-quinone�mono-2,4-dinitrophenylhydrazone.

Hydrazones are brightly colored (yellow to red)
chemical products insoluble in water and soluble in
polar organic solvents. Also, hydrazones are thermally
stable up to their melting points and resistant to direct
solar rays and ultraviolet radiation, acids, and oxygen,
and act as microbiocides. All this makes hydrazones
valuable for various chemical, chemical-engineering,
medical, and hygienic applications. When introduced
into protective organic-phase or water-dispersible
paint-and-varnish and impregnating materials, hydra-
zones act as biocides and anticorrosives for wood
and metals.

Previously, 2,4-dinitrophenylhydrazones have been
synthesized in the presence of protons of a strong in-
organic acid [1]. A drawback of this process is the
need to treat ready-for-use products with an alkali so-
lution to neutralize the residual acid and to additional-
ly wash them with water to completely remove the
forming salts, which leads to a loss of up to 10% of
the target product.

In this study, we suggested to catalyze the process
of interest with carbonic acid formed under carbon
dioxide pressure in an aqueous pulp of the reaction
mass. We expected that the product to be isolated from
the reactor after the condensation of 2,4-dinitrophenyl-
hydrazone with a carbonyl derivative is complete and
the carbon dioxide pressure is relieved will not re-
quire additional treatment to remove acid, since car-
bonic acid decomposes and carbon dioxide volatilizes
upon completion of the process.

EXPERIMENTAL

In our experiments, we used an RTsG-1.6-10-1k-01
1.6-l autoclave* [TU (Technical Specifications) 26-01-
����������
* Manufactured by the Staraya Russa Chemical Machine Build-

ing Plant.

476�85] made of 12Cr18Ni10Ti steel (filling factor
0.7, working pressure up to 100 MPa, temperature
up to 300�C) equipped with an impeller-type stirrer
(3000 rpm). We used carbon dioxide from cylinders
and the following chemicals: 2,4-dinitrophenylhy-
drazine DNPH (pure grade, TU 6-09-2894�72) and
p-benzoquinone (PBQ, pure grade, TU 6-09-156�76)
in a 1 : 1 molar ratio and also other carbonyl deriv-
atives (RHCO or RR�CO with R or R� = Alk or Ar).

The condensation of DNPH with PBQ to form
2,4-dinitrophenylhydrazone (DNPHN) was studied
using the design matrix of full-factorial experiment
(FFE-23) [2] with varied physical factors: X1 for
the carbon dioxide pressure, MPa (lower level 0.5,
upper level 2.5); X2 for the reaction time, h (0.5, 3.5);
and X3 for the reaction mass temperature, �C (50,
80). After isolation from the reaction mass, DNPH
was dried at 105�C and weighed, whereupon the yield
(% of the theoretical value) was estimated.

The regression equation with the coefficients cal-
culated by the Yates method [2] adequately describes
the experimental responses for FFE-23 (Yi � �Yi =
Ŷi � 1.2 at p = 0.95, f = 2, s2 = 0.5):

Ŷi = 44.9 + 25.3X1 + 4.9X2 + 14.9X3 + 8.5X1 X3 . (1)

In Eq. (1), the pair interaction effect X1 X3 proved
to be significant, in agreement with the local optimum
of the DNPH�PBQ condensation, which is determined
primarily by the concentration of protons and temper-
ature X3, and to a lesser extent by the reaction time X2.
This corresponds to the reaction mechanism analogous
to that describing the influence of strong acid protons
[1, 3] in accordance with the reactions

(2)RR�CO + H+ �
� RR�(OH)C+,
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Ph(NO2)2NHNH2 + RR�(OH)C+

�
� [Ph(NO2)2NHNH2C(OH)RR� ]+, (3)

[Ph(NO2)NHNH2C(OH)RR� ]

�
� RR�C=NNHPh(NO2) + H+ + H2O. (4)

The significance of the time factor X2 is determined
by the fact that the reactions are diffusion-controlled
and occur at the DNPH�DNPHN�PBQ�water inter-
face in the pulp of the reaction mass, which is sat-
urated with protons, after the necessary degree of hy-
drolysis of carbon dioxide by the reaction

CO2 + H2O �
� H+ + HCO3

� �
� 2H+ + CO3

2� (5)

is attained under the optimal conditions as determined
by the X1 and X3 factors.

The process becomes predominantly kinetically
controlled [reactions (2)�(4)] under conditions of vig-
orous stirring, which continuously renew the DNPH
solid particle surface, thereby making it accessible to
an attack by protonated molecules of the carbonyl der-
ivative dissolved in water. Thus, DNPHN (a loose
product formed on the DNPH particle surface) is re-
moved from the reaction zone owing to constant abra-
sive collisions of the DNPH particles getting over-
grown with a DNPHN layer.

The behavior of the response surface was visual-
ized as the geometric image of the pair interaction
[4, 5], using the regression equation

(6)Ŷi = 45 + 25X1 + 15X3 + 9X1X3,

incorporating significant effects of factors entering
into the X1X3 pair interaction.

The 3D diagram of the response surface of the
X1X3 pair interaction effect presented in the figure
suggests the following.

(1) When the X1 factor changes from the lower
(X1

� = 5 MPa) to upper (X1
+ = 20 MPa) level at

fixed lower level (X3
� = 0.5 h) of the X3 factor,

the response changes by �Ŷ1 = �Ŷ1 � Ŷ2� = 32%,
i.e., the product yield grows by 32% when the carbon
dioxide pressure is raised, owing to an increase in
the concentration of protons in the reaction mass via
reaction (5).

(2) When the X1 factor changes from the lower
(X1

� = 5 MPa) to upper (X1
+ = 20 MPa) level at

fixed higher level (X3
+ = 1 h) of the X3 factor, the

response changes by �Ŷ3 = �Ŷ3 � Ŷ4� = �12 � 80� =

3D diagram of the response surface for X1X3 pair interac-
tion. b0 = Ŷ0 � Ŷmin = 45 � 14 = 31. Ŷi = 12, 32, 80.

68%, i.e., the product yield increases by 68% (in pro-
portion to the doubled reaction time). This suggests
the rates of reactions (2)�(4) are invariable for a given
chemical system under the chosen synthesis condi-
tions.

(3) When the X3 factor changes from the lower
(X3

� = 0.5 h) to upper (X3
+ = 1 h) level at fixed

lower level (X1
� = 5 MPa) of the X1 factor, the re-

sponse changes by �Ŷ2 = �Ŷ1 � Ŷ3� = �0 � 12� =
12%, i.e., the product yield increases by 12% only,
owing to a low concentration of protons under de-
creased carbon dioxide pressure and to insufficient
shift of equilibrium (5) to the right.

(4) When the X3 factor changes from the lower
(X3

� = 0.5 h) to upper (X3
+ = 1 h) level at fixed

higher level (X1
+ = 20 MPa) of the X1 factor, the re-

sponse changes by �Ŷ4 = �Ŷ2 � Ŷ4� = �80 � 32� =
48%, i.e., the product yield increases by 48%, which
is virtually proportional to the reaction time doubled
for chemical reactions (2)�(4).

Thus, the interaction of the upper levels of factors
X1 X3 ensures the optimal influence of these factors
on the product synthesis. This can be accounted for
by a strong shift to the right of the equilibrium in re-
action (2), owing both to an increase in the carbon
dioxide pressure and, hence, in the proton concentra-
tion [reaction (5)] and to rise in temperature, which
favors reactions (3) and (4). This stabilizes the shift
of the equilibria of reactions (2), (3), and (5) at a level
at which the main reaction (4) proceeds in the optimal
regime with high yield of p-quinonemono-2,4-dinitro-
phenylhydrazone (99.95%).
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The experimental results for DNPH�PBQ conden-
sation under the optimal conditions we found were
extended to some other commercial aliphatic and ar-
omatic carbonyl derivatives. The yields of the cor-
responding 2,4-dinitrophenylhydrazones (% of the
theoretical value) were as follows: anisaldehyde 99.7,
acetone 99.2, benzaldehyde 99.5, isobutyraldehyde
99.6, methyl ethyl ketone 99.2, m-nitrobenzaldehyde
99.4, salicylicaldehyde 99.3, and cyclohexanone 99.5.

CONCLUSIONS

(1) A full-factorial experiment on condensation of
2,4-dinitrophenylhydrazine with p-benzoquinone to
p-quinone mono-2,4-dinitrophenylhydrazone suggests
that synthesis of hydrazones can be catalyzed by pro-
tons of carbonic acid formed in the aqueous pulp of
the reaction mass via hydrolysis of dissolved carbon
dioxide under a pressure of the CO2�H2O steam�gas
mixture.

(2) The optimal conditions were found for syn-
thesis of p-quinone mono-2,4-dinitrophenylhydrazone:
pressure P � 2.5 MPa, temperature T � 80�C, con-
densation time � � 1 h.

(3) The 3D diagram of the response surface and
the revealed regression effect of the X1X3 pair interac-
tion (total pressure of the steam�gas mixture in the
autoclave X1 and the reaction mass temperature X3)

confirms that the proton catalysis mechanism of con-
densation of 2,4-dinitrophenylhydrazine with p-ben-
zoquinone is similar to that revealed previously for
strong inorganic and organic acids.

(4) The condensation reaction studied is suitable
for synthesizing 2,4-dinitrophenylhydrazones from
aliphatic and aromatic carbonyl derivatives in high
yield (99.3�99.7%).
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Abstract�The possibility of using low-selective sensors based on gallium arsenide and gallium antimonide
semiconductor compounds as indicators in acid�base, precipitating, and complexometric titration in model
multicomponent systems and natural water was studied.

Chemical sensors can be used as a convenient an-
alytical tool in comprehensive ecological monitoring
of the environment [1].

At present, the design of chemical sensors is head-
ing in several directions consisting in fabrication of
increasingly selective sensors, on the one hand, and
development of a multisensor approach employing
low-selective sensors, on the other [2]. In analysis
of multicomponent systems, to which environmental
objects mostly belong, high-selective sensors pose
certain difficulties associated with their insufficient
selective [2]. Use of a multisensor system of the
�electronic tongue� type, which combines an array
of various low-selective sensors with high cross sen-
sitivity, enables successful multicomponent quan-
titative analysis of complex liquids, e.g., technologi-
cal electrolyte solutions [3]. The created multisensor
systems with chalcogenide-glass electrodes character-
ized by high stability and reproducibility have been
tested on model solutions in order to enable their
further use in determining heavy-metal cations (Cu2+,
Zn2+, Pb2+, and Cd2+) and inorganic anions (Cl�, F�,
and SO4

2�) in natural and waste water [4, 5]. Use of
different sensors in combination with mathematical
processing of signals by the image recognition pro-
cedure employing, e.g., artificial neural networks
makes it possible to overcome the problem of sensor
selective, which predominates in analysis of multi-
component solutions in the presence of a great number
of interfering ions.

Another promising approach to solving the low
selective problem is to use a single semiconductor
sensor sensitive to a number of ions for determining

several components in complex aqueous systems,
with the known methods of potentiometric titration
employed.

This study is concerned with the possibility of ap-
plying single low-selective semiconductor sensors
and methods of potentiometric titration for analyzing
such complex solutions as natural water.

EXPERIMENTAL

Potentiometric titration was performed on an EV�
74 ion-meter. An EVL�IM3 silver chloride electrode
served as reference. As indicator electrodes were stud-
ied electrochemical sensors based on semiconductor
compounds gallium arsenide (GaAs) and gallium an-
timonide (GaSb), fabricated in the form of solid con-
tact electrodes. The semiconductor compounds were
single crystals grown by the Czochralski technique [6].
When passing in potentiometric titration from one
type of ions to another, the electrodes were polished
with thin emery paper, washed with distilled water,
and wiped dry with filtering paper. Between mea-
surements, the electrodes were stored in air. It has
been found previously in preliminary experiments that
GaAs and GaSb semiconductor sensors are sensitive
in solutions to different ions and, consequently, are
low-selective sensors.

For comparison, ion-selective electrodes based on
heavy-metal chalcogenides: silver-selective electrode
AgSE with Ag2S membrane, copper-selective elec-
trode CuSE with Ag2S�CuS membrane, chloride-se-
lective electrode ClSE with Ag2S�AgCl membrane,
and ESL�63�07 glass electrode were also used as in-
dicator electrodes.
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Fig. 1. Curves of potentiometric titration of a NaHCO3
standard solution with a 0.1 N HCl solution (1) GaSb
sensor and (2) glass electrode. (E ) Potential and (VHCl)
titrant volume; the same for Fig. 2.

Fig. 2. Curves of potentiometric titration of KCl model
solution with a 0.1 N AgNO3 solution, with (1�3) GaAs
electrode and (4) ClSE. Titration: (1) first, (2) second,
and (3) third.

As model solution for potentiometric titration
served 0.1 N solutions of NaHCO3, KCl, and EDTA,
prepared from fixanals. As titrants were used 0.1 N
solutions of HCl, AgNO3, and CuSO4.

The possibility of using semiconductor sensors
as indicators in acid�base titration was studied with
standard solutions of sodium hydrocarbonate. An ESL�
63�07 glass electrode served as a standard. The curves
of potentiometric titration of a NaHCO3 solution with
a 0.1 N HCl solution, shown in Fig. 1, exhibit pro-

nounced potential jump near the final titration point
for both glass and GaSb indicator electrodes, with
the titration curve measured using a GaSb electrode
shifted toward negative potentials. The magnitudes
of the potential jumps are the same for both types
of electrodes, i.e., semiconductor sensors can be used
along with the conventional glass electrodes.

It was established for gallium arsenide and gallium
antimonide indicator electrodes used to determine
chloride ions by precipitating titration with AgNO3
solution that the end point of titration is clearly re-
corded with a GaAs electrode. Titration of KCl model
solutions can be considered as an example (Fig. 2).
As seen, the potential jump corresponding to chloride
ions is the most pronounced for sensors with freshly
polished surface (curve 1). When a sensor is used for
titration of chloride ions for the second time without
preliminary polishing, the titration curve (curve 2)
shifts to more positive potentials, which is a charac-
teristic of a chloride-selective electrode (curve 4).

After third titration of a KCl solution with AgNO3
solution, using a GaAs electrode having unfreshened
surface, the titration curve is shifted to even greater
extent to the range of positive potentials, with the
magnitude of the potential jump approaching that for
ClSE (curve 3). After three or four successive titra-
tions with GaAs electrode having unpolished surface,
the magnitude of the potential jump becomes virtually
constant and the titration curve remains in a strictly
fixed range of potentials from �150 to +250 mV.
When the surface of the semiconductor electrode is
freshened with thin emery paper, the first part of
the titration curve, which corresponds to the reaction
Cl� + Ag+ � AgCl�, is again markedly shifted to
negative potentials to �300 mV. In the course of titra-
tion, Ag+ and Cl� ions are chemisorbed to give a poor-
ly soluble compound AgCl on the surface. The thus
self-modified GaAs sensor ensures a stable potential
jump near the end point of titration. The magnitude
of this jump exceeds that for the chloride-selective
electrode by a factor of 2, which makes it possible
to determine the end of titration with high accuracy.

The sensors based on GaAs and GaSb semiconduc-
tor compounds were studied in a complexometric ti-
tration. The potential jumps obtained for a standard
EDTA solution titrated with 0.1 N CuSO4 solution
with the semiconductor sensors and the conventional
copper-selective electrode do not differ significantly.
The potentiometric titration curves measured for
an EDTA solution with GaAs and GaSb electrodes are
well reproducible, which allows reliable identification
of the end point of titration.
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The possibility of using GaAs and GaSb semicon-
ductor sensors as indicator electrodes for potentiomet-
ric, acid�base, and complexometric titration, which
was established on model solutions, made it possible
to test them in multicomponent aqueous systems, to
which belongs natural water. The determination of
HCO3

�, Cl�, and SO4
2� in natural water, which is

an integral part of ecological analytical monitoring, is
commonly performed in laboratory with glass, chlo-
ride-selective, and sulfate-selective electrodes, respec-
tively [7]. GaAs and GaSb sensors were tested in de-
termining major anions in river water. Bicarbonates
and chlorides were determined by direct titration
with 0.1 N solution of HCl and AgNO3, respectively.
Sulfate ions were determined by back titration after
their precipitation with a barium salt solution and
dissolution in an ammonia solution of EDTA [8].
The excess amount of EDTA solution was back-ti-
trated with a 0.1 N solution of CuSO4. The results
obtained in determining the main anions in water of
the Drakul River (Kazakhstan) are listed in the table.
As seen, the determination of HCO3

�, Cl�, and SO4
2�

ions with sensors based on GaAs and GaSb semicon-
ductor compounds is characterized by sufficient ac-
curacy and good reproducibility. The results obtained
with the conventional ion-selective electrodes and
semiconductor sensors are in good agreement. How-
ever, in the latter case, sensors ensure a more reliable
determination of the end point of titration.

Thus, the properties of low-selective sensors based
on semiconductor compounds were used to determine
several components in natural water by acid�base, pre-
cipitating, and complexometric titration. Unlike direct
potentiometry, the given method does not require use
of highly selective sensors.

CONCLUSIONS

(1) It is established that low-selective sensors
based on gallium arsenide and gallium antimonide
semiconductor compounds can be used as indica-
tors for acid�base, precipitating, and complexometric
titration.

(2) The possibility of using semiconductor sensors
for determining HCO3

�, Cl�, and SO4
2� ions in multi-

component systems, including natural water, is dem-
onstrated.

(3) It is proposed to use a single low-selective
semiconductor sensor for determining several com-

Results of determination of anions in water of the Drakul
River (n = 5, P = 0.95)
����������������������������������������

Anion � Titrant � Electrode � Found, mg l�1

����������������������������������������
HCO3

� � HCl � GaSb � 212 � 3
� � ESL-63-07 � 214 � 3

Cl� � AgNO3 � GaAs � 223 � 2
� � ClSE � 224 � 3

SO4
2� � CuSO4 � GaAs � 108 � 6

� � CuSE � 104 � 5
����������������������������������������

ponents in natural water, which is convenient from
the standpoint of unification of analytical procedures.
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Abstract�Physicochemical and explosive properties of cobalt(III) tetrazolate perchlorate complexes were
studied. The spectrophotometical properties of these complexes in the solid state and their sensitivity to
laser radiation were examined.

Tetramminebis(5-nitrotetrazolato)cobalt(III) perchlo-
rate I is used as an explosive in priming charges (PCs)
initiated with a laser diode (� = 800 nm, Ebeam =
0.5 mJ) [1, 2]. Both I and its analogs are promising

photosensitive compounds since they are safer than
conventional primers used in laser detonators [3].
This study is concerned with a series of tetraminetetra-
zolato Co(III) perchlorates with the general formula

����������
[Co(NH3)4(Tz)n ](ClO4]m,

n = 2, m = 1 (I�IV); n = 1, m = 1 (V); n = 2, m = 3 (VI, VII);
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Compounds I�VII were prepared by the reaction

[Co(NH3)4(H2O)2](ClO4)3 + nTz
VIII

HClO4/H2O, pH < 2,
95�C, 4 h

������� [Co(NH3)4(Tz)n](ClO4)m + 2H2O.
I�VII

(1)

The complexes are crystalline compounds soluble
in water, DMSO, DMF and difficulty soluble in etha-
nol, isopropanol, and isobutanol. Their physicochem-
ical and explosive characteristics are summarized in
the table.

The densities of Co(III) tetramine complexes were
calculated as sums of molecular increments of struc-
tural fragments with average error of �0.04 g cm�3.
To determine the detonation rate of I�VII, their mol-
ecules were divided into active (perchlorate anion and
the ligands) and inert (metal cation) parts. The detona-
tion rate was calculated from these increments with
average error of �140 m s�1 [4].

Thermolysis of I�VII was studied under nonisother-
mal conditions at a heating rate of 5 deg min�1. These
compounds are relatively thermostable since their Toid
temperature is higher than 230�C. In the first stage
of thermolysis of tetrazolatotetrammine cobalt(III) per-
chlorates, the inner coordination sphere of this com-
plex degrades with elimination of ammonia. Then tet-
razole ligands are thermally decomposed with their
stepwise oxidation by outer-sphere perchlorate anions
[5]. The thermal analysis curves of I and VII contain
a broad exothermic peak corresponding to simultane-
ous occurrence of these steps. Clearly, in this case, the
energy liberation is at a maximum and the energy loss,
at a minimum. As a result, the combustion�detonation
transition for I and VII is the fastest. For II and IV, the
three thermolysis steps are separated in time. The total
exothermic effect is lower owing not only to endo-
thermic elimination of ammonia, but also to removal
of the fuel from the reaction zone. A nonstoichiomet-
ric ratio of the fuel and oxidizing agent may result in
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Physicochemical and explosive characteristics of (tetramminetetrazolato)cobalt(III) perchlorates
������������������������������������������������������������������������������������

Property
� Compound
��������������������������������������������
� I � II � III � IV � V � VI � VII

������������������������������������������������������������������������������������
Density, �, g cm�3 � 1.97* � 1.86 � 1.75 � 1.81 � 1.90 � 1.85 � 1.90*

Detonation rate D�, km s�1 � 8.1 � 6.9 � 6.8 � 6.7 � 7.1 � 7.3 � 7.5
Onset temperature of intense decomposition Toid, �C �234 �239 �252 �242 �238 �233 �234
Shock sensitivity H25/cm, %** � 8 � 64 � � � 14 � 10 � 32 � 8
Minimal priming charge (MIC), g � 0.05 � 0.45 � 0.30 � 0.50 � 0.40 � 0.35 � 0.15
������������������������������������������������������������������������������������
* Experimental values.

** Load 2 kg, sample weight 20 mg.

additional heat loss and longer combustion�detonation
transition, which is actually the case (see table). In
thermolysis of III, V, and VI, the pattern is interme-
diate between those observed with I, VII and II, IV.

The kinetic parameters of thermolysis of I�VII at
Toid were calculated from the T�TG, T�DTG, and
T�DTA curves. The preexponential factor in the Ar-
rhenius equation, activation energy (kJ mol�1), and
reaction order are 18.5, 212.2, 0.5; 18.8, 228.6, 0.5;
16.7, 204.7, 1.0; 26.3, 293.3, 0.5; 17.6, 231.6, 1.0;
17.4, 204.6, 1.0; and 18.6, 218.3, 1.0, respectively.
The fact that the reaction order of thermolysis is lower
than unity (n = 0.5) is presumably due to occurrence
of the reaction at the interface between sample and the
reaction product and the influence of the crystal lattice
on the diffusion of the reaction products [6]. The reac-
tion order equal to 1.0 indicates that thermolysis is not
hindered by diffusion factors.

The IR spectra of I�VII contain absorption bands
associated with coordinated ammonia, substituents in
the heterocyclic ring, tetrazole ring, and outer-sphere
perchlorate anion.

The electronic absorption spectra of I�VII in aque-
ous solutions are typical of this type of compounds [7]
and contain the d�d band of 1T1g � 1A1g transition.
The other strong band (1T2g �

1A2g) is overlapped by
the absorption of the tetrazole ligand. Clearly, these
complexes contain the octahedral chromophore CoN6.

The 1H NMR spectra of all the compounds except
III contain signals of equatorial (in low field) and
ax. (in high field) ammonia ligands in the range 3.4
�4.3 ppm. In the spectrum of III, the ammonia 1H
signal is not split, probably owing to trans config-
uration of the complex. The different chemical shifts
of the equatorial and ax. ammonia molecules are con-
sistent with coordination of the heterocyclic ligands
via nitrogen atoms [8]. The splitting of these signals

into a doublet is due to nonequivalence of the am-
monia protons. This splitting is caused by coordina-
tion of the tetrazole ring via different atoms: N1 and
N2 in II and IV [9], N1 and O of one of the nitro
groups in V (5-nitroaminotetrazole is coordinated in
the bidentate manner) [10], and N3 and N4 in VI and
VII [11]. The tetrazole ligands of I are coordinated
only via the N2 atom [12].

We also studied the sensitivity of pressed powders
of the explosives to a single pulse of neodymium
solid-state laser (� = 1.06 �m, �q = 2 ms, E = 1.5 J,
dbeam = 1 mm). The results obtained are listed below.

Compound Effect

I Detonation
II Combustion
III Failure
IV Detonation
V Failure
VI Detonation
VII Failure

The modern concept of initiation of explosives
with pulsed laser radiation is based on the ignition at
centers formed upon hypothesis of radiation absorp-
tion by optical microheterogeneities in separate crys-
tals [3]. In this context, a spectral study of the prim-
ers in the wavelength range used in industrial lasers
(visible and near-IR region, ruby laser operating at
690 nm and neodymium laser operating at 1060 nm)
is of not only theoretical, but also practical interest.

We recorded optical spectra of crystalline com-
plexes I�III and IV (in pellets). First we recorded
the spectra of I and II. Since the influence of the
material brought in contact with primers in priming
charges (PCs) is of practical interest, pellets of the
compounds examined were placed on a copper sup-
port (Figs. 1, 2).
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Fig. 1. Diffuse reflectance spectra of (a) I and (b) II. (Kd) Diffuse reflectance coefficient and (�) wavelength. (1) No support and
(2) on a support; the same for Fig. 2.

Fig. 2. Electronic absorption spectra of (a) I and (b) II (Ka) Absorption coefficient and (�) wavelength.

Fig. 3. (a) Mirror reflectance, (b) absorption, and (c) diffuse reflectance spectra of (1) I, (2) II, (3) III, and (4) VI on a support.
(Km , Ka, Kd ) Coefficeints of mirror reflectance, absorption, and diffuse reflectance, respectively; (�) wavelength.

As seen from Figs. 1 and 2, compounds I and II
behave similarly under exposure to radiation in the
whole spectral range, including the wavelength of the
neodymium laser (1060 nm). In all cases, the copper
support affects the spectral properties. To confirm this
result, we also recorded the spectra of III and VI
(Figs. 3a�3c).

As seen from Figs. 3a�3c, the initiation threshold
of the crystalline primers is independent of the wave-
length of the initiating light. However, it is neces-
sary to study the influence of the particle size distri-
bution and the type of interparticle cohesion on initia-
tion of these explosives. Laser initiation of the com-
plexes was performed with assistance of V.V. Blago-
veshchenskii.

Thus, the (tetraminetetrazolato)cobalt(III) perchlo-
rates can be used as primers both in conventional

priming charges and in optically initiated priming
charges of high safety.

EXPERIMENTAL

The IR spectra of crystalline I�VII (Nujol or fluo-
rinated oil mulls between KBr windows) were re-
corded on a Perkin�Elmer M457 spectrometer.

The UV spectra were recorded on a Perkin�Elmer
LAMBDA 40 spectrometer in 1-cm quartz cells (anal-
ytical concentration 10�1�10�2 M).

The 1H NMR spectra were recorded on a Bruker
AC (300 MHz) spectrometer using DMSO-d6 as
solvent and hexamethyldisiloxane (HMDS) as internal
reference.

Synthesis of I�VII was monitored by thin-layer
chromatography on Silufol UV-254 plates, using 3%
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sodium perchlorate as eluent. A thermal gravimetric
analysis was performed on an MOM derivatograph
(Hungary) in the range 20�500�C at a heating rate
of 5 deg min�1. The onset temperature of intense de-
composition, Toid, was determined on a thermograph
at a heating rate of 5.3 deg min�1. The sensitivity to
shock was determined by the pile-driving procedure
performed in accordance with GOST (State Standard)
1944�80. The minimal primer charge (MPC) of the
complexes was determined with respect to hexogen
in the geometry of detonating cap (DC) no. 8 (com-
paction pressures Pc of the compound and hexogen
were 121 and 363 kg cm�2, respectively).

The optical properties of the solid compounds were
studied on SPEFOT spectrophotometric unit described
in [13].

Diaquatetramminecobalt(III) perchlorate VIII pre-
pared by the procedure described in [14] was used in
further synthesis without isolation from the solutions.

Tetramminebis(5-nitrotetrazolato)cobalt(III) per-
chlorate I and tetramminebis(1-methyl-5-aminote-
trazole)cobalt(III) perchlorate VII were prepared by
the procedure described in [15] in 54 and 51% yields,
respectively. Compound I. IR spectrum, cm�1: 1588 m,
1316 m (NH3, Tz), 1076 m (ClO4), 1540 m (NO2).
UV spectrum, �max = 456 nm, � = 74 l cm�1 mol�1.
1H NMR spectrum (DMSO-d6), 	, ppm: 3.79, 4.29
(12H, NH3).

Found, %: C 4.8, H 2.3, N 42.6.

C2H12ClCoN14O8.

Calculated, %: C 5.3, H 2.7, N 43.1.

Compound VII. IR spectrum, cm�1: 3316 m,
1334 m (NH3, Tz), 1118 m (ClO4), 1628 m (C=N),
3236 w, 1616 w (NH2), 2830 w (CH3). UV spec-
trum, �max = 466 nm, � = 77 l cm�1 mol�1. 1H NMR
spectrum (DMSO-d6), 	, ppm: 3.85, 3.90 (9H,
NH3 eq.); 3.75, 3.80 (3H, NH3 ax.); 7.12 (2H,
NH2�Tz, ax.), 7.52 (2H, NH2�Tz eq.); 4.03 (3H,
CH3�Tz ax.), 4.22 (3H, CH3�Tz eq.).

Found, %: C 7.8, H 3.3, N 31.9.

C4H22Cl3CoN14O12.

Calculated, %: C 7.7, H 3.6, N 31.5.

Published procedures were used to prepare tetrazole
[16], 5-methyltetrazole [17], 5-nitroaminotetrazole [18],

5-aminotetrazole [19], and 1,5-diaminotetrazole [20].
The physicochemical properties of the compounds
agreed with published data.

Tetramminebis(trazolato)cobalt(III) perchlorate
II, tetramminebis(5-methyltetrazolato)cobalt(III)
perchlorate III, tetramminebis(5-aminotetrazolato)-
cobalt(III) perchlorate IV, tetrammine-5-nitro-
aminotetrazolatocobalt(III) perchlorate V, and te-
tramminebis(1,5-diaminotetrazole)cobalt(III) per-
chlorate VI. Carbonatotetramminecobalt(III) perchlo-
rate (0.5 g) prepared by the procedure described in
[21] was dissolved in 5% perchloric acid (15 ml) until
CO2 evolution stopped. The solution was filtered.
An appropriate tetrazole derivative was added in 60%
excess to the filtrate. The reaction mixture was heated
on a boiling water bath for 4 h, cooled to 15�C, and
poured into propan-2-ol (100 ml). The precipitate was
filtered off and washed with two portions of ethanol
(2 
 5 ml). Yield (60�65 %). Compound II. IR spec-
trum, cm�1: 3320 m, 1329 m (NH3, Tz), 3050 m (CH),
1094 ws (ClO4). UV spectrum, �max = 454 nm,
� = 87 l cm�1 mol�1. 1H NMR spectrum (DMSO-d6),
	, ppm: 4.00, 4.25 (9H, NH3 eq.), 3.66, 3.85 (3H,
NH3 ax.), 6.90 (H, C�H, Tz ax.), 8.70 (H, C�H,
Tz, eq.).

Found, %: C 6.7, H 4.1, N 45.7.

C2H14ClCoN12O4.

Calculated, %: C 6.6, H 3.9, N 46.1.

Compound III. IR spectrum, cm�1: 3315 m, 1330 m
(NH3, Tz), 1101 s (ClO4), 1450 s, 1370 s (CH3).
UV spectrum, �max = 455 nm, � = 92 l cm�1 mol�1.
1H NMR spectrum (DMSO-d6), 	, ppm: 3.74, (12H,
NH3 eq.), 2.52 (6H, CH3�Tz ax.).

Found, %: C 6.7, H 4.1, N 45.7.

C4H18ClCoN12O4.

Calculated, %: C 6.6, H 3.9, N 46.1.

Compound IV. IR spectrum, cm�1: 3318 m, 1312 m
(NH3, Tz), 3426 w, 1596 w (NH2) 1084 m (ClO4).
UV spectrum, �max = 463 nm, � = 80 l cm�1 mol�1.
1H NMR spectrum (DMSO-d6), 	, ppm: 4.05, 4.25
(9H, NH3 eq.), 3.45, 3.72 (3H, NH3 ax.), 5.22 (2H,
NH2�Tz ax.), 6.87 (2H, NH2�Tz, eq.).

Found, %: C 6.1, H 4.3, N 49.5.

C2H16ClCoN14O4.

Calculated, %: C 6.1, H 4.1, N 49.7.
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Compound V. IR spectrum, cm�1: 3320 s,
1308 m (NH3, Tz), 1556 m (NO2), 1340 m (C�N),
1110 s (ClO4). UV spectrum, �max = 475 nm, � =
63 l cm�1 mol�1. 1H NMR spectrum (DMSO-d6),
	, ppm: 4.10, 4.50 (6H, NH3 eq.), 3.45, 3.75 (6H,
NH3 ax.).

Found, %: C 3.8, H 3.9, N 39.6.

CH12ClCoN10O6.

Calculated, %: C 3.4, H 3.4, N 39.5.

Compound VI. IR spectrum, cm�1: 3321 m,
1332 m (NH3, Tz), 1095 s (ClO4), 1630 m (C=N),
3232 w, 1610 w (NH2). UV spectrum, �max = 470 nm
� = 80 l cm�1 mol�1. 1H NMR spectrum (DMSO-d6),
	, ppm: 4.00, 4.15 (9H, NH3 eq.), 3.70, 3.78
(3H, NH3 ax.), 6.20 [4H, (NH2)2�Tz ax.], 6.92
[4H, (NH2)2�Tz, eq.).

Found, %: C 3.8, H 3.6, N 35.9.

C2H20Cl3CoN16O12.

Calculated, %: C 3.8, H 3.2, N 35.8.

REFERENCES

1. Merson, J.A., Salas, F.J., and Harlan, J.G., Proc. Int.
Pyrotech. Semin., 1994, vol. 19, pp. 191�206.

2. Fyfe, D.W., Fronabarger, J.W., and Bickes, R.W., Jr.,
Proc. Int. Pyrotech. Semin., 1994, vol. 20,
pp. 341�343.

3. Ilyushin, M.A., Tselinskii, I.V., and Chernai, A.V.,
Ross. Khim. Zh., 1997, vol. 41, no. 4, pp. 81�88.

4. Ilushin, M.A., Smirnov, A.V., Kotomin, A.A., and
Tselynsky, I.V., Hanneng caliliao=Energ. Mater.,
1994, vol. 2, no. 1, pp. 16�20.

5. Zhilin, A.Yu., Ilyushin, M.A., and Tselinskii, I.V.,
Zh. Obshch. Khim., 2001, vol. 71, no. 5, pp. 710�713.

6. Kukushkin, Yu.N., Budanova, V.F., and Sedova, G.N.,
Termicheskoe prevrashchenie koordinatsionnykh so-
edinenii v tverdoi faze (Thermal Transformations of
Coordination Compounds in the Solid Phase), Lenin-
grad: Leningr. Gos. Univ., 1981.

7. Fronabarger, J., Schuman, A., Chapman, R.D., et al.,
AIAA Pap., 1995, no. 2858, pp. 1�7.

8. Sheng, D., Ma, F., Sun, F., and Lu, Q., Hanneng
caliliao=Energ. Mater., 2000, vol. 8, no. 3,
pp. 100�103.

9. Moore, D.S. and Robinson, S.D., Adv. Inorg. Chem.,
1988, vol. 32, pp. 171�239.

10. Subba Rao, N.S.V., Ganorkar, M.C., Mohan Mura-
li, B.K., and Ramaswamy, C.P., Bull. Acad. Polon.
Sci., 1979, vol. 27, no. 1, pp. 21�28.

11. Shilin, A.Yu., Ilyushin, M.A., Tselinskii, I.V., et al.,
Zh. Prikl. Khim., 2002, vol. 75, no. 11, pp. 1885�1888.

12. Morosin, B., Dunn, R.G., Assink, R., et al., Acta
Crystallogr., 1997, Sect. C, vol. 53, pp. 1609�1611.

13. RF Patent no. 1 673 928.
14. Ilyushin, M.A., Lukogorskaya, A.S., Tselinskii, I.V.,

and Brykov, A.S., Zh. Obshch. Khim., 1999, vol. 69,
no. 3, pp. 449�451.

15. Zhilin, A.Yu., Ilyushin, M.A., Tselinskii, I.V., and
Brykov, A.S., Zh. Prikl. Khim., 2001, vol. 74, no. 1,
pp. 96�99.

16. Gaponik, P.N. and Karavai, V.P., Vestn. Belorus. Gos.
Univ., Ser. 2, (Minsk), 1980, no. 3, pp. 51�52.

17. Spear, R.J., Aust. J. Chem., 1984, vol. 37, no. 12,
pp. 2453�2468.

18. Mayants, A.G., Khim. Geterotsikl. Soedin., 1969,
no. 11, pp. 1569�1571.

19. Lavrenova, L.G., Larionov, S.V., Grankina, Z.A., and
Ikorskii, V.N., Izv. Sib. Otd. Akad. Nauk SSSR, Ser.
Khim. Nauk, 1983, nos. 2/1, pp. 81�86.

20. Gaponik, P.N. and Karavai, V.P., Khim. Geterotsikl.
Soedin., 1984, no. 12, pp. 1683�1686.

21. Novakovskii, M.S., Laboratornye raboty po khimii
kompleksnykh soedinenii (Laboratory Works on Co-
ordination Chemistry), Kharkov: Kharkov Univ., 1972.



1070-4272/03/7604-0577 $25.00 � 2003 MAIK �Nauka/Interperiodica�

Russian Journal of Applied Chemistry, Vol. 76, No. 4, 2003, pp. 577�581. Translated from Zhurnal Prikladnoi Khimii, Vol. 76, No. 4, 2003,
pp. 597�601.
Original Russian Text Copyright � 2003 by Isakova, Petrakovskaya, Balaev, Kolpakova.

ORGANIC SYNTHESIS
������������������ ������������������

AND INDUSTRIAL ORGANIC CHEMISTRY

Thermal Reactions of Fullerene C60
with Iron(III) Acetylacetonate

V. G. Isakova, E. A. Petrakovskaya, A. D. Balaev, and T. A. Kolpakova

Kirenskii Institute of Physics, Siberian Division, Russian Academy of Sciences, Krasnoyarsk, Russia

Krasnoyarsk State Technical University, Krasnoyarsk, Russia

Received June 13, 2002; in final form, February 2003

Abstract�Thermal reaction of solid mixtures of fullerene C60 with iron(III) acetylacetonate proceeds in the
combustion mode; the composition and characteristics of the reaction products are governed by the Fe : C60
ratio in the initial mixture. The magnetization of iron-fullerene complexes was measured.

Iron-fullerene derivatives attract the researchers’
attention owing to the possibility of synthesis of new
magnetic materials, catalysts, and biologically active
compounds based on these derivatives. The character-
istics of iron fulleride FeC60 and organometallic com-
plexes of fullerene C60 with ferrocene and iron car-
bonyls have been studied most extensively [1�6]. Or-
ganometallic iron-fullerene complexes are synthesized
by exchange reactions in organic solutions [5, 6]. Iron
fulleride can be produced by chemical methods, e.g.,
by decomposition of ferrocene fullerene complexes
[1], reactions in the gas phase [7], or direct synthe-
sis of fullerene in arc discharge with the use of iron-
containing graphite electrodes or Fe(CO)5 medium [8].
Crystalline FeC60 exhibits superparamagnetic charac-
teristics [1]. In [9], iron-fullerene complexes were
produced in a flow of iron-doped carbon-helium plas-
ma formed by a high-frequency ac electric arc. Iron
powder or wire was placed in a hole of one of the
electrodes. Iron-containing fullerene mixtures ex-
tracted from fullerene soot with organic solvents were
used in synthesis of water-soluble iron-fullerene prod-
ucts having biological activity [10]. The possibility
of synthesis of fullerene derivatives of d-transition
metals by the reaction of fullerenes with metal acetyl-
acetonates, proceeding in the combustion mode, was
shown in [11, 12].

The aim of this study was to make a physicochem-
ical analysis of characteristics of materials and com-
pounds formed by thermal reaction of fullerene C60
with iron(III) acetylacetonate.

EXPERIMENTAL

Iron(III) acetylacetonate [Fe(acac)3] used in this
study was produced by the procedure described in [13].

Finely ground mixtures of fullerene C1
60 (99.5%)

with Fe(acac)3 in stoichiometric ratios C60 : Fe 1 : 1,
1 : 2, and 1 : 5 (sample nos. 1, 2, and 3, respectively)
were placed in quartz crucibles, which were closed
with lids and heated to visual glowing of the sub-
stance. The clearance between the crucible and lid
allowed removal of volatile products from the reac-
tion area. After completion of the thermal reaction,
the combustion products (CPs) were washed with
boiling aqueous hydrochloric acid (1 : 5) and organic
solvents (benzene and toluene) until colorness solu-
tions were obtained.

Differential thermal analysis (DTA) was performed
on an MOM Q-1000 derivatograph (Hungary) with
heating of Fe(acac)3 and sample no. 1 in air at a rate
of 20 deg min�1 in crucibles covered with lids. The
weighed portions were 40 mg. The clearance between
the crucible and lid was 0.05�0.06 mm. The crucible
was fully filled with a sample.

The ESR spectra were recorded on SE/X-2544 and
RE-1308 spectrometers in the X- and Q-ranges at
temperatures of 77�500 K. The substances were char-
acterized by the linewidth �H and the position of
the ESR signal (effective g-factor). The spectra of
iron-containing products are not typical ESR spectra
and differ from the spectra of ferromagnetic resonance
in a bulk substance, so we used in this study the term
EMR (electronic magnetic resonance). The analysis
of magnetic characteristics was based on EMR data,
M�ossbauer spectroscopy, and measurements of mag-
netization of some characteristic synthesis products
on a vibration magnetometer at 77�300 K. The X-ray
����������
1 Synthesized by A.V. Eletskii.
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Fig. 1. TG and DTA curves of the initial C60�Fe(acac)3
mixture corresponding to (1, 2) composition no. 1 and
(3, 4) Fe(acac)3. (�m) Weight change, and (T ) temper-
ature.

Fig. 2. EMR spectra of the samples of the initial composi-
tion 1 : 1. (H) Magnetic field strength, the same for Fig. 5.
(1) C60�Fe(acac)3 mixture after keeping for 24 h at room
temperature, (2) CP1, (3) CP1 treated with HCl, and (4) sig-
nal from C60 radical.

phase analysis was carried out on a DRON-2 equip-
ment.

Heating of solid mixtures C60 /Fe(acac)3 in air to
400�C and above, i.e., to temperatures exceeding the
thermal decomposition point, results in ignition of
reactants and is accompanied by complete loss of ful-
lerene. Under the same conditions, free fullerene does
not undergo noticeable transformations, and in the
absence of fullerene, Fe(acac)3 sublimes with insig-
nificant decomposition. It is likely that combustion is
a catalytic reaction. Fullerene C60 is able to chemisorb
significant amounts of oxygen [14]; therefore, it can
supply active oxygen initiating combustion. At the
same time, it is well known that iron acetylacetonate
exhibits catalytic ability in oxidation of organic com-
pounds [15].

The DTA curves of sample no. 1 and Fe(acac)3
are compared in Fig. 1. The experiments were carried
out under conditions of limited air access. This was
done by using crucibles covered with lids and fill-
ing the whole crucible volume with the substance.
The thermal behavior of Fe(acac)3 is typical of vol-
atile metal acetylacetonates [13]. In the range 190�
347�C, the TG and DTA curves correspond to sub-
limation and evaporation of Fe(acac)3. At higher tem-
peratures, there are two exothermic peaks in the DTA
curves, corresponding to pyrolysis of the sample re-
sidue. At the same time, the weight loss of the reac-
tion mixture C60 /Fe(acac)3 begans at a temperature
lower by 30�C than the temperature associated with
weight loss of Fe(acac)3 caused by sublimation. The
weight loss at 230�C corresponds to the weight of
acetylacetone released, apparently, by fullerene-cata-
lyzed homolytic rupture of the bond of acetylacetonate
ligand with Fe3+ ion and its reduction to Fe2+. The
total change in the weight of C60 /Fe(acac)3 sample
upon heating to 500�C corresponded to conversion of
Fe(acac)3 in the initial mixture to Fe2O3. With C60,
no noticeable weight variation was observed. The fi-
nal product of heating of free Fe(acac)3 to 500�C is
also Fe2O3. However, at the temperature correspond-
ing to the onset of thermal decomposition of Fe(acac)3,
the product of its pyrolysis is predominantly mag-
netite.

With account of the DTA data, thermal reactions
of C60 with Fe(acac)3 were carried out with limited
air access. The initial mixtures C60 /Fe(acac)3 were
heated to a temperature corresponding to the onset
of thermal decomposition of Fe(acac)3. In this case,
combustion proceeded in the nonequilibrium hetero-
geneous system C60 /Fe(acac)3(solid)�Fe(acac)3(vapor)
without ignition, in the glowing mode. The combus-
tion products of the initial mixture nos. 1�3 (CP1�
CP3, respectively) were black magnetic powders.
According to M�ossbauer spectra these powders con-
tain 83�97% magnetic heterogeneous phase similar
to magnetite; the rest is paramagnetic. The amount
of the paramagnetic phase and deviation of the par-
ameters of the M�ossbauer spectra from those of bulk
magnetite increase with decreasing content of iron
in the initial mixture.

The EMR spectrum of Fe(acac)3 in the initial mix-
ture of reactants is a broad symmetrical line with
the parameters geff = 2.4 and line width 1400 Oe
(Fig. 2, 1). For fullerene C60, the ESR line is charac-
teristic of a radical center (Fig. 3, 1); its nature was
discussed, e.g., in [16]. For the C60 samples used in
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this study, g = 2.0021 and �H = 1 Oe. The EMR
spectra of samples CP2 and CP3 at 293 K are broad
lines with effective g-factor much exceeding 2 (see
table).

The spectra show that, at high content of Fe(acac)3
in the initial sample, the magnetic properties of the
products of the thermal reaction are determined pre-
dominantly by magnetite formed via thermal decom-
position of Fe(acac)3. Lowering the temperature to
77 K results in a considerable broadening of lines
and a downfield shift. By contrast, heating to 500 K
results in an upfield shift; in this case, the lines be-
came narrower and more symmetrical. The variation
of the resonance field and linewidth with temperature
correspond to that for amorphous magnetics [17],
whose magnetism is caused by the Fe3+ ion in octa-
hedral positions with a typical set of nonequivalent
distortions of the symmetry. Similar results were ob-
tained for the temperature behavior of the EMR line-
width and resonance field in magnetic polymers [18].
By analogy with these data, and also with account of
the results of M�ossbauer spectroscopy, the products of
thermal synthesis are nonequilibrium ferromagnetics.
The ESR line of radical centers of fullerene C60 in
these products is significantly broadened.

It has been shown previously [19] that the varia-
tion of the EMR linewidth with temperature in these
systems is governed by fluctuations of magnetiza-
tion. When the linewidth is determined by anisotropy,
these fluctuations result in line narrowing with in-
creasing temperature. The size of magnetic particles
can be determined from the relationship

�H = �H0 MSVH0/2kT,

where Ms is saturation magnetization; V, particle
volume; k, Boltzmann constant; T, temperature; and
�H and H0, the linewidth of EMR signal and its posi-
tion, respectively.

In the case of magnetite particles, the magnetiza-
tion is 2400 G; the linewidth �H0 and resonance field
H0 refer to 300 K. For the CP3 sample, the average
particle size is 200 nm. Our measurements showed
that an increase in the iron concentration results in
line narrowing; hence, the particle size decreases
and the crystal structure is disrupted. In this context,
the absence of reflections characteristic of iron com-
pounds in the X-ray patterns of samples CP1 and CP2
can be accounted for by the amorphous nature of fine
particles. An X-ray phase analysis of sample CP3 re-
vealed significantly broadened magnetite reflections.

Parameters of EMR spectra in the X-range for CPs of
mixtures C60 /Fe(acac)3 before and after treatment with
HCl and C6H6
����������������������������������������
Combustion � � �H � C60 radical, �H

� ����������������������products � geff �
of mixtures � � Oe
����������������������������������������

CP1 � 2.16 � 1000 � 2
CP2 � 2.2 � 1320 �
CP3 � 2.4 � 1500 �
CP1* � 2.03 � 600 � 1.2
CP2* � 2.04 � 800 � 2
CP3* � 2.06 � 1300 � 5
CP2** � 2.0337 � 600 � 1.5
CP3** � 2.1 � 1300 � 4.5

����������������������������������������
* Treated with HCl.

** Treated with HCl and C6H6.

The EMR spectrum of sample CP1 is shown in
Fig. 2, 2. For this sample, the ESR signal from the
C60 radical centers is observed. The transformations
of this signal in the course of synthesis are shown in
Fig. 3. The appearance of an additional line with g =
1.998 (Fig. 3, 2), which corresponds to fullerene radi-
cal anion [14], suggests the formation of a complex of
fullerene with iron acetylacetonate even at room tem-
perature. Then, in the course of combustion, the organ-
ic part of the complexes burns out to form FenOmC60.

Magnetic measurements demonstrated that, in the
range 300�77 K, this substance is superparamagnetic

Fig. 3. ESR spectrum of C60 radicals in samples of the ini-
tial composition 1 : 1. (H) Magnetic field strength. (1) C60
radical of the initial mixture, (2) C60 radical and C60 rad-
ical anion after keeping the mixture for 24 h, and (3) mix-
ture after thermal reaction.
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Fig. 4. Spectra of HCl-treated samples recorded in the
Q-range. (H) Magnetic field strength. (a) EMR spectra
and (b) single-out ESR lines of C60 radical. (1) sample
CP3, (2) sample CP2, (3) C60 radical of sample CP3, and
(4) C60 radical of sample CP2.

and its temperature and field dependences are similar
to those described previously [1]. The magnetiza-
tion in magnetic field of 5 kOe is 0.25 at 300 K
and 0.37 G cm3 g�1 at 77 K. The temperature depen-
dence of magnetization is virtually linear.

Iron-fullerene derivatives were recovered from the
combustion products CPs by prolonged (for more than
5 h) boiling of the samples in dilute HCl to dissolve
Fe3O4 and Fe2O3, followed by extraction with organic
solvents to remove excess C60.

In treatment of the samples with boiling HCl, the
solution color changed from pale green, characteristic
of Fe2+ chlorohydroxo complexes, to yellow owing
to oxidation of Fe2+ to Fe3+ in air. Iron was not com-
pletely recovered from the samples. The parameters
of the EMR spectra of insoluble products are listed in
the table. The EMR spectrum of sample CP1 treated
with HCl is shown in Fig. 2, 3. The trend toward a de-
crease in the g-factor and linewidth in the spectra of
these products is evident.

In the ESR spectra of these samples, there is a sig-
nal of C60 radical, broadened as compared with that of
C60 fullerite radical, especially in sample CP3 treated
with HCl. This product is ferromagnetic in the range
500�77 K, the coercive force is approximately 250 Oe
at 250 K and 50 Oe at 300 K, and the magnetization
in the magnetic field of 1000 Oe is 4.5 G cm3 g�1 at
77 K. Extrapolation of the magnetization to high tem-
peratures showed that the Curie point is 427�C, which
is much lower than that of bulk Fe3O4 (585�C) and
suggests the formation of chemical bonds of particles
with fullerene. The spectrum in the Q-range consists
of a symmetrical EMR signal with geff = 2.002 and
�H = 1000 Oe (Fig. 4, 1) and a weak ESR signal of
the C60 radical (Fig. 4, 3).

The saturation magnetization of HCl-treated sample
CP2 in a magnetic field of 1 kOe was 0.17 G cm3 g�1

and coercive force, 250 Oe at 77 K. In the Q-range,
there is an EMR signal with geff = 2.002 and �H =
570 Oe (Fig. 4, 2), and also an ESR signal from the
C60 radical, �H = 4.4 Oe (Fig. 4, 4). The shift of the
EMR line, observed for both samples with increasing
frequency (see table), is due to the presence of the
energy gap in the magnetic, caused by magnetic an-
isotropy. Comparison of the spectra of the samples
shows that the dependences of the resonance charac-
teristics on the amount of iron in the initial mixture
and after treatment of CP2 and CP3 with HCl remain
the same. An increase in the intensity of the ESR sig-
nal from the C60 radical is clearly seen in Fig. 4, 4.

A set of narrow peaks in a magnetic field of
2000 Oe was observed in the EMR spectrum of CP3
sample treated with HCl. Similar signals were ob-
served in the spectra of insoluble residues when the
combustion products were treated with benzene. This
effect can be accounted for, e.g., by the spin-wave
resonance in thin films of magnetite covering frag-
ments of the C60 crystalline phase. It is apparent that
a decrease in the amount of iron in the samples �re-
moves� this coating. We obtain a magnetic, which
is the product of the reaction of iron(III) oxide with
fullerene. The other possible explanation of these
peaks is the presence of a phase similar to the Wigner
glass [20].

After the reaction with hydrochloric acid, synthe-
sis products CP2 and CP3 were treated with organic
solvents (benzene, toluene). Extraction with organic
solvents resulted in additional extraction of iron and
changes the parameters of the EMR spectra of insol-
uble residues (see table). Their probable elemental
composition, according to chemical analysis and IR
spectra, is FexOy(OH)zC60. Both substances are weak
ferromagnetics. The temperature shifts of the EMR
lines for these samples are insignificant. In the spectra
of fractions soluble in organic solvents and extracted
from CPs pretreated with HCl, the ESR signal of the
radical anion was observed as an individual line or
an unresolved doublet with C60 radical. The parame-
ters of EMR spectra were as follows: geff = 2.02�2.00
and linewidth of approximately 400 Oe. This suggests
the presence of iron in the resulting extracts, and the
appearance of the radical anion can serve as evidence
in favor of chemical bonding between iron and ful-
lerene.

The solid residues formed after treatment of com-
bustion products CP1�CP3 with organic solvents are
heterogeneous ferromagnetics. The EMR spectra of
the residue after treatment of sample CP2 with tolu-
ene were recorded at 300 and 77 K (Fig. 5, 2 and 3).
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Fig. 5. EMR spectra of CP2 samples after treatment with
toluene: (1) product soluble in toluene, (2, 3) insoluble
product at 300 K and 77 K, respectively, and (4) ESR line
of C60 fullerene radical.

The EMR spectrum of a substance extracted from this
sample is shown in Fig. 5, 1. This substance is not
ferromagnetic in the range 77�500 K; however, it
differs from ordinary paramagnets. According to the
preliminary data, these products are similar to super-
paramagnets and spin glasses.

CONCLUSION

The products formed by thermal reaction of solid
mixtures of fullerene with iron(III) acetylacetonate
contain complexes of iron with fullerene and a com-
posite consisting magnetite and fullerite particles. The
average size of the magnetite particles decreases with
decreasing iron concentration in the initial mixture.
Small particles (on the order of nanometers) can be
chemically bonded to fullerene. The composition and
magnetic characteristics of iron-fullerene complexes
vary in purification of the thermal synthesis products
to remove Fe3O4 and excess C60, but their dependence
on the Fe : C60 ratio in the initial mixture is retained.
A set of products of the synthesis based on thermal
reaction of fullerene C60 with Fe(acac)3 can be ob-
tained, from heterogeneous ferromagnetics to super-
paramagnetics and individual ironfullerene complexes.
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Abstract�Electronic absorption and luminescence spectra of cyclic dimer of �-methylstyrene, 1,1,3-tri-
methyl-3-phenylindan, were described. The quantum yield and lifetime of fluorescence were determined.

It is well known that certain individual and sub-
stituted hydrocarbons, whose molecules contain rings
and conjugated double bonds, are capable of light
emission, i.e., they luminesce when exposed to high-
energy radiation [1]. Such compounds are distin-
guished by a rigid molecular structure precluding free
rotation of molecular segments, thus decreasing the
probability of nonradiative transitions.

Among the compounds of interest are aromatic
polycyclic hydrocarbons (naphthalene, anthracene,
naphthacene, phenanthrene, etc.), aromatic chain com-
pounds (polyphenylenes, stilbene, diphenylpolyenes,
aryldivinylbenzenes, etc.) [1�4]. In the molecules of
luminescent compounds, the ordinary bond is located
between two double bonds or between a multiple
bond and an atom having unshared p-electron pair.
This applies to, e.g., nitrogen- and oxygen-contain-
ing heterocyclic compounds (aryloxazoles, aryloxadi-
azoles, etc.).

Chain aromatic compounds exhibit luminescence in
the case when conjugation in the molecule is disturbed
by methylene groups inserted between the benzene
rings like, e.g., in diphenylmethane or dibenzyl [5].
The absorption and emission spectra of compounds
with Ph�X�Ph structure are close to those of the cor-
responding benzene derivatives.

It was of interest to study the optical properties of
an aromatic compound whose molecule contains an X
group rigidly linked to one of the benzene rings.
An example of such a compound is 1,1,3-trimethyl-3-
phenylindan (TMPI) yielded by cyclodimerization of
�-methylstyrene [6]. It was termed �crystalline dimer
of �-methylstyrene.� This is an aromatic hydrocarbon
of the following structure

����
��
�

CH3

H3C CH3

����
��
�

CH3

H3C CH3

Owing to its �-electron system, TMPI is capable
of fluorescence and/or intermolecular energy transfer.
Linear oligomers of �-methylstyrene, prepared by its
cationic polymerization, exhibit fluorescence at 270�
310 nm with emission peak at 285 nm [7]. As far as
we know, the luminescence properties of cyclic di-
mers of �-methylstyrene have not been studied pre-
viously.

A great number of luminescent compounds have
been proposed recently, but a search for new lumi-
nophores with fast luminescence response and high
quantum yield for designing scintillators is still a top-
ical task. Candidate scintillators or luminescent addi-
tives for liquid or plastic scintillators must exhibit high
thermal and chemical resistance and radiation hard-
ness. This is characteristic specifically of TMPI [8, 9].

The electronic structure of the TMPI molecule
composed of phenyl and indan rings must be inter-
mediate between the conjugated (biphenyl) and non-
conjugated (diphenylmethane) structures. Similarly to
diphenylmethane, conjugation in the TMPI molecule
is disturbed but, unlike diphenylmethane, the central
carbon atom in the TMPI molecule is involved in the
five-membered ring of the indan moiety. This must
increase to a certain extent the rigidity of its structure,
making it more similar to that of biphenyl. Also,
the interest in TMPI is due to the possibility of pre-
paring high-purity (up to 99.99%) TMPI in high yield
(over 96%), as well as to its good solubility in many
organic solvents and polymers (up to 60 wt %).
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EXPERIMENTAL

Absorption spectra of TMPI solutions in heptane
were recorded on a Specord UV-Vis spectropho-
tometer.

The luminescence spectra of TMPI in heptane and
polymethyl methacrylate (PMMA) were recorded on
an MPF-4 Hitachi spectrofluorimeter. Luminescence
was excited at � = 250 nm.

The quantum yield of fluorescence was determined
using the procedure from [4] by comparison with
the flourescence of toluene whose quantum yield is
known.

The fluorescence lifetime was determined using
an PRA pulse spectrofluorimeter [4].

1,1,3-Trimethyl-3-phenylindan was synthesized by
the procedure from [6] and recrystallized from hep-
tane. The product purity was monitored by gas�liquid
chromatography, IR spectroscopy, and 1H NMR spec-
troscopy (mp 51�52�C, bp 183�C/20 mm Hg).

For studying optical properties, we prepared solu-
tions of the luminophore in heptane and PMMA.
TMPI was introduced into PMMA by bulk polymer-
ization of methyl methacrylate in the presence of
an initiator, dicyclohexyl peroxodicarbonate, at 40�C.
The resulting block was finally polymerized at 110�C,
cut into 1-mm high disks, and polished.

The UV spectrum of TMPI contains a well-re-
solved band at 210�280 nm with peaks at 257, 263,
and 270 nm and a stronger band at � < 240 nm,
whose intensity sharply increases with decreasing
wavelength, with a peak at 204 nm (Fig. 1). Similarly
to other hydrocarbons containing a benzene ring,
TMPI is transparent at � > 300 nm. The emission
spectrum of TMPI at room temperature contains bands
at 260�320 nm with peaks at 273 and 280 nm and
a sholder at 287 nm. The electronic absorption and
luminescence spectra of TMPI proved to be close
to those of diphenylmethane rather than to biphenyl.
Biphenyl absorbs at 220�290 nm and exhibits fluo-
rescence at 290�380 nm [5]. Diphenylmethane ab-
sorbs and exhibits luminescence in the same regions
as TMPI (240�285 and 260�310 nm, respectively)
[5]. Broadening of the bands in the absorption and
luminescence spectra of TMPI relative to diphenyl-
methane is probably due to the alkyl substituent at
the central carbon atom. Evidently, TMPI should be
treated as a compound with nonconjugated chain
structure of the Ph�X�Ph type.

In studies of light absorption by complex molec-
ules, of the greatest interest is the longest-wavelength

Fig. 1. (1, 3) Absorption and (2, 4) luminescence spectra
of (1, 2) TMPI and (3, 4) diphenylmethane. (�) Molar
extinction coefficient, (I ) luminescence intensity, and
(�) wavelength.

absorption band. As known, all lines of this band cor-
respond to transitions between various vibrational
sublevels of the ground and lowest-excited electronic
states. The molar extinction coefficient � at the peak
of the long-wavelength absorption band of TMPI is
1.69 	103 l mol�1 cm�1, which significantly exceeds
that of diphenylmethane (4.6 	 10 2 l mol�1 cm�1).
The molar extinction coefficient of TMPI falls within
the region characteristic of the bands of ��� transi-
tions [2].

The ���* transitions of hydrocarbon molecules are
characterized by the predominance of vibrational fre-
quencies of the carbon skeleton, and the frequencies
corresponding to C�H vibrations are not very active.
The vibronic structure of the TMPI spectra is better
resolved than that of diphenylmethane. The increase
in the intensity of the absorption and emission bands,
as well as the increase in the molar extinction coef-
ficient, in going from diphenylmethane to TMPI may
be due to hindered relative rotation of the phenyl
groups around the bond linking them to the central
carbon atom, because of the increased rigidity of the
molecular structure. In diphenylmethane, such rotation
is not hindered, which favors dissipation of the elec-
tronic excitation energy.

Like the majority of aromatic compounds having
Ph�X�Ph structure with conjugated �-electron systems
of the benzene rings, TMPI exhibits absorption and
emission spectra close to those of the corresponding
alkyl-substituted benzenes and, in particular, toluene
[5]. Both compounds exhibit absorption and lumines-
cence in the same region; their luminescence can be
excited at the same wavelength. The quantum yield of
luminescence of TMPI proved to be 0.27, which ex-
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Fig. 2. Intensity I of TMPI fluorescence at � = 282 nm
vs. its concentration c in PMMA.

ceeds significantly those of diphenylmethane and bi-
phenyl (0.16 and 0.18. respectively) [5].

The lifetime of the excited state (luminescence du-
ration) 
 for TMPI was estimated at 8 ns, which allows
this luminescence to be qualified as fluorescence, for
which the light emission spectrum is due to the same
electronic states as the long-wave absorption band,
i.e., to the transition from the singlet excited state to
the ground state (S1

*
� S0 transitions). The occurrence

of fluorescence suggests that the probability of non-
radiative deactivation of the excited S1

0 state is low.

Polymethyl methacrylate proved to be a good sol-
vent for TMPI; it is characterized by high trans-
parency in the UV and visible regions (including
the regions of absorption and luminescence of TMPI).
PMMA is used for fabrication of large plastic scintil-
lators [1]. We have shown previously [10] that TMPI
does not react with the propagating radical in MMA
polymerization and occurs in the polymer as a dis-
solved substance. Incorporation of the luminophore
into the solid solution must impart additional rigidity
to its molecule, which will inhibit nonradiative deac-
tivation of the electronically excited states.

Figure 2 presents the concentration dependence of
the fluorescence intensity for TMPI in PMMA (Fig. 2).
The plot exhibits extrema: With increasing concen-
tration, the fluorescence is initially enhanced, passed
through a maximum at 0.85 M, and then decreases
owing to the concentration quenching. The electronic
energy turns into the energy of vibrational or transla-
tional degrees of freedom [11], i.e., an increase in the
concentration of molecules similar to the excited
molecule makes more probable the nonradiative pro-
cess. According to Krasovitskii and Bolotin [3], the
concentration quenching is due to formation of fluo-
rescent dimers acting as quenchers (deactivators of
the excitation energy of the molecules). Concentration
quenching may also be due to formation of nonfluo-

rescent excimers yielded by collisions of an excited
molecule with unexcited molecules and are stable in
the excite states only.

To be suitable as luminophores or scintillator com-
ponents, luminescent substances must have appro-
priate electronic absorption spectrum, quantum yield
of luminescence, and luminescence duration. TMPI
absorbs in the short-wavelength region of the spec-
trum, which allows more efficient capture of the in-
cident high-energy radiation. TMPI is characterized
by high quantum yield of luminescence and short
scintillation time. This makes TMPI promising for
fabrication of scintillators.

CONCLUSIONS

(1) Fluorescent properties of the cyclic dimer of
�-methylstyrene, 1,1,3-trimethyl-3-phenylindan, were
revealed.

(2) The lifetime of the excited state was estimated
at 8 	 10�9 s, and the fluorescence quantum yield,
at 0.27.
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Abstract�Thermolysis of Berezovka coals with varied extent of oxidation and combustion of nonvolatile
thermolysis products were studied by complex thermal analysis. The dynamics of thermochemical transforma-
tion of the fuel in an inert medium was evaluated, with simultaneous determination of the kinetic parameters
of evaporation of various kinds of moisture. The burn-out of nonvolatile thermolysis residues obtained from
Berezovka coals at various pretreatment temperatures was studied, and a correlation was revealed between
the kinetic parameters of combustion of nonvolatile residues and the extent of oxidation of the initial fuel.

Kansk�Achinsk coal fields are important for the
development the Russian fuel industry, and proper uti-
lization of coals from these fields is a topical problem.
At the same time, the experience of burning of Kansk�
Achinsk coals at thermal power plants shows that effi-
cient procedures for pretreatment and combustion of
these coals, which could ensure reliable operation of
boilers, are still lacking. This is largely due to signif-
icant variations in the main thermal characteristics and
reactivity of the fuel. The quality of coal supplied to
power plants tends to get worse. The coal composition
and properties vary across the strata in the horizontal
and vertical directions; coals from the upper layers are
strongly oxidized and sooty [1].

One of the ways to improve the quality of coals
with the minimal power consumption and without ma-
jor degradation of the organic matter is low-tempera-
ture pretreatment of the fuel dust prior to combustion.
Theoretical studies [2, 3] have shown that the opti-
mal temperature and time of pretreatment of Kansk�
Achinsk coals are, depending on their initial quality,
120�300�C and 0.8�1.2 s. These conditions ensure
the required degree of drying and removal of ballast
volatiles (in particular, CO2), with the minimal power
and labor consumption. However, since nonvolatile
residues from heat treatment of coals with different
extents of oxidation are to be utilized for the produc-
tion of energy, it is of most interest to study these
residues from the viewpoint of ensuring their stable

ignition and burn-out in a real furnace. This is neces-
sary for understanding the combustion mechanism and
for finding the optimal conditions and pretreatment
procedures for efficient combustion of Kansk�Achinsk
coals of variable quality.

In this study, such experiments were performed
with Kansk�Achinsk coals of the Berezovka deposit.
The coals differed in the extent of oxidation and had
the following characteristics: sooty coal, extent of oxi-
dation 88%, Wh

h = 18.9%, Ad = 14.5%, V daf = 53.1%,
C0

daf = 65.8%, H0
daf = 3.8%, Od

daf = 28.6%, Sf
daf =

0.7%, Nt
daf = 1.1%, Qi

r = 11766 kJ kg�1; oxidized
coal lying at a depth of 15�18 m from the stripping
level, extent of oxidation 63%, Wt

h = 16.0%, Ad =
6.4%, V daf = 48.5%, C0

daf = 69.3%, H0
daf = 4.2%,

Od
daf = 25.1%, St

daf = 0.7%, Nt
daf = 0.7%, Qi

r =
13031 kJ kg�1; run-of-mine coal, extent of oxidation
42%, Wt

h = 12.1%, Ad = 4.1%, V daf = 46.0%, C0
daf =

72.0%, H0
daf = 4.6%, Od

daf = 22.5%, Sd
daf = 0.3%,

Nt
daf = 0.6%, Qi

r = 15580 kJ kg�1. The extent of fuel
oxidation was determined petrographically according
to GOST (State Standard) 8930. To make the results
representative, all samples of Berezovka coal with dif-
ferent extents of oxidation were taken from randomly
chosen wells from different points across the coal
stratum thickness [2].

Thermolysis of Berezovka coals with varied ex-
tent of oxidation and the characteristics and proper-
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Fig. 1. Thermolysis of Berezovka coal in an inert medium
(heating rate 5 deg min�1): (�m) variation of the sample
weight, (T ) temperature, and (�) heating time.

ties of the nonvolatile residues were studied by com-
plex thermal analysis [4]. Owing to the high resolv-
ing power of this method, it is possible to reveal
thermal transitions corresponding to changes in the
physicochemical state of a coal, evaluate the thermal
effects accompanying one or another process, and
obtain quantitative data for estimating the process
kinetics.

EXPERIMENTAL

Complex thermal analysis of the fossil fuel was
performed with an installation consisting of a Q deriv-
atograph and a Soyuz-3101 chromatographic gas ana-
lyzer. With this installation, data on the dynamics of
release of gaseous products (CO, CO2, H2, CH4, etc.)

under nonisothermal conditions are obtained along
with the integral characteristics of coal thermal behav-
ior (weight loss and its rate, thermal effects). The
mode of the Q derivatograph operation was chosen so
as to single out definite temperature ranges of the
heat treatment of the material. In experiments on fuel
thermolysis, the conditions were as follows: inert
medium (Ar), sample weight 500 mg, and heating
rate 5 deg min�1. Experiments on combustion of non-
volatile thermolysis products were performed under
different conditions: oxidizing medium (air), coal
sample weight 50 mg, and heating rate 10 deg min�1.
The following conditions were common to both types
of experiments: inert reference Al2O3; ceramic cruci-
ble; sensitivity levels (mV): TG 500, DTA 250, and
DTG 250; gas flow rate 200 cm3 min�1; polydispersed
coal fraction (R90 = 45, R200 = 30, R1000 < 1%).

In experiments on thermolysis of Berezovka coals
in the inert medium, we obtained nonvolatile residues
corresponding to final temperatures of 120, 150, 200,
250, and 300�C, with TG, DTG, and DTA curves re-
corded (Fig. 1) and the composition of gaseous prod-
ucts determined (see table).

Data on thermolysis of Berezovka coals in the
range 120�300�C (TG curve) allow us to distinguish
two steps of the process. In the range 20�160�C,
the rate of the weight loss grows, but at approximately
160�C the slope of the TG curve changes and then
remains constant in the range 160�280�C.

The curvilinear plot of the weight loss in the range
20�160�C is fully consistent with the pattern corre-

Composition of products formed by thermolysis of Berezovka coal samples of various extents of oxidation
������������������������������������������������������������������������������������

Coal, extent of
�

T, �C
� Composition of gaseous thermolysis products, %

� ������������������������������������������������������������oxidation, %
� � CO2 � CO � H2 � CH4 � N2 � H2Opyr

������������������������������������������������������������������������������������
Sooty, 88 � 120 � 81.41 � � � � � � � 13.17 � �

� 150 � 82.37 � 2.69 � 0.03 � � � 15.82 � 0.002
� 200 � 93.75 � 5.67 � 0.013 � 0.071 � � � 0.015
� 250 � 92.72 � 7.05 � 0.011 � 0.144 � 0.081 � 0.035
� 300 � 90.28 � 9.2 � 0.018 � 0.278 � 0.22 � 0.036

Oxidized, 63 � 120 � 75.95 � � � � � � � � � �
� 150 � 82.32 � 11.14 � 0.039 � � � 6.54 � 0.001
� 200 � 92.31 � 6.84 � 0.023 � 0.107 � 0.71 � 0.004
� 250 � 90.72 � 7.84 � 0.014 � 0.324 � 1.1 � 0.012
� 300 � 90.96 � 8.59 � 0.014 � 0.421 � 0.11 � 0.023

Run-of-mine, 39 � 120 � 85.24 � � � � � � � � � �
� 150 � 87.18 � 10.26 � 0.08 � � � � � 0.001
� 200 � 88.99 � 6.03 � 0.018 � 0.113 � 4.86 � 0.005
� 250 � 89.63 � 8.85 � 0.014 � 0.31 � 1.24 � 0.011
� 300 � 88.21 � 10.77 � 0.022 � 0.53 � 0.23 � 0.022

������������������������������������������������������������������������������������
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sponding, according to Rebinder’s classification, to
evaporation of hygroscopic moisture. The change in
the fuel mass in this range corresponds to evaporation
of capillary moisture and moisture adsorbed in the
monomolecular and polymolecular mode owing to
hydrogen bonding with the active centers of the fuel
surface [5]. Intense evaporation of moisture in this
range corresponds to the period of a constant drying
rate, accompanied by a pronounced endothermic effect
in the DTA curve.

The subsequent weight loss at 160�280�C is as-
sociated with two competing processes: evaporation of
chemically bound moisture and release of volatiles,
mainly CO and CO2 (see table). It should be noted
that the content of chemically bound moisture in
Berezovka coals with varied extent of oxidation is
rather high, ranging from 4% for run-of-mine coal to
7% for sooty coal. It is known that the hydrophilic
components of coal contain active functional groups
(OH, COOH, CO, etc.) capable of hydrogen bonding
with each other and with molecules of polar liquids,
including water; the contribution of the hydrogen bond
energy is low: about 24 kJ kg�1 [6]. These facts sug-
gest that the chemically bound water, released in the
range 160�280�C, is bound to coal macromolecules
by secondary valence forces. The rate of evaporation
of chemically bound moisture is low (Wmax = 2.2�
2.5 mg g�1 deg�1), compared with that of hygroscopic
moisture (Wmax = 4.8�5.3 mg g�1 deg�1), owing to
the presence of ionic bonds and hydroxy groups in
the fuel.

The kinetic parameters of evaporation of various
forms of moisture (Ei , k0 i ) were determined according
to [7], using the following kinetic equation [8]:

��� = kei(U0i
_ Ui ),

dUi
d�
��� = kei(U0i

_ Ui ),
dUi
d�

where dUi /d� is the evaporation rate of ith form of
moisture; U0 i and Ui are the initial and final con-
tents of the ith form of moisture in coal; ke i is the rate
constant of evaporation of ith form of moisture, ke i =
k0 exp[�Ei /RT (�)].

To plot the differential curves for the periods of
evaporation of hygroscopic and chemically bound
moisture, we subjected the TG and DTG curves for
the corresponding temperature ranges to preliminary
processing with a 5�C step.

When estimating the rate of evaporation of chemi-
cally bound moisture, we took into account the release
of volatiles detected with a gas chromatograph (see
table). The amount of the released volatiles was sub-
tracted from the total weight loss. The rate of release

of individual gaseous components, � i (cm3 g�1 min�1),
was calculated as a quantity proportional to their con-
centration ci (%) [7]:

� i = Kci /100,

where K is the proportionality coefficient taking into
account the deviation of the experimental conditions
(rate of gas removal, sample weight, etc.) from the
standard.

After converting � i to the dimension of mg min�1,
these quantities were subtracted from the total weight
losses at the corresponding temperatures, determined
from the TG curves (160�280�C). The initial content
U0 i of each form of moisture was determined from the
area under the dUi /d� = f (T ) plots. The running mois-
ture content Ui was determined by planimetric treat-
ment of the portions of the rate curves up to the given
temperature.

It is seen that the kinetics of evaporation of hygro-
scopic moisture is consistent with the mechanism in-
volving competition of the adsorption and desorption
of water present in the coal as a common phase and as
molecular clusters in pores of the coal structure. The
statistically estimated mean binding energy of hygro-
scopic moisture in Berezovka coals is 12.8 kJ mol�1,
and the preexponential factor is 2.3 s�1, which sug-
gests the physical binding [9]. At the same time, we
revealed a close correlation between the extent of ox-
idation of Berezovka coal and the kinetic parameters
of evaporation of chemically bound moisture. Despite
the high content of chemically bound moisture in
sooty coals (6% and more), the binding energy was
18.7 kJmol�1. In coals oxidized to a lesser extent, the
binding energy of moisture is higher: 22.9 kJ mol�1

in oxidized coals and 28.3 kJ mol�1 in run-of-mine
coals. As the extent of coal oxidation grows, the tem-
perature at which the rate of evaporation of chemically
bound moisture passes through a maximum increases,
which confirms that this moisture is chemically bound
to the fuel [10].

The nonvolatile thermolysis residues obtained at
various temperatures were subjected to combustion in
a derivatograph under oxidative conditions.

The results obtained (Fig. 2) show that the temper-
atures at which the rate of combustion of the nonvola-
tile residues passes through a maximum (DTG curve)
closely correlate with the extent of oxidation of Bere-
zovka coals. The combustion rate is the highest for
nonvolatile residues of the sooty coal, reaching 1.4�
1.68 mg g�1 deg�1. For nonvolatile residues of the
oxidized and run-of-mine coals, the combustion rates
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Fig. 2. Kinetics of combustion of nonvolatile residues from thermolysis of Berezovka coals with varied extent of oxidation,
monitored under conditions of complex thermal analysis: (�m) change in the sample weight and (log k0 ) logarithm of the rate
constant. Coal: (a) run-of-mine, (b) oxidized, and (c) sooty. Final thermolysis temperature, �C: (1) 120, (2) 150, (3) 200, (4) 250,
and (5) 300.

are close, ranging from 0.76 to 0.9 mg g�1 deg�1.
With increasing thermolysis rate the rate of combus-
tion of the nonvolatile residue decreases by 10�12%
for the sooty coal and increases by 5�7% for the ox-
idized and run-of-mine coals.

We evaluated the kinetic characteristics of combus-
tion of nonvolatile residues from thermolysis of Bere-
zovka coals with varied extent of oxidation. Since
the combustion of these materials is a heterogeneous
process, its rate W (kg s�1) was determined as a func-
tion of the reaction surface area [11]:

W = kmSsp�app ,

where k is the combustion rate constant, m s�1;
m, amount of nonvolatile residue, kg; Ssp, specific sur-
face area of the nonvolatile residue, m2 kg�1; �app , ap-
parent density of the nonvolatile residue, kg m�3.

Since the size of nonvolatile residue particles [12],
the reaction surface area, and, hence, (under equal
other conditions) the combustion rate vary in the
course of combustion, we calculated the rate constant
k (m s�1) by the equation

k = Wdi /(m0 � m),

where di = d[(m0 � m)/m]1/3 is the running size of non-
volatile residue particles [13], m; m0, initial weight
of the nonvolatile residue, kg; and d, mean diameter
of nonvolatile residue particles, m.

Using this equation, we calculated the kinetic char-
acteristics of the combustion, assuming that the non-
volatile residue particles are spherical, no reaction
occurs within the pores, and the organic matter is fully
separated from the mineral matter. After calculating
the rate constants at 10�C intervals, we plotted the
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Arrhenius dependences log k = f (103/T ), which ap-
peared to be straight lines (Fig. 2). From their slopes,
we determined the activation energy E, kJ mol�1:

E = �����������������.
2.303R (log k2 � log k1)

(1/T1 � 1/T2) � 103
E = �����������������.

2.303R (log k2 � log k1)

(1/T1 � 1/T2) � 103

The probability factor was estimated assuming that,
if T1 � �, i.e., k1 � k0, then

log k0 = ����� �� + log k2,
2.303R

E 103

T2
log k0 = ����� �� + log k2,

2.303R
E 103

T2

where R is the universal gas constant (kJ mol�1 deg�1).

The kinetics of combustion of nonvolatile resi-
dues from thermolysis of Berezovka coals with var-
ied extent of oxidation (Fig. 3) are described by the
following regression equations: for run-of-mine coal,
E = 123.22 � 0.5231T + 0.0022T 2, log k0 = 10.216 �
0.0467T + 0.0002T 2; for oxidized coal, E = 109.56 �
0.4389T + 0.0015T 2, log k0 = 9.4414 � 0.0375T +
0.0001T 2; and for sooty coal, E = 101.31 � 0.3144T +
0.0013T 2, log k0 = 9.1323 � 0.0285T + 0.0001T 2,
where T is the final temperature of fuel thermolysis
(�C).

For all types of the initial Berezovka coal, irrespec-
tive of their extent of oxidation, the activation ener-
gies E and probability factors k0 as functions of ther-
molysis temperature pass through a minimum in the
range 120�150�C. For example, for the initial sam-
ples of the run-of-mine, oxidized, and sooty coals,
the activation energies of combustion are 126.32,
110.79, and 104.14 kJ mol�1, respectively; after heat-
ing to 150�C, they decrease to 75.03, 70.55, and
70.2 kJ mol�1; and after heating to 300�C, the activa-
tion energies grow again, reaching 154.15, 107.57,
and 120.1 kJ mol�1, respectively.

There is good reason to believe that the maxi-
mum in the dependence of the reactivity of the non-
volatile residues on the final temperature of thermol-
ysis of Berezovka coals is associated with accumula-
tion of phenolic, carbonyl, and hydroxy groups as a
result of cleavage of intermolecular bonds and ether
bonds in units linking aromatic rings [14]. For exam-
ple, on heating the initial fuel to 150�C, the content of
carbonyl and hydroxy groups grows from 3.7 to 4.33
and from 3.2 to 4.4 mg-equiv g�1, respectively, which
results in a 26% increase in the content of active func-
tional oxygen. The content of carboxy groups slight-
ly decreases (from 0.42 to 0.25 mg-equiv g�1; �2%
of the total content of functional groups).

Further heating to 300�C leads to a dramatic de-
crease in the content of oxygen-containing functional

Fig. 3. (a) Activation energy E and (b) logarithm of the
preexponential factor, log k0, for the combustion of nonvol-
atile residues from thermolysis of Berezovka coals vs.
the final temperature T of the preliminary heat treatment;
(c) correlation of E with log k0. Coal: (1) run-of-mine,
(2) oxidized, and (3) sooty.

groups; as a result, the content of aliphatic compounds
changes, and the kinetic parameters grow. Irrespective
of the thermolysis temperature, the nonvolatile resid-
ues from the sooty coals are the most reactive, then
follow the residues from oxidized coals, and those
from the run-of-mine coals are the least reactive. This
is confirmed by the values of the probability factor,
ranging from 2.76 	 1010 to 7.54 	 1013 m s�1 for non-
volatile residues from the run-of-mine coal and from
1.09 	 106 to 5.6 	 109 m s�1 for those from the sooty
and oxidized coals. On the whole, the functional de-
pendence E = f (log k0 ) for the combustion of non-
volatile residues from thermolysis of Berezovka coals
is linear, suggesting similar and invariable combustion
mechanisms for fuel samples with different extents of
oxidation and with different temperatures of prelim-
inary thermolysis.

CONCLUSIONS

(1) Thermolysis of Berezovka coals with varied
extent of oxidation and combustion of the nonvolatile
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residues were studied by complex thermal analysis.
It was found that the behavior of these materials large-
ly depends on the extent of oxidation of the initial fuel.

(2) It was shown that the kinetic parameters of
evaporation of hygroscopic moisture are independent
of the extent of oxidation of the initial Berezovka coal,
whereas the parameters of evaporation of chemically
bound moisture grow with decreasing extent of oxida-
tion.

(3) Regression equations describing the correlation
of the kinetic parameters of combustion of nonvolatile
residues from thermolysis of Berezovka coals with the
temperature of the preliminary heat treatment of the
initial fuel samples with varied extent of oxidation
were obtained.
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Abstract�The influence exerted by the length exerted by the conjugation chain in 4-hydroxybenzylidene-
alkanones on the generation of the third harmonic by complexes of these chromophores with aliphatic poly-
amidine was studied.

At present, growing interest is aroused by materials
exhibiting nonlinear optical (NLO) effects [1]. This
is primarily due to their promise for optoelectronic
applications. Within a large class of compounds with
prominent NLO properties, of greatest importance are
those with refractive indices widely varying with light
intensity. This allows control over the propagation of
the optical radiation in a medium in, e.g., designing
optical switches, modulators, etc. Special attention is
given to preparation of polymeric materials exhibiting
NLO effects [2].

Polymers containing NLO-active moieties (chro-
mophores) favorably compare with the conventionally
used inorganic substances in a number of properties
owing both to the polymeric nature of a substance and
to the possibility of directed variation of the structure
of the active component.

As known, practically acceptable NLO susceptibil-
ities �3 are exhibited by compounds containing a suf-
ficiently long �-conjugation system (e.g., �-carotene,
polyacetylene, polythiophene, etc. [3]). Despite much
progress achieved in the development of materials
with NLO properties, preparation of film-forming
macromolecular compounds of the mentioned type or
of composite materials of the guest-host type encoun-
ters many difficulties because of the poor solubility
and complicated synthesis of polyconjugated poly-
mers in the former case and the thermodynamic in-
compatibility of the polymeric and low-molecular-
weight substances, in the latter. Earlier [4], we have
proposed an alternative approach to preparing polymer

systems exhibiting third-order NLO effects [third har-
monic generation (THG)]. It is based on preparing
ionic complexes between low-molecular-weight NLO-
active chromophores and polymeric carriers [4], in
particular, complexes of (4-hydroxyarylidene)alkan-
ones and poly-1,10-decamethyleneacetamidine. It was
shown that, owing to formation of quinoid moieties
via ionization of chromophores by highly basic poly-
1,10-decamethyleneacetamidine, it is possible to pre-
pare filmforming polymer complexes with sufficient
thermal resistance, which are stable for prolonged
(over 2 years) periods of time and capable of efficient
generation of the third harmonic.

The aim of this study was to analuze how the spe-
cific chemical structure of chromophores containing
the 4-hydroxycinnamoyl moiety, which is capable of
quinoidization, affects the THG efficiency of com-
plexes of the above-mentioned compounds with poly-
1,10-decamethyleneacetamidine.

EXPERIMENTAL

We synthesized 1-(4-hydroxyphenyl)-5-arylpenta-
1,4-dien-3-ones, 1-(4-hydroxyphenyl)-1-arylpropenones,
and 1-(4-hydroxyphenyl)-7-phenylhepta-1,4,6-trien-3-
one by the known procedures [5, 6]. Consistent anal-
ytical data and spectral characteristics were obtained
for the synthesized compounds.

Poly-1,10-decamethyleneacetamidine was synthe-
sized by the procedure described in our previous pub-
lication [6]. Analysis by gel-permeation chromatog-
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raphy showed that the molecular weight of the poly-
1,10-decamethyleneacetamidine sample used in the
present study was 8000, and the polydispersity coef-
ficient, 2.7.

Solutions of the complexes were prepared by mix-
ing ethanolic solutions of the chromophore and poly-
1,10-decamethyleneacetamidine, saturated at room
temperature, in a 1 : 0.25 polymer:chromophore ratio
(molar ratio of the repeating unit of the polymer to
the low-molecular-weight compound). Samples for
optical studies were prepared by casting the ethanolic
solutions of the complexes onto a rotating glass sub-
strate, followed by solvent vaporization at room tem-
perature under atmospheric pressure. Prior to measure-
ments, the resulting films were dried in a vacuum
(0.1 torr) to constant weight.

Calorimetric measurements were carried out with
a DSC 7 Perkin�Elmer calorimeter in the range from
�50 to 250�C at a heating rate of 10 deg min�1.
The UV spectra were recorded on a Varian Cary 100
spectrophotometer suitable for measuring the NLO
characteristics of thin films. Thermogravimetric meas-
urements were carried out on a TGA Perkin�Elmer
instrument in the range from 30 to 500�C at a heating
rate of 10 deg min�1.

The NLO properties of the resulting materials were
estimated by the THG method. The samples were ex-
cited with a Nd-YAG pulse laser operating at a wave-
length of 1.06 �m in the Q-switched mode with pulse
duration of 15 ns. The radiation energy in the pulse
was widely varied (up to 30 mJ). The Gaussian 3D
profile of the laser beam was set by selecting the
highest transverse modes with an intra-resonator dia-
phragm. The p-polarized radiation was focused onto
a sample under study using a convex spherical lens
with F = 100 mm. Part (4%) of the radiation was di-
verted by a beam splitter to a calibrated photodiode.
The light from the sample was directed via a lens
system to the entrance slit of an MDR-2 grating
monochromator and further to an FEU-106 photo-
multiplier. The electrical signals from both the photo-
detectors were fed to an integrating analog-digital
converter and further, via the CAMAC instrumental
interface, to a PC for subsequent processing.

In view of the difficulties encountered in determin-
ing the absolute values of the intensity of exciting
radiation incident on the sample, the NLO suscepti-
bility of the materials studied was determined against
a reference. As the latter served a 0.5-mm-thick fused-
silica plate set to the first intensity maximum of the
third harmonic (Maker fringe method) [7].

In this case, the �3 parameter can be estimated for
the materials studied by the relation

�(3) = �s
(3)[I1/2(3�)/lc, c ]/[Is

1/2(3�)/lc, s ].

Here, I(3�) and Is(3�) are the intensities of THG
by the samples and reference, respectively; Ic,c and Ic,s
are their respective coherence lengths; �s

(3) = 3.11 �
10�14 CGSE units for SiO2 at 	 = 1.06 �m.

To eliminate the influence of the intrinsic absorp-
tion of the sample at the THG wavelength (355 nm),
the experimental �(3) values were normalized using
the equation

�n
(3) = �(3) ln(l /T ) / [(l � T )T 0.5].

Here, �n
(3) is the normalized susceptibility, and T

is the transmission at the THG wavelength.

The geometry of the complexes was optimized by the
STO-3-21G method (Hyperchem 7.01 software pack-
age; RSM energy gradient under 0.01 kcal mol�1
�1).
The absorption spectra were calculated by the ZINDO/S
semiempirical method, taking into account the con-
figurational interaction for 15 higher occupied and
15 lower unoccupied orbitals. The second-order hy-
perpolarizabilities were calculated by the AM1 (Aus-
tin Model) method (MOPAC 7.0 software package).
The averaged hyperpolarizabilities were calculated by
the equation

� = ������������������������������ ,
5

�xxxx + �yyyy + �zzzz + 2(�xxyy + �xxzz + �yyzz )
� = ������������������������������ ,

5

�xxxx + �yyyy + �zzzz + 2(�xxyy + �xxzz + �yyzz )

where �ijkl are the hyperpolarizability tensor com-
ponents.

We have shown previously [4] that deprotonation
of the chromophores from the series of 1-(4-hydroxy-
phenyl)-5-arylpenta-1,4-dien-3-ones and formation of
quinoid moieties are necessary conditions for their
complexes with highly basic polymers to exhibit
third-order NLO activity. This effect is evidently due
to changes in the conjugation character (transition
from a cross-conjugated to a linear � system) and to
an increase in the degree of delocalization of � elec-
trons. Tykwinski et al. [8] demonstrated that, theo-
retically, the THG efficiency must be proportional to
the conjugation system length raised to fifth pow-
er. Thus, it could be assumed that, in going from enol
of 1-(4-hydroxyphenyl)-1-arylpropenone (I) to that of
1-(4-hydroxyphenyl)-5-arylpenta-1,4-dien-3-one (II)
and further to that of 1-(4-hydroxyphenyl)-7-phenyl-
hepta-1,4,6-tiren-3-one (III), which act as chromo-
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phore groups in complexes of their corresponding com-
pounds with 1,10-decamethyleneacetamidine, �(3)

must obey a power law:

Here, I, n = 0, R = H (Ia), CH3 (Ib), Cl (Ic),
N(CH3)2 (Id); (II), n = 1, R = H (IIa), CH3 (IIb),
Cl (IIc), N(CH3)2 (IId); (III), n = 2, R = H.

It was found that all the chromophores are suf-
ficiently acidic to form ionic structures when reacting
with poly-1,10-decamethyleneacetamidine, which is
manifested in a bathochromic shift (about 100 nm,
depending on the chromophore structure) of the long-
wavelength absorption band. According to quantum-
chemical calculations, this band can be assigned to
the ���* transition in the dye molecule.

The polymer reactivity toward a chromophore was
found spectrophotometrically [9] (see figure). It was
established that, in all cases, the chromophore is com-
pletely bound by the polymer molecule up to the
polyamideto-chromophore ratio of 3 as calculated for
the monomer unit of the polymer. In this context,
we chose for studying the NLO properties, complexes
containing 0.25 M chromophore per polyamidine unit.

The thermograms suggest that the resulting com-
plexes are individual polymeric compounds, rather
than mechanical mixtures of a polymer and a low-
molecular-weight substance. The DSC curves of poly-
1,10-decamethyleneacetamidine are indicative of a
transition at 5�C (Tg ), and those of all the complexes,
only of a glass transition within 35�55�C, depending
on the chemical structure of the chromophore.

As already mentioned, it could be suggested that,
in going from enol Ia to enol IIa and, further, to
enol III as chromophore groups in complexes with
poly-1,10-decamethyleneacetamidene, the parameter

Absorption of the ethanolic solution of the complex
(� = 450 nm) vs. the polyamidine/Ia ratio. (D) Optical
density, (cp) concentration of 1,10-decamethyleneacet-
amidene, mole of unit l�1, and (cx) the concentration of
Ia, mole of unit l�1.

�(3) must increase. However, Table 1 suggests that
the susceptibility is little affected by the conjugation
chain length.

At the same time, it is seen that an increase in
the number of ethylene units results in a minor
bathochromic shift.

Table 2 lists the third-order molecular susceptibil-
ities �(3) and the second-order hyperpolarizabilities

Table 1. Susceptibilities �(3) and peaks in long-wavelength
absorption band of complexes formed by unsubstituted
chromophores with poly-1,10-decamethyleneacetamidine
����������������������������������������
Chromophore � �(3) � 1012, CGSE unit � �max, nm
����������������������������������������

Ia � 6.3 � 450
IIa � 4.9 � 451
III � 7.7 � 467

����������������������������������������

Table 2. Experimentally determined �(3) parameters and
calculated (AM1 method) � parameters for chromophores
Ia�Id and IIa�IId*

����������������������������������������

R
� Ia�Id � IIa�IId
����������������������������������
� �(3)�1012 � � �1038 � �(3)�1012 � � �1038

����������������������������������������
H � 6.3 � 1.1 � 4.9 � 2.9
CH3 � 5.7 � 1.3 � 5.1 � 3.0
Cl � 3.2 � 1.5 � 3.5 � 2.2
N(CH3)2� 5.9 � 1.6 � 6.5 � 3.6
����������������������������������������

��
�����
����
���
�
�
��
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� for complexes containing chromophores Ia�Id and
IIa�IId. Both the parameters characterize the THG
efficiency, with �(3) related to the macroscopic effect,
and �, to the susceptibility of an individual molecule.
Comparison of the parameters �(3) and � for complexes
from the series of substituted 1-(4-hydroxyphenyl)-1-
arylpropenones and 1-(4-hydroxyphenyl)-5-arylpenta-
1,4-dien-3-ones (Table 2) suggests that the length of
the conjugation chain in the chromophore does not
markedly affect the susceptibility. Moreover, auxo-
chromes introduced into the molecules of 3-(4-hy-
droxyphenyl)-1-arylpropenone virtually do not affect
�(3), whereas in the case of 1-(4-hydroxyphenyl)-5-
arylpenta-1,4-dien-3-ones the susceptibilities correlate
with the Hammett constants � [6].

Our data suggest that the main contribution to
the NLO effect comes from 3-(4-oxocyclohexa-2,5-
dienyl)propene-1-ylate moiety, and the remaining seg-
ment of the molecule is less significant. The NLO ef-
fect, probably, results from a decrease in the degree of
conjugation owing to the noncoplanar arrangement of
the � bonds in the chromophore molecule. Quantum-
chemical calculations of the molecular geometry of
the chromophores in the complexes give the following
dihedral angles 
 between the �quinoid� and �non-
quinoid� moieties of the chromophore molecule:

In view of the proportionality between the degree
of conjugation and cos2 
, it can be assumed that
the substituents must exert a virtually unnoticeable
effect on the susceptibility in the case of 1-(4-hydrox-
yphenyl)-1-arylpropenones and a rather pronounced

effect in the case of 1-(4-hydroxyphenyl)-5-arylpenta-
1,4-dien-3-ones. The experimental data agree well
with these assumptions.

Thus, the major contribution to the NLO effect
manifested by quinoid forms of 4-hydroxybenzyliden-
alkanones comes from 4-hydroxycinnamoyl moiety,
whereas the influence of the lengthening conjugation
chain is largely eliminated by the noncoplanarity of
the � system as a whole.

CONCLUSION

A study of the nonlinear optical properties of com-
plexes of hydroxyphenyl-substituted unsaturated ke-
tones with poly-1,10-decamethyleneacetamidine as in-
fluenced by the chemical structure of the ketones
demonstrated that the major contribution to the NLO
effect comes from the enol form of 4-hydroxycin-
namoyl moiety of the chromophore.
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Abstract�The capability of cotton and wood cellulose in the common and microcrystalline forms to trans-
form into cellulose-II under the action of 68�69% HNO3 was studied. The influence of temperature on
the course of the phase transition in cellulose samples differing in origin and morphological structure and
the dynamics of concomitant hydrolytic degradation and esterification of these materials were studied.

Mercerization of cellulose (C) based on its intra-
crystallite swelling in solutions of alkali metal hy-
droxides is of great applied importance. Intracrystallite
swelling of native C is also caused by HNO3 at its
concentrations close to 68.4% (concentration of the
azeotropic mixture with water) [1]. As a result of
swelling, the crystalline phase of the Knecht additive
compound (KC) is formed [2�4]. The action of water
regenerates the C-II polymorph from KC, which is
similar to the behavior of alkaline C and makes it
possible to speak about acid mercerization. Several
examples of effective use of this process for preparing
structurally and chemically modified forms of pow-
dered C have been reported [4�6]; however, informa-
tion about specific features of phase transitions of C
in nitric acid medium is scarce.

Available data [7, 8] are limited to indications that
the extent of the phase transition under the action of
66�69% HNO3 at room temperature strongly depends
on the parameters of the crystal structure of native C.
The extent of phase transitions of C, associated with
the formation of both KC and alkaline C, is deter-
mined by the transverse size L

�
of the crystallites of

the starting material [8].

Here we discuss the influence of temperature on
nitric acid mercerization of C samples differing in
origin and morphological structure. The concomi-
tant chemical and physical transformations caused by
the nontraditional mercerizing agent are analyzed.

EXPERIMENTAL

The main starting materials were as follows: cotton
cellulose (CC) of Hercules brand [98% �-C, degree
of polymerization (DP) 2000]; sulfide wood cellulose

(WC) of Florenier brand (96% �-C, DP 1200); micro-
crystalline forms (MCC) of these kinds of cellulose
(DP 200 and 160, respectively); and commercial MCC
of LT Lachema brand. Preparation of cotton and wood
MCC (CMCC and WMCC) involved the following
steps: boiling of a fiber in 8% HNO3 (1 h, liquid-to-
solid ratio 20 ml g�1), repeated washing of the slurry
with water, and displacement of water with acetone.
This was followed by drying at room temperature,
grinding in a mortar, and collection of the fraction
passing through a 100-�m-mesh sieve. The crystallin-
ity index calculated according to [9] was 0.70 for CC,
0.74 for CMCC, 0.63 for WC, and 0.65 for WMCC.
The treatment was preceded by keeping the materials
in a desiccator over a saturated NaNO2 solution (66%
relative humidity).

Commercial 72% HNO3 (ultrapure grade) was
diluted to 68.5% concentration. The liquid-to-solid
ratio in mercerization was 20 ml g�1; the temperature
was 20 (thermostat) or 0�C (vessel with thawing ice);
the washing and drying procedure was the same as in
preparation of MCC.

The degree of polymorphic transition was deter-
mined according to [9] from the X-ray diffraction
patterns recorded on an HZG-4a diffractometer (CuK

�

radiation, Ni filter). The results from 2�4 replicate
measurements were averaged. The measurement error
was �5%.

The degree of polymerization of C was determined
from the viscosity of solutions of its nitrate esters
[10]. This procedure was successfully tested on sam-
ples with known DP. The content of bound nitro-
gen was determined by the Kjeldahl method. The
physical and chemical transformations in C in the
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Fig. 1. Degree of conversion into C-II, A, of (a) fibrous
and (b) microcrystalline forms of (1, 2) WC and
(3, 4) CC vs. time � of treatment with 68.5% HNO3 at
(1, 4) 20 and (2, 3) 0�C.

course of mercerization were monitored by IR spec-
troscopy (Specord 75-IR, KBr pellets). The water
retention capacity (WRC) was determined according
to [11], and the sorption power with respect to Congo
Red, according to [12].

In contrast to alkali metal hydroxides, nitric acid
is, relative to C, a multifunctional agent exerting com-
plexing, estrifying, oxidizing, and hydrolyzing effects.
This fact should be taken into account when choosing
conditions for nitric acid mercerization. For example,
the capability of HNO3 to form an additive KC with
C becomes pronounced at 68% concentration [7, 8].
At higher HNO3 concentrations, this property is en-
hanced. At the same time, active accumulation of the
pseudo-form of HNO3 (HO�NO2) causing O-nitration
of C starts from approximately 69% concentration
[10]. Thus, the stimulating effect of HNO3 on the
phase transitions is complicated by the esterifying
effect of HNO3 at its concentrations exceeding 69%.
Therefore, we took 68.5% HNO3.

It is known that traditional mercerization of C is
better performed at low temperatures. This is due to
the fact that the temperature coefficient of the rate of
hydrolysis of alkaline C is higher than that of the rate
of its formation. For nitric acid mercerization, such
data are lacking.

Our experiments (Fig. 1) show that nitric acid mer-
cerization of C samples of varied origin and mor-
phology is characterized by different temperature de-
pendences. With CC, the temperature dependence is
similar to that observed in traditional mercerizartion:
As the temperature of HNO3 treatment is lowered
from 20 to 0�C, the polymorphic transition is stimu-
lated (Fig. 1). However, the conversion of the starting

material into C-II is incomplete. Compared with the
initial CC, the phase transitions in CMCC are consid-
erably slower. The advantage of the common CC form
over the microcrystalline form in the capability to
form KC has been noted previously [7, 8]. It was
presumed that structurally disordered areas of the fi-
bers act as �mediators� facilitating access of HNO3 to
crystallites. However, this viewpoint fails to explain
the following facts.

Under the conditions examined, treatment of C
with HNO3 causes complete and relatively fast con-
version of sulfite WC into C-II. In contrast to CC, at
20�C the process occurs faster than at 0�C. The abnor-
mal temperature dependence is especially pronounced
in samples with common amorphous-crystalline mor-
phology (Fig. 1a). In contrast to CMCC, microcrystal-
line wood cellulose undergoes mercerization at an un-
expectedly high rate, virtually independent of temper-
ature, until approximately 60% conversion is attained
(Fig. 1b). The final stage of the polymorphic transi-
tion at 0�C is somewhat slower than that at 20�C.
According to [8], sulfite WC also shows increased
activity in mercerization with NaOH solutions, where-
as CC, along with ramie cellulose, is among the least
active kinds of cellulose.

Apparently, the true temperature dependence of the
rate of the permutoid (according to Mark) reaction of
KC can be obtained from experiments with CC, since
its chemical purity is higher than that of technical-
grade WC, irrespective of its production process. The
content of C in the corresponding raw materials is up
to 98% in cotton linters and no more than 55% in
wood tissues. High concentration of lignin and hemi-
celluloses (including cellulosans) in wood and severe
conditions of cooking, accompanied by degradation,
negatively affect the capillary�poroius system and
reactivity of the recovered C fibers. It is known that
dense deposits of unremoved low-molecular-weight
fractions, mainly hemicelluloses, alter the relative
contributions of the capillary and diffusion transport
of chemical agents in favor of the latter mechanism
[10, 13]. Therefore, preactivation procedures are espe-
cially necessary in chemical processing of WC. As for
CC fibers, concomitant substances affect their capil-
lary-porous system to a lesser extent. The access of
chemical agents to CC crystallites is facilitated by the
high degree of crystallinity and presence of an internal
channel in the fibers.

Thus, there is good reason to believe that, at low
temperatures, the transport of HNO3 to WC crystal-
lites involves larger diffusion hindrance than its trans-
port to CC crystallites. This may be associated with
slow transport of the acid through hemicellulose de-
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posits, because the hydrolytic activity is lower at low
temperatures (Fig. 2). Correspondingly, the transfor-
mation of crystallites, detected by X-ray diffraction,
is �delayed.� This viewpoint is convincingly supported
by the fact that WMCC is mercerized at 0�C faster
than the initial cellulose. The acceleration is most
probably due to weakening of the influence exerted
by the diffusion factor on the process kinetics, which
occurs when the crystallites get free of the structural-
ly disordered binder. In traditional mercerization, the
penetration of the chemical agent is facilitated by the
solubility of hemicelluloses in alkalis. Furthermore,
the equilibrium swelling of C in 68� 69% HNO3 is
lower than that in NaOH solutions [14].

The incapability of both morphological forms of
CC undergoing complete mercerization in conditions
at which mercerization of the same forms of WC goes
to completion (Fig. 1) is consistent with the concept
of Ioelovich and Veveris [8, 9, 15], which concerns
the influence of the crystallite dispersity on the extent
of phase transitions involving formation of additive
compounds. Crystallites of Hercules CC (L

�
= 10 nm)

are considerably larger than those of Florenier WC
(L
�

= 6 nm) [15]. As a result of hydrolysis of cellulose
fiber to �limiting� DP, L

�
inevitably grows owing to re-

crystallization and hydrolytic breakdown of the smal-
lest crystallites. It follows from [8, 9, 15] that, in prep-
aration of CMCC, the increase in L

�
is appreciably more

pronounced (�35%) than that in preparation of WMCC
(�20%). As the difference between the crystallite sizes
of these two kinds of microcrystalline C increases, the
difference between the degrees of their mercerization
grows also, reaching a factor of 10 (Fig. 1b). Micro-
crystalline wood cellulose is mercerized at 0�C faster
than the initial C, despite the coarsening of crystallites
in the partial hydrolysis. However, the coarsening of
crystallites is responsible for the appearance of a pro-
nounced slow (final) stage of mercerization of the
coarsest crystallites. In all probability, the crystallite
size in both morphological forms of WC is smaller
than the level limiting the degree of polymorphic tran-
sition under the treatment conditions examined. It is
quite probable that specifically this fact is responsible
for the better suitability of wood C for nitric acid
mercerization.

In the course of nitric acid mercerization, common
amorphous-crystalline C undergoes significant degra-
dation (Fig. 2). A fast decrease in the DP of the start-
ing C in the initial period of treatment with 68.5%
HNO3 is followed by slow degradation of chain mol-
ecules. The rate of hydrolytic cleavage of macromol-
ecules strongly depends on the mercerization tempera-
ture. Complete polymorphic transition of Florenier
WC at 20�C (1-h treatment with HNO3) is accompa-

Fig. 2. DP of (1, 2) initial and (3) microcrystalline Florenier
C vs. mercerization time � at (2, 3) 20 and (1) 0�C.

Fig. 3. Content of chemically bound nitrogen [N] in
(I) initial and (II) microcrystalline Florenier C vs. time �

of treatment with 68.5% HNO3 at (1) 20 and (2) 0�C.

nied by a decrease in the initial DP (1200) by approx-
imately a factor of 3, and at 0�C (3-h treatment with
HNO3), by only a factor of 1.5. In contrast to the ini-
tial C, its microcrystalline form remains resistant to
hydrolysis under conditions of intracrystallite swell-
ing, too. A factor that possibly prevents development
of degradation processes is the high stoichiometry of
the interaction of 68.5% HNO3 with C macromole-
cules in crystallites [3, 16]. According to [3], the
Knecht compound contains one HNO3 molecule per
two anhydroglucopyranose units of C. Within the time
of complete mercerization of Florenier WMCC, both
at 20 and at 0�C, the initial degree of polymerization
remains virtually unchanged (Fig. 2).

Specific features distinguishing C-II from C-I [17]
are clearly manifested in IR spectra of mercerized C.
There is no evidence of oxidative transformations (no
carbonyl absorption in the range 1700�1800 cm�1),
but the bands belonging to nitric acid esters (1650,
1280, 850, 750 cm�1) are present. The rate of accum-
ulation of bound nitrogen in C strongly depends on
the temperature of treatment with HNO3 (Fig. 3).
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Fig. 4. X-ray diffraction patterns of Florenier MCC: (1) in-
itial, (2) mercerized for 4 h at 0�C, and (3) mercerized for
3 h at 20�C. (I) Relative intensity and (�) Bragg angle.

Fig. 5. Water retention capacity WRC of Florenier MCC
vs. time � of mercerization at (1) 20 and (2) 0�C.

The morphology of the starting material affects esteri-
fication with HNO3 only slightly. Samples of Florenier
C accumulate in the course of complete mercerization
at 20 (1-h treatment with HNO3) and 0�C (3-h treat-
ment with HNO3) approximately equal amounts of
nitrogen, 0.7�0.8% (degree of substitution, DSONO2
0.8�0.9).

In nitric acid mercerization of WMCC, the effect of
esterification on the physical structure of the products
is appreciable. Microcrystalline wood cellulose mer-
cerized at 0�C (2.5-h treatment with HNO3) consider-
ably surpasses in crystallinity the same cellulose
mercerized at 20�C (2-h treatment with HNO3). In the
latter sample, the content of bound nitrogen is almost
two times higher (�1.3%, DSONO2

0.15). Upon longer
(4 h) mercerization, the nitrogen content increases to
2% (DSONO2

0.25).

In the X-ray diffraction patterns of the products ob-
tained, the crystallite scattering degenerates as the

degree of esterification grows, and at DS 	 0.25 it
virtually disappears. At the same time, in the X-ray
diffraction pattern of the MCC sample mercerized for
4 h at 0�C, the crystallite scattering of C-II is rather
well pronounced (Fig. 4), since the content of bound
nitrogen is as low as 0.9% (DSONO2

0.1). There is
a clear correlation between the degrees of esterifica-
tion and decrystallization of mercerized WMCC. We
believe that partial esterification is the major factor
responsible for the structural disordering of WMCC in
the course of its nitric acid mercerization. It should be
emphasized that the clearly pronounced decrystalliza-
tion effect can be observed specifically in merceriza-
tion of WMCC. This effect may be favored by rela-
tively low length of WMCC macromolecules, com-
parable with the segment length in common C.

The different rates of accumulation of bound nitro-
gen are also responsible for different trends in varia-
tion of WRC in the course of WMCC mercerization at
20 and 0�C (Fig. 5). The materials formed by the time
when transformation of the native WMCC structure to
the hydrated cellulose structure at 20 and 0�C is com-
plete exhibit WRC of 155 and 143%, respectively.
Apparently, the observed difference is due to non-
equivalent contributions of the decrystallizing effect
of O-nitration to the increase in WRC. At the same
time, accumulation of nitric acid ester groups enhances
the sample hydrophilicity owing to decrystallization
until the hydrophobizing effect of the ester groups on
the forming hydrated cellulose becomes prevailing. In
the products of WMCC mercerization at 20�C for 3
and 4 h, the hydrophobizing effect prevails over the
effect associated with decrystallization, which results
in a noticeable decrease in WRC; however, WRC re-
mains on the level characteristic of WC mercerized by
the traditional procedure [13]. In the case of WMCC
mercerization at 0�C, esterification is inhibited, and
the corresponding effect of the forming hydrated cel-
lulose on WRP is positive (though weakened) in the
entire range of mercerization times examined.

To conclude, nitric acid mercerization of specifi-
cally WMCC enhances to the greatest extent its sorp-
tion activity owing to decrystallization. This can be
judged from comparison of the kinetic curves of Con-
go Red sorption on commercial MCC (LT Lachema)
and on the product of its 3-h mercerization at 20�C
(Fig. 6). The initial MCC sample is one of the best
sorbents of this class, which is used in thin-layer chro-
matography. As seen from Fig. 6, the limiting sorp-
tion of the dye by the mercerized sample increases
by approximately 60% as compared with the initial
sample, and the sorption�desorption equilibrium is at-
tained approximately four times faster.
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Fig. 6. Kinetic curves of Congo Red sorption from its 0.02%
solution by (1) LT Lachema MCC and (2) product of its
3-h mercerization. (�) Sorption and (�) sorption time.

CONCLUSIONS

(1) The rate of the polymorphic transition in wood
cellulose decreases by about a factor of 3 as the tem-
perature of treatment with 68.5% HNO3 is lowered
from 20 to 0�C, owing to the prevalence of the dif-
fusion transport of the reagent to crystallites over
the capillary transport, in contrast to cotton cellu-
lose in which the phase transition occurs faster at
lower temperature of HNO3 treatment. The diffusion
hindrance is due to weakening of the hydrolytic activ-
ity of HNO3 at low temperatures, so that it passes
more difficultly through hemicellulose deposits in
capillaries and pores of wood cellulose fibers. It is
quite natural that the microcrystalline form of wood
cellulose, free of structurally disordered component,
is mercerized under the action of HNO3 at a rather
high rate only slightly depending on temperature.

(2) The complete polymorphic transition of wood
cellulose is accompanied by a decrease in the degree
of polymerization by approximately a factor of 3 at
20�C and only 1.5 at 0�C. At the same time, the
microcrystalline form of this cellulose is mercerized
at 20 and 0�C without changes in the degree of poly-
merization, which is due to the high stoichiometry of
interaction of HNO3 with ordered macromolecules in
crystallites (formation of the Knecht compound).

(3) Weak O-nitration of cellulose under the condi-
tions of intracrystallite interaction with HNO3 exerts

a decrystallizing influence on the mercerization prod-
ucts, which is the stronger, the higher the temperature
and the longer the treatment. This effect, which is the
most pronounced in microcrystalline wood cellulose,
enhances the hydrophilicity and sorption capacity of
the final products.
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Abstract�Two previously unknown phenomena were observed in studying the reduction of selenious acid
with ascorbic acid in an aqueous hydroxyethyl cellulose solution: (1) formation of nanoparticles of amorphous
Se0 with uniform particle size distribution and mean particle radius of 15 � 4 nm and (2) adsorption of more
than 3000 macromolecules on these nanoparticles with formation of spherical nanostructures.

Thanks to its availability, permanently reproduc-
ible natural sources, and wide potentialities for chem-
ical modification, cellulose is of indisputable scien-
tific and practical interest as the basis for develop-
ment of novel materials for biomedical and health
purposes. At the same time, in view of the rapid de-
velopment of nanotechnology and supramolecular
chemistry, particular attention is paid to study of
metal�polymer systems containing nanoparticles of
metals in zero oxidation state. Such nanoparticles
1�100 nm in size in polymeric matrices demonstrate
anomalous physicochemical, catalytic, and biological
properties, which is caused by high energy saturation
of their surface [1].

For instance, Ag0 nanoparticles stabilized by poly-
vinylpyrrolidone demonstrate unique pharmacological
properties [2], which are not characteristic of bulk sil-
ver. In impregnation of bacterial cellulose (BC) gel
films with aqueous solutions of such nanocomposites,
Ag nanoparticles are irreversibly adsorbed on the cel-
lulose matrix. As a result, such a bandaging material
acquires high antimicrobial activity [3]. Kotel’nikova
[4] has succeeded in diffusion-reductive intercalation
of silver nanoparticles into fibers and films of micro-
crystalline cellulose (MCC). In this method, the mor-
phological structure of cellulose is modified, and sil-
ver nanoparticles are tightly bound to the cellulose
matrix.

It is noteworthy that there are virtually no data on
polymer-stabilized nonmetallic nanoparticles. Of par-
ticular interest are nanoparticles of amorphous seleni-
um (nano-a-Se0), which demonstrate not only unique

photoelectric, semiconducting, and X-ray-sensing prop-
erties, but also exceptionally broad spectrum of bio-
logical activity [5].

Since BC and MCC are insoluble in most of sol-
vents, a study of their interaction with nanoparticles
in solutions is quite problematic. Here we report on
the interaction of the water-soluble polysaccharide hy-
droxyethyl cellulose (HEC) with nano-a-Se0.

EXPERIMENTAL

We chose as object of study a-Se0 nanoparticles
prepared by reduction of selenious acid (SA) in an
aqueous ascorbic acid solution both in the presence
and in the absence of HEC.

We used reagents with the main substance content
of no less than 99.99%. The hydroxyethylcellulose
used had a degree of substitution of 1.2 and MW
150 � 103.

The reduction kinetics was studied spectrophoto-
metrically (Specord M40, � = 320 nm, 20�C) at
an SA concentration of 1.7 mM and pH 3.1.

Reduction of Se(IV) in its 0.01 wt % solution
gives nanocomposites with HEC-to-Se0 weight ratio
of 90 : 10.

The relative viscosity �r was determined with
an Ostwald capillary viscometer (water outflow time
120 � 0.2 s at 21�C).

Using the flow birefringence (FBR) method [6]
we characterized the molecular dispersity of the ad-
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sorbates formed. The FBR value �n was determined
as dependent on the rotor speed gradient g and the
HEC concentration c at a fixed Se concentration.

In the experiments, we used a titanium dynamo-op-
timeter with 4-cm-high inner rotor and 0.03-cm gap
between the rotor and stator. All the FBR measure-
ments were performed with temperature control (21�C)
to eliminate changes in the solution viscosity and also
optical distortions induced by the temperature gradient.
The measuring system was calibrated against phenyl-
ethanol, which is characterized by high FBR (�n/g =
17 � 10�12), and the polystyrene�bromoform system.
The intrinsic FBR [n] = limg� 0, c� 0 (�n/gc�0 ), where
�0 is the solvent viscosity, was determined to within
10%. The measurements were carried out at g < gk,
where gk is the speed gradient at which flow turbu-
lence starts.

The experimental value of [n] (dn/dc � 0, where
dn/dc is the increment in the refractive index of the
solution, which is 0.102 and 0.149 for the systems
investigated, HEC�H2O and HEC-Se0�H2O, respec-
tively) is, generally, composed of three terms: [n] =
[n]e + [n]fs + [n]f. Here [n]e is the intrinsic anisotropy;
[n]fs, microform term; [n]f, macroform term [6]. In
this case, the total segment anisotropy ([n]e + [n]fs ) is
determined by the equilibrium rigidity A of the poly-
mer chain and the polymer unit structure, and [n]f is
related to the asymmetry p of the shape of a macro-
molecule (particle) as

[n]f = [(ns
2 + 2)/3)2 [Mw (dn/dc)2 f (p)]/(30�RTns )

= const Mw (dn/dc)2 f (p).

Here Mw is the molecular weight of the adsorbate
macromolecule; ns, refractive index of the solvent;
T, absolute temperature; R, gas constant; f ( p), tabu-
lated function for the axis ratio of a rigid (imperme-
able to the solvent) ellipsoid approximating the par-
ticle shape [6].

Therefore, for flexible and moderately rigid-chain
high-molecular-weight polymers (A < 5 nm) charac-
terized by low optical anisotropy and low molecular
weight of the polymer unit, the relationship [n] 	 [n]f
is valid, allowing direct estimation of the parameter
p from the experimental data on FBR [6].

The nanostructures investigated were characterized
by the molecular weight Mw and size Rg, using
the static light scattering method [7], and also by their
solvent (water) affinity using data on the second virial
coefficient A2. The amount of adsorbed macromolec-
ules on the surface of Se nanoparticles was deter-
mined from the relationship between the Mw values for
HEC and its adsorbates. The reduced intensity of light

scattering of solutions, R
�
, was determined with a Fica

photogoniodiffusometer. The wavelength of vertically
polarized incident light was 546.1 nm. The measure-
ments were performed over the scattering angle range

 = 30��150�. The solutions and solvents were clari-
fied by centrifugation at 15 000 rpm for 1�1.5 h. The
increment in the refractive index, dn/dc, was estimated
from the refractometric data (IRF23 instrument).

The experimental light-scattering data were pro-
cessed by the Zimm method by double extrapolation
(to c = 0 and 
 = 0) of the Kc/R

�
-vs.-[sin2 (
/2) + kc]

plot (K is the calibration constant, and k, empirical
parameter).

The mean hydrodynamic size RH of the particles
was determined by the quasi-elastic (dynamic) light
scattering method [8]. The parameter �*, which char-
acterizes the conformation of nanostructures was es-
timated from experimental Rg and RH obtained for
the HEC�Se0 adsorbate [9�12].

The optical part of the setup for measuring the dy-
namic light scattering was equipped with an ALV-SP
goniometer (Germany) and a Spectra-Physics He�Ne
laser (� 632.8 nm, 20 mW) as a source of light. The
correlation function for the light-scattering intensity
was obtained with a 288-channel Photo Cor-FC cor-
relator (Anteks Private Company, Russia). Experi-
mental data were processed using the cumulant and
Tikhonov’s regularization methods.

In SA reduction with ascorbic acid, the first-order
rate constant with respect to SA was found to be
1.56 � 10�3 s�1, and that in the presence of HEC,
0.42 � 10�3 s�1. In the absence of the polymeric sta-
bilizer, the Se nanoparticles appeared to be aggrega-
tively unstable. In 3�4 days they formed conglomer-
ates and precipitated. In the case of polymer-stabilized
nano-Se0, the aggregative stability of the particles was
preserved for at least 6 months.

On passing from the initial HEC to the HEC�nano-
Se0 adsorbate, the intrinsic viscosity [�] decreases
from 5.3 to 3.6 dl g�1. However, according to the stat-
ic light-scattering data, the molecular weight Mw of
the adsorbate is 480 � 106, which is higher by a factor
of 3200 than that of free HEC.

The second virial coefficient A2 of the HEC�Se0�
H2O system is zero, suggesting the ideal thermody-
namic state of the solution.

The mean hydrodynamic radius RH of free HEC in
aqueous solutions is 182 nm, and that of Se nano-
particles obtained in the absence of the polymeric
stabilizer, 170 nm. The size of the HEC�Se0 adsorbate,
estimated by the dynamic and static light-scattering
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methods, is smaller (mean-square radius of inertia Rg =
85 nm and mean hydrodynamic radius RH = 147 nm).
In this case, the parameter �* = Rg /RH = 0.6, which
suggests an ideal sphericity of the adsorbate formed
[9�12].

To determine the radius of Se particles in the ad-
sorbate core, we employed lyophilic drying of the
HEC�Se0 aqueous solution. The resulting dry product
was pelletized and studied by the low-angle X-ray
scattering method. The radius of Se0 spherical par-
ticles was determined to be 15 � 4 nm, which is an or-
der of magnitude smaller than that of the Se particles
obtained without the polymeric stabilizer (171 nm).
Therefore, in the aqueous solution, the depth of the
satellite polymeric coating on the Se0 nanoparticles
is about 70 nm, i.e., adsorption results in a consider-
able compaction of the macromolecules.

On passing from the HEC�H2O system to HEC�
Se0�H2O, the optical anisotropy increases substan-
tially from 300 to 3000 cm4 s2 g�2, which is probably
due to the adsorption of a huge number of macromol-
ecules on single nano-Se0 particles, with the hydro-
phobic interactions of the nonpolar fragments of
the macromolecules with nano-Se0 being the major
driving force of the adsorption.

It should be pointed out that, in the HEC�H2O
and HEC�Se0�H2O systems, the molecular dispersion
of the solutions remains unchanged over the whole c
range, as demonstrated by the features of the �n = f (g)
dependences (at g < gk they are well approximated for
any c by straight lines crossing the origin of coordi-
nates).

The parameter p estimated for the HEC�Se0�H2O
system in the [n] 	 [n]f approximation revealed that
the nanostructure takes a practically ideal spherical
conformation ( p = 1.4) (it is known that, in water,
HEC takes a conformation of Gaussian globule [13]).
Taking into account the increased rigidity of HEC
(A = 15 nm) [13], one may conclude that the actual
p value is even closer to unity. Therefore, the adsor-
bate is an ordered spherical nanostructure.

Finally, the results obtained cast light on the nature
of structural and morphological transformations of
cellulose in formation of metallic and nonmetallic
nanoparticles in its matrix.

CONCLUSIONS

(1) Spherical nanoparticles of amorphous selenium
about 15 nm in size were obtained by reduction of
Se(IV) in the selenite�ascorbate redox system.

(2) In the system formed by hydroxyethyl cellulose,
Se0, and water, the viscosity of a solution falls, and

the solution properties approach those of an ideal solu-
tion, which suggests the formation of compact aggre-
gatively stable adsorbates of the macromolecules on
selenium nanoparticles.

(3) The resulting adsorbate is a supramacromolecu-
lar close-packed spherical nanostructure consisting of
about 3000 macromolecules, as demonstrated for the
first time by methods of molecular hydrodynamics
and optical methods.
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Abstract�The electrical conductivity of composites produced from thermally expanded graphite, isoprene
rubber, and polyvinyl chloride plastisol was studied as influenced by the process conditions.

Preparation of conducting polymers (CPs) is a top-
ical task of modern materials science. Highly conduc-
tive polymers are extensively used to ensure reliable
operation of radio equipment in, particular, to shield
radioelectronic devices [1�7].

Low-resistance composites are known [6] to con-
tain, as a filler, expensive fine silver powders in
high amounts.

In this study, we prepared highly conductive poly-
meric composites containing thermally expanded
graphite (TEG) as filler and analyzed their properties
as influenced by the conditions of mixing of the filler
with a binder.

EXPERIMENTAL

Thermally expanded graphite was prepared by the
hydrosulfate procedure [8�10] involving the follow-
ing three main steps: (1) stirring of low-ash GSM-1
graphite for 30 min in a mixture of concentrated ni-
tric and sulfuric acids to form an intercalation com-
pound (graphite hydrosulfate), (2) hydrolysis of the
graphite intercalation compound with water and dry-
ing of oxidized graphite to a friable state, and (3)
thermal expansion of oxidized graphite by rapid heat-
ing to 800�900�C to form TEG. The bulk density of
the TEG was �bulk = 16 g l�1. Elemental analysis
showed the presence of up to 0.5 wt% sulfur in the
TEG. As determined by scanning electron microscopy
with 100-nm resolution, graphite had pronounced lay-
ered structure [11].

Since TEG has the layered structure, it can be
rolled to give highly conductive sheets. A porous flat
1�2-cm-thick TEG sample prepared by compacting
a TEG powder was rolled on bench rolls with vari-
able gap to thickness of 0.7�0.3 mm. The rollers

were 10 cm in diameter (D), and their rotation rate
was � = 5�15 rpm. Dense sheets of TEG are formed
by compaction of the initial porous sample; in the
process, the gap between the rollers and the shearing
stress arising in the course of rolling were varied.

We used SKI-3 rubber and polyvinyl chloride
(PVC) plastisol as binders for prepating conducting
TEG composites.

The conducting composites of TEG (50%) and
SKI-3 rubber were prepared by the following proce-
dure. A rubber solution in benzine (1 l, 15 g l�1 con-
centration) was mixed with dicumyl peroxide (1 g)
and TEG (15 g). The solvent was removed on a rotary
evaporator at 50�C to give a loose powder. To ob-
tain samples for resistance measurements, the result-
ing formulation was pressed in a mold at 143�C and
a pressure of 20 MPa for 30 min.

The plastisol technology is frequently used to pro-
duce highly filled polymeric composites [12]. This is
due to low viscosity of the plastisol, simple produc-
tion of the composite, and satisfactory physicomech-
anical properties of the plastigel.

The procedure for preparing PVC�TEG composites
included the following steps. An EP-66 PVC powder
was thoroughly mixed with dioctyl phthalate in the
weight ratio of 2 : 1 or 1 : 1. The mixture was plasti-
cized on a water bath at 90�C for 45 min. To inhibit
dehydrochlorination, 3wt % of calcium stearate was
added with vigorous stirring. Then, the conducting
filler, TEG, was added. The mixture was stirred until
a uniform composition was formed. The composites
was prepared by pressing in a mold at 0.2�0.5 MPa.
The resulting samples were rolled at 120�140�C with
the gap between the rollers slowly varied.
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Fig. 1. Unit for measuring the electrical conductivity of
the composites by the four-probe method. (1) pressure
pad, (2) removable contacts with needle electrodes, (3) re-
movable contacts with plate electrodes, (4) current elec-
trodes, (5) potential electrodes, (6) load on the pressure
pad, and (7) sample.

The bulk resistivity �v of the composites was mea-
sured by the four-probe method [13]. To provide fast
fixing of the sample, a pressure pad with removable
contacts was used (Fig. 1).

The resistivity of the samples with thickness of
0.3 to 3 mm was measured with a contact unit made
from Plexiglas, in which plates of current and poten-
tial electrodes were fixed (Fig. 1). The resistivity �v
was calculated by the common equation for the plane-
parallel geometry of conducting samples

�v = Rav�
S
l

,

where Rav is the electrical resistance of a sample (�),
calculated by the least-squares procedure from the
I (U ) dependence; S, the area of a cross section of
the sample with the plane normal to the current direc-
tion; l, the distance between the potential electrodes.

We measured the bulk resistivity of a sample 0.3
to 3 mm thick, 25 mm wide, and 40 mm long. The
distance between the potential electrodes was 5 mm.

The shielding coefficient Ksc (dB) of the samples
was determined as the logarithm of the ratio of the
power of incident microwave radiation Iinc to that of
the radiation passed through the sample Ipas:

Ksc = 10 log ��
Iinc
Ipas

,

This coefficient depends on the radiophysical prop-
erties (complex permittivity and magnetic permeabil-

ity) and thickness of a sample. As the conductivity
of a sample increases, both the reflection of the elec-
tromagnetic energy from the conductive surface and
the energy dissipation in the bulk of the sample in-
crease. Hence, the shielding coefficient Ksc increases.
The general equation taking the interference into ac-
count is rather cumbersome [14, 15]. However, for
thin conducting nonmagnetic samples it reduces to
the equation

Ksc
�� 20 log (1 + 188�d ),

where 188 (�) is the wave resistance of free space, �
is the electrical conductivity of the material (S cm�1),
and d is the sample thickness (mm).

The shielding coefficients were determined on a unit
for measuring coefficients of transmission and reflec-
tion of microwave radiation in rectangular 23 � 10 mm
waveguide (H01 mode). The unit was constructed on
the basis of P2-61 panoramic standing wave-ratio
meter and was modified to allow automated measure-
ments. The measurements on this unit involve the fol-
lowing steps. A sample in the form of rectangular
plates 0.3 to 10 mm thick was placed in a rectangular
waveguide at a right angle to the direction of propaga-
tion of the electromagnetic energy. The internal cross-
section (23 � 10 mm) of the waveguide was com-
pletely covered. Identical directed couplers with built-
in microwave diode detectors were fixed in front of,
and behind the sample. A sweep oscillator was con-
nected to one end of the waveguide, and a matched
load, which substantially decreases the reflection from
the end of the line, to the other end. Both micro-
wave detectors were connected via an amplifier-de-
modulator to an analog receiver-divider of the signal.
The sweep oscillator and receiver were controlled
by a computer. The signal from both detectors is pro-
portional to the electromagnetic power propagating
from the generator to the load. Hence, the ratio of
the detector signals is proportional to the ratio of
the microwave power of the incident radiation and
that of the radiation passed through the sample. An-
alog-digital processing of this ratio gave the shielding
coefficient.

It is known [16, 17] that binder-free TEG is molded
owing to mechanical adhesion of the carbon layers.
The folded and deformed structure of the carbon lay-
ers favors compression of the material and formation
of graphite foil in the course of rolling on rollers with
variable gap.

The electricalal conductivity of a material strong-
ly depends on its production process. For example,
pressed 3-mm-thick TEG sample with bulk density
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�bulk = 140 g l�1 has volume conductivity �v =
1.5 � 102 S cm�1, tensile strength 	t = 0.05 MPa and
relative elongation at rupture 
 = 2%. After rolling
of this sample to a thickness of 0.4 mm, these param-
eters changed as follows: �bulk = 1100 g l�1, �v =
1.5 � 103 S cm�1, 	t = 0.5 MPa, and 
 = 5%.

The conductivity of graphite foil is close to the
limiting value permissible for preparing TEG com-
posites, since the conductivity of a composite com-
posed of a conducting filler and dielectric binder
must be lower than that of graphite foil because of
the formation of nonconducting layers between graph-
ite particles.

The dependence of the conductivity of TEG�SKI-3
rubber composites on the concentration of the con-
ducting filler is shown in Fig. 2. As seen from Fig. 2,
the conductivity reaches 60�80 S cm�1 at filler con-
centration of 50�60 wt %. This value is lower by
a factor of 20�30 than the conductivity of a TEG foil
but is sufficient for preparing antistatic materials or
materials shielding high-frequency electromagnetic
radiation.

After rolling of the samples at 40�C at different ro-
tation rates of the rollers (the procedure typically used
with rubber stocks), which provides more uniform
distribution of the filler in the rubber, the elasticity
and strength increases and the conductivity decreases.
The conductivity of a sample containing 60 wt %
TEG decreases by a factor of 10 (�v = 7.7 S cm�1)
and the tensile strength and relative elongation in-
crease by a factor of 2 (	t = 1.2 MPa and 
 = 10%)
after rolling of the sample for 7 min. Probably, the
conductivity decreases owing to degradation of con-
ducting TEG aggregates in the SKI-3 polymeric ma-
trix under high dynamic stresses arising in the course
of the rolling.

We studied the conductivity of the composites
based on PVC plastisol as influenced by the procedure
for rolling the samples on rollers with variable gap.
The conductivity of PVC composites containing ini-
tial GSM-1 low-ash graphite and TEG is higher at
low TEG content.

When the content of GSM-1 graphite in the PVC
composites ranges from 33 to 55 wt %, the conductivi-
ty of the samples �v (�bulk = 800�870 g l�1 for unrolled
samples) increases from 2.5 � 10�5 to 0.1 S cm�1. At
the filler content of 3.6 to 13 wt %, the conductivi-
ty of unrolled samples filled with TEG (�bulk = 450�
500 g l�1) increases from 2.0 � 10�4 to 1.0 S cm�1.
The conductivity of the samples filled with TEG
and rolled on rollers with variable gap grows from

Fig. 2. Electrical conductivity �v of composites based
on SKI-3 rubber vs. the concentration c of TEG conduct-
ing filler.

3.3 � 10�3 to 25.0 S cm�1 as the concentration of the
conducting filler is increased from 2.4 to 26 wt %.

The physicochemical parameters of PVC compos-
ites with 9.1 wt % TEG rolled at 120�140�C and dif-
ferent gaps between the rollers, are listed in Table 1.

The rise in the conductivity of the samples after
rolling is obviously due to an increase in the num-
ber of conducting chains in a unit volume owing to
a change in the bulk density of the composite from
400 to 1000 g l�1. The rise in the tensile strength
and relative elongation of the samples may be due
to strengthening of the interaction between TEG and
the binder during rolling.

The volume conductivities �v, tensile strengths
	t, and elongations at rupture, 
, of the composites
with varied TEG content are listed in Table 2. These

Table 1. Physicomechanical parameters of PVC plast-
isol�TEG composites rolled at different gaps between
rollers h (PVC : DOP = 1 : 1)
����������������������������������������

h, mm � �v, S cm�1 � �t, MPa � �, %
����������������������������������������

3 � 0.47�0.53 � 0.6 � 22
1 � 0.56�0.67 � 1.1 � 26
0.4 � 0.77�0.83 � 1.7 � 30

����������������������������������������

Table 2. Physicomechnaical parameters of PVC plast-
isol composites with different contnet of TEG filler
(PVC : DOP = 1 : 1)
����������������������������������������
TEG, wt % � �v, S cm�1 � �t, MPa � �, %
����������������������������������������

0.0 � � � 4.0 � 330
2.4 � 2.5 	 10�3

�3.3 	 10�3 � 0.5 � 36
4.8 � 0.11�0.12 � 0.6 � 33
9.1 � 0.59�0.67 � 1.3 � 30

13.0 � 1.1�1.7 � 1.6 � 29
16.7 � 5.6�6.7 � 1.9 � 27
20.0 � 7.7�9.1 � 2.1 � 16

����������������������������������������
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Fig. 3. Shielding coefficient Ksc of TEG�PVC compos-
ites vs. frequency �. TEG content (wt %): (1) 25, (2) 26,
(3) 14, and (4) 6.3. Sample thickness (mm): (1) 0.70,
(2) 0.25, and (3, 4) 0.30.

data confirm the advantages of composites with TEG
filler, rolled at a variable gap between rollers. As seen
from Table 2, the electrical conductivity �v of com-
posites increases by four orders of magnitude when
the filler content is raised by an order of magnitude.
The tensile strength increases owing to strong interac-
tion of TEG with the binder.

As noted above, the composites can be used for
various radio engineering purposes. Experimental de-
pendences of the shielding coefficients of radio-fre-
quency radiation for PVC�TEG composites are shown
in Fig. 3.

Having all properties of graphite, TEG exhibits new
properties, such as easy molding, low bulk weight,
and strong interaction with a polymeric matrix, which
makes TEG promising for preparing conducting com-
posites.

CONCLUSIONS

(1) Low-resistance composites with thermally ex-
panded graphite as filler of the polymeric binder were
prepared at lower filler content as compared with that
of other graphites.

(2) The conditions for preparing polyvinyl chlo-
ride-thermally expanded graphite composites with the
conductivity from 10 to 25 S cm�1 were determined.

(3) The mechanical and electrical properties of
composites formed by polyvinyl chloride and ther-
mally expanded graphite were determined as influ-
enced by the rolling conditions.

(4) The possibility of using TEG composites for
radio engineering purposes was demonstrated.
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Abstract�Suspension copolymerization of vinyl chloride with methyl methacrylate was studied. The pro-
cess is characterized by a pseudo-gel effect manifested as a sharp increase in the reaction rate after exhaustion
of methyl methacrylate. The influence exerted by the monomer addition procedure on how the copolymer
composition varies in the course of polymerization was examined.

Recently there has been a great deal of interest in
modification of polymers by blending of macromolec-
ular compounds of varied chemical nature. Natural-
ly, these studies mainly concern combinations of vari-
ous comprehensively studied and commercially avail-
able polymers. In particular, much attention is given
to binary systems based on polyvinyl chloride (PVC)
and polymethyl methacrylate (PMMA); however, most
of these studies are purely scientific rather than ap-
plied. It has been shown that, in a wide range of com-
positions, this system exhibits two glass transition
points and tends to form multiphase structures [1].

To improve the compatibility of PVC with PMMA,
it seemed promising to add a third component, a co-
polymer of vinyl chloride (VC) and methyl methacry-
late (MMA). Since the copolymerization constants of
these monomers differ dramatically [2, 3], it can be
expected that the resulting copolymer will be strongly
nonuniform in composition and that the solubility pa-
rameters of its fractions will vary widely. This factor
may be of decisive importance for improving the com-
patibility of PVC with PMMA. Furthermore, VC�

MMA copolymers themselves may be of interest,
since introduction of MMA units may improve the
physicomechanical and optical properties of PVC,
with the incombustibility of the material preserved.
Therefore, we studied the suspension copolymeriza-
tion of these monomers.

EXPERIMENTAL

Suspension copolymerization of VC with MMA
was performed in a 3.5-l autoclave equipped with an

impeller stirrer (180�200 rpm), a dosing unit, and a
sampler. Methyl oxypropyl cellulose (F-50 brand) was
used as protective colloid. The initiating system was
a mixture of di-2-ethylhexyl peroxodicarbonate and
lauryl peroxide. The ratio of the monomeric and aque-
ous phases was 1 : 2. The copolymerization was per-
formed at 66�C until the pressure in the autoclave
started to decrease. In some cases, with the aim to
monitor variation of the composition and molecular
weight of the copolymer, samples were taken in the
course of the process. To obtain a copolymer with
more uniform composition, the more active monomer,
MMA, was introduced into the autoclave in small por-
tions during the whole polymerization process. The
polymer was separated from the mother liquor on a
B�uchner funnel, washed with distilled water, and
dried in an oven at 55�60�C. The composition of the
copolymers was evaluated from the chlorine content
[GOST (State Standard) 25303�92], and the molecu-
lar weight (MW), from the Fickentscher constant KF
(GOST 14040�82), which varies in parallel with MW.
In some cases, for PVC (control sample) and copoly-
mers containing more than 50 wt % vinyl chloride,
MW was determined from the Mark�Kuhn�Houwink
equation [4] (cyclohexane, 25�C):

[�] = KM�, where K = 1.37 � 10�4, � = 0.78.

In synthesis of suspension copolymers VC�MMA
of different compositions and approximately equal de-
grees of conversion, the process decelerates with in-
creasing content of the more active component, MMA.
It should be noted that approximately 80 wt % conver-
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Rate constants of elementary chain propagation reactions
Kp in copolymerization of VC with MMA
����������������������������������������

Propagation reaction, � Kp , l mol�1 s�1

�����������������������activities �
of components � constant � value

����������������������������������������
�VC�act + MMAact � K12 = K11/r1 � (85�550) � 103

� �
�VC�act + VCinact � K*

11 � 1700�11000
� �

�MMA�inact + MMAact � K*
22 � 580

� �
�MMA�inact + VCinact � K21 = K22/r2 � 38.6
����������������������������������������
* Kp values for homopolymerization of the monomers [6].

sion is attained in 7.5 h in copolymerization of VC
(95 wt %) with MMA (5 wt %) and in 2.5 h in homo-
polymerization of VC and MMA, i.e., the copolymer-
ization rate is slower than the rate of homopolymeriza-
tion of both monomers. This trend is characteristic of
copolymerization of active monomers and inactive
monomers in which the double bond is not conjugated

Fig. 1. Fickentscher constant KF vs. MMA content c in
copolymer with VC.

Fig. 2. Variation of the copolymer composition in the course
of polymerization. MMA content in the monomer mixture
17 wt %. (c) Content of MMA units and (�) reaction time;
the same for Fig. 4. Copolymer samples taken (1) after
termination of polymerization after a certain time and
(2) directly in the course of polymerization.

with an unsaturated group of the substituent. The co-
polymerization constants for VC and MMA (rVC, 1 =
0.02, rMMA, 2 = 15) [5] and the rate constants of chain
propagation in homopolymerization of VC and MMA
allow calculation of the propagation rate constants for
elementary stages of copolymerization. The table shows
that the fastest elementary propagation reaction is
the reaction of the VC propagation radical with MMA,
and the slowest, the reaction of the MMA propagation
radical with VC. This result is fully consistent with
the well-known rule according to which inactive prop-
agation radicals are formed from active monomers
with ��� conjugation of the double bond and vice
versa. The fastest stage involves the active VC radical
and active MMA monomer, and the slowest stage, the
inactive MMA radical and inactive VC monomer. The
latter stage decreases the overall copolymerization rate
as compared with the rates of VC and MMA homo-
polymerization, because the rate of a chain reaction is
limited by the rate of the slowest stage.

Simultaneously, MW decreases, as judged from the
variation of KF (Fig. 1). The observed effects are due
to a considerable difference in the copolymerization
constants of VC and MMA. More active MMA mono-
mer acts as a chain-terminating agent for the copoly-
mer: As the MMA content in the macromolecule
grows, KF clealrly tends to decrease. Analysis of sam-
ples taken in the course of copolymerization shows
that, in the initial stages, the polymer is strongly en-
riched in MMA, whereas in later stages, as MMA is
exhausted, the composition of the copolymer becomes
similar to that of the initial monomer mixture. The
reliability of conclusions concerning the variation of
the composition of the VC�MMA copolymer was con-
firmed by the consistence of composition data ob-
tained by sampling in the course of polymerization
and by stopping the polymerization at various stages
by rapid cooling (Fig. 2). The dramatic changes in the
copolymer composition in the course of conversion
indicate that the copolymer is strongly nonuniform in
composition.

A characteristic feature of copolymerization of VC
with MMA is a pronounced pseudo-gel effect, spe-
cifically, sharp acceleration of copolymerization upon
exhaustion of MMA. Therefore, in all the cases under
consideration, the conversion in the initial stages is
low, which is confirmed by kinetic curves in Fig. 3. In
contrast to the true gel effect, which is due to a de-
crease in the rate of bimolecular termination with in-
creasing viscosity of the reaction medium, the reac-
tion acceleration in our case is due to a change in the
apparent rate constant. It was already noted that MMA
inhibits the copolymerization (addition of �17 wt %
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Fig. 3. Variation of the conversion � in the course of co-
polymerization at the MMA content in the monomeric
mixture of (1) 5, (2) 9, (3) 13, and (4) 17 wt %. (�) Reac-
tion time.

MMA decelerates the process by more than an order
of magnitude as compared with homopolymerization
of VC). With increasing conversion, MMA is rapidly
exhausted, the relative amount of low-active propaga-
tion radicals decreases, and, as a result, the chain pro-
pagation accelerates.

It was interesting to compare the trends in variation
of the composition (monitored directly in the course
of copolymerization) synthesized of VC�MMA copo-
lymers with simultaneous addition of both monomers
and with addition of more active MMA in portions
(three portions at 3.5-h intervals). Figure 4 shows that,
when both monomers are loaded simultaneously (cur-
ve 1), the MMA content in the copolymer varies in
a wide range (within more than 50%), whereas with
addition of MMA in portions (curve 2), this range is
much narrower (about 6%), which means that the co-
polymer becomes much more uniform in composition,
which favorably affects its solubility. It should be
noted that, in the latter case, the MMA content in the
copolymer is higher and its MW is somewhat lower
(30000 against 43000) at the same composition of
the monomer mixture.

CONCLUSIONS

(1) Suspension copolymerization of vinyl chloride
with methyl methacrylate is characterized by the in-

Fig. 4. Composition of copolymer vs. time for different
ways of MMA introduction. MMA content in the monomer
mixture 13 wt %. (1) Both monomers loaded simultaneous-
ly and (2) more active MMA added in portions.

hibiting effect of the second comonomer and signifi-
cant variation of the copolymer composition with
increasing conversion.

(2) Addition of more reactive methyl methacrylate
in portions in the course of suspension copolymeriza-
tion with vinyl chloride results in the formation of
a product that is considerably more uniform in com-
position.
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Abstract�The kinetics of flocculation of bentonitic clay suspensions and thickening of the sediments
was studied in the modes of free and hindered sedimentation as influenced by pH of the medium, chemical
nature and concentration of surfactants, and molecular properties of cationic flocculants, random copolymers
of acrylamide with dimethylaminoethyl methacrylate hydrochloride.

The kinetic dependences of flocculation and thick-
ening of sediments of model disperse systems (MDs)
in the presence of ionic and nonionic polyacrylamide
flocculants (PAAFs) and their mixtures have been stud-
ied extensively, and the results are partially summa-
rized in reviews [1�3]. At the same time, the effect of
PAAFs on the kinetic aspects of flocculation and sedi-
mentation stability of real DSs has been poorly studied.

Since real disperse systems are multicomponent
compositions and frequently comprise involve a poor-
ly characterized ensemble of dispersed phase (DP)
particles [3, 4], a study of flocculation and thickening
of real DS sediments in the presence of polymeric
additives is obviously rather difficult. Thus, data on
the effect of active components on the flocculation
kinetics of real DSs (in particular, bentonitic clay sus-
pensions) in the modes of their free and hindered sed-
imentation are of scientific and practical importance.
This DS finds wide application in oil production as
effective regulator of the bed permeability to aqueous
and organic components of the dispersion medium, as
sorbent of a wide assortment of pollutants present in
wastewaters from motor-car factories, and as agent
increasing the flake weight [2].

It should be particularly noted that a search for new
active additives and study of sedimentation condi-
tions both decreasing and increasing the sedimentation
stability of the Bentokam clay powder are of practical
importance. In oil production, a bentonitic clay sus-

pension is added to multicomponent aqueous solu-
tions with varied pH and containing various salt ad-
ditives, wide assortment of surfactants, etc. The ef-
fect of the solution ionic strength on the kinetics of
flocculation of bentonitic clay suspensions and thick-
ening of sediments was studied in [5].

In this paper, we report on our continued studies
in this direction and examination of the kinetics of
flocculation of a bentonitic clay suspension in the
modes of free and hindered sedimentation as influ-
enced by the concentration and molecular weight of
cationic acrylamide copolymers, solution pH, and sur-
factants. The cationic acrylamide copolymers in ques-
tion are of particular interest owing to their high floc-
culating properties, which are probably related, to
a certain extent, to the difference in the charge of the
bentonitic clay particles and macromolecular cations.
It should be noted that the pH of a dispersion medium
strongly affects the macromolecule conformation and
flocculation properties.

EXPERIMENTAL

In our study, we used a Bentokam bentonitic clay
suspension from the Berezovo deposit (Tatarstan) [TU
(Technical Specifications) 39-0147001-105�93] with
average particle radius

�

R = 7.28 � 10�6 m. The in-
tegral curve of the DP particle size distribution, found
from data of sedimentometric analysis performed in
the mode of free (unhindered) sedimentation, is shown
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in Fig. 1. As seen, the minimal and maximal sizes of
DP particles differ by nearly an order of magnitude
(
�

Rmin = 0.24 � 10�5 and
�

Rmax = 2.38 � 10�5 m). As
cationic PAAFs we used samples of a random co-
polymer of acrylamide and dimethylaminoethyl meth-
acrylate hydrochloride with varied molecular weight
and similar compositions of the copolymer macro-
molecules (weight content of ionic units � 16.3%).

Similarly to [6], the polymer samples were pre-
pared by radical degradation of the initial macromo-
lecular copolymer K1 under mild conditions. The ini-
tial copolymer K1 with

�
M = 2.3 � 106 was prepared

from acrylamide and dimethylaminoethyl methacry-
late hydrochloride in an aqueous solution in the pres-
ence of potassium persulfate as initiating agent. The
molecular weight of the copolymer samples studied,
K9�K1, was varied in a wide range from 2.5 �104

to 2.3 �106. The structure of these copolymers can
be represented as

��CH2�CH���CH2�C������
��
��

CH3

O�C�O�C2H4�N Cl��
��
CH3

CH3H

�
�
�

�
�

�
� n2n1

CONH2
+

�

��CH2�CH���CH2�C������
��
��

CH3

O�C�O�C2H4�N Cl��
��
CH3

CH3H

�
�
�

�
�

�
� n2n1

CONH2
+

�

In this study, we used the following surfactants:
(1) anionic surfactant (AS): disodium alkylsulfosuc-
cinate (Surfagen S-30 brand, Vopelius Chemie GmbH,
Germany)
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(2) cationic surfactant (CS): alkyldimethylbenzylam-
monium chloride [Katamin AB brand, Bursintez-M
Joint-Stock Company, Moscow, Russia, TU (Technical
Specifications) 9392-003-48482528�99]
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(3) Nonionic surfactant (NS): oxyethylated isononyl-
phenol (Neonol AF9-10 brand, Nizhnekamskneftekhim

Fig. 1. Integral curve of the particle size distribution of
the dispersed phase (bentonitic clay). (Xi ) Integral weight
fraction of the ith fraction and (Ri ) particle radius in ith
DP fraction.

Joint-Stock Company, Nizhnekamsk, Russia, TU
(Technical Specifications) 2483-077-05766801�98)

�
��
��

O(C2H4O)10H

C9H19

�
��
��

O(C2H4O)10H

C9H19

The sedimentation kinetics of the bentonitic clay
suspension was studied by sedimentometric analysis
performed in the mode of free sedimentation (DP con-
centration cd = 0.8%), using a VT-500 torsion balance
in a 400-ml cylinder at different pH adjusted by add-
ing required amounts of 0.1 M HCl or KOH solution
to the disperse systems. Before tests, the clay sus-
pensions were clarified for 1 day at each given pH.
Then, a 200-ml portion of the flocculant solutions
with concentration 2c, prepared by preaddition of the
required volume of 0.1% solutions of copolymers
K1�K9, was poured into a cylinder containing 200 ml
of a bentonitic clay suspension. The resulting solution
was mixed with a perforated disk stirrer, which was
slowly shifted within the cylinder 10 times in the ver-
tical direction, and then the sedimentation kinetics
of the bentonite suspension was studied on a torsion
balance.

The sedimentation kinetics of the bentonitic clay
suspension in the mode of hindered sedimentation
(DP concentration cd = 7%) and sediment thickening
was studied in a 100-ml cylinder by monitoring the
shift of the boundary between the clarified and unclar-
ified fractions of the suspension after mixing by over-
turning the cylinder ten times. Before tests, the clay
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Fig. 2. Flocculation parameter D vs. concentration c of
the cationic acrylamide copolymers at pH (1, 4) 3.3 and
(2, 3) 7.0. PAAF: (1, 2) K2 (

�

M = 1.44 � 106) and (3, 4) K8
(
�

M = 0.093 � 106).

Fig. 3. Flocculation activity � vs. the molecular weight
�

M of cationic acrylamide copolymers at pH (1) 2.2, (2) 7.0,
and (3) 13.2.

suspensions were clarified for 1 day at each given pH.
Immediately before the tests, a required amount of
0.1% PAAF solutions (0.4�4.0 ml) was diluted with
distilled water to 50 ml and then mixed with the ben-
tonitic clay suspension (50 ml). The resulting so-
lution was mixed by tenfold overturning of the cy-
linder.

Let us consider sedimentation of the bentonitic
clay suspension in acidic and weakly alkaline solu-
tions as influenced by the cationic PAAFs. Although
several experiments were performed in strongly al-
kaline solutions, their results were ambiguous and
did not allow correct conclusions on the features of
sedimentation of bentonitic clay suspensions under
such conditions. Therefore, only acidic and weakly
alkaline mixtures were studied.

To obtain quantitative characteristics of the floc-
culation kinetics, we calculated the flocculation effect
D and flocculation activity � [3]:

D = �� � 1,v
v0

(1)

� = �� � 1 � = � ,
v0

v�
�

�
� c c

1 D� (2)

where v and v0 are the average rates of sedimentation
of the bentonitic clay suspension in the presence of
flocculant or surfactants and without them, respective-
ly; c is the concentration of the polymeric additive or
surfactant.

The positive values of D and � indicate the floc-
culating effect of the additive, whereas at D < 0 and
� < 0 a stabilization effect is observed.

The concentration dependences of the flocculation
effect D for two PAAF samples with different molec-
ular weights are shown in Fig. 2. First of all, we
should note the dependence of the parameter D on
the average molecular weight

�
M: At pH 3.3 and 7.0,

summarized flocculation effect was observed with
the cationic PAAF K2 (

�
M = 1.44 � 106) than that

with the low-molecular-weight copolymer K8 (
�
M =

0.093 � 106). Obviously, the comparison was per-
formed at [K2] = [K8] = 10 � 10�4%. To account for
the experimental dependences D = f (

�
M ), we should

note that the rms macromolecule size (
�

R2)0.5 varies in
parallel with

�
M [7]. Greater (

�

R2)0.5 values increase
the probability of interaction of a single macromol-
ecule with two and more DP particles (formation of
bridges), and thus D values for copolymer K2 are
greater than those for K8.

The quantitative data on the flocculation of the
bentonitic clay suspension in the presence of cationic
acrylamide copolymers with various

�
M at various pH

are summarized in Fig. 3. To determine the depen-
dence � = f (

�
M ) adequately, we performed the exper-

iments so that, except the main factor, the effect of
all other factors on the sedimentation of DP particles
could be neglected. In the case of a copolymer with
strongly different physicochemical properties of the
components (e.g., copolymers K1�K9), the effect of
the copolymer composition on the flocculation param-
eters D and � is probably more essential than that
of

�
M [6]. The samples with various molecular weights

�
M were prepared by radical degradation, which al-
lowed us to exclude a priori significant differences
in the composition of copolymer macromolecules [8].
As seen from Fig. 3, the flocculation activity grows
with increasing molecular weight of cationic PAAFs
in the entire pH range studied. However, the shapes
of the � = f (

�
M ) dependences at each pH are funda-

mentally different. The greatest � values are typical
of acidic media (Fig. 3, curve 1). Naturally, we com-
pared samples with equal molecular weights. In ac-
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Table 1. Experimental data on the flocculation and thickening of a bentonitic clay suspension* in the presence of
cationic copolymers K1 and K9 ([PAAF] = 4 
 10�3%)
������������������������������������������������������������������������������������

PAAF � pH � D � � 
 10�2, m3 kg�1 � Qmax � �s 
 10�3, kg m�3 � � 
 103, s�1

������������������������������������������������������������������������������������
None � 3.3 � � � � � 0.48 � 1.083 � 9.47
K1 � � 20.1 � 5.02 � 0.98 � 1.072 � 2.78
K9 � � 0.473 � 0.12 � 0.45 � 1.078 � 1.16
None � 2.2 � � � � � 0.50 � 1.086 � 1.41
K1 � � 19.0 � 4.75 � 0.46 � 1.079 � 2.58
K9 � � 9.66 � 2.41 � 0.47 � 1.081 � 1.75
None � 1.85 � � � � � 0.52 � 1.090 � 2.45
K1 � � 22.1 � 5.52 � 0.47 � 1.081 � 2.42
K9 � � 10.6 � 2.65 � 0.49 � 1.086 � 1.64
������������������������������������������������������������������������������������
* Qmax is maximal clarification degree of the suspension in the cylinder, and �s is the sediment density.

cordance with [9], chages in � on varying the pH of
the medium may be due not only to changes in the
structure of the electrical double layer around the DP
particles, but also to those in the mechanism of co-
polymer macromolecule adsorption on the DP par-
ticles.

Now we consider the effect of pH on the floccula-
tion in the mode of hindered sedimentation of a ben-
tonitic clay suspension in the presence of polymeric
flocculants. The optimal concentration of the poly-
meric additives (c = 4 � 10�3%) was determined ex-
perimentally. Previously [3], we have made a general
conclusion that the flocculation parameters of flexible-
chain weak polyelectrolytes of the PAAF type strong-
ly depend on pH of the medium. Therefore, this pa-
rameter must affect the conformation of the cation-
ic copolymer macromolecules, structure of the elec-
trical double layer (especially its electrokinetic po-
tential �), and nature and concentration of the ad-

sorption centers localized on the DP particle surface.
In analyzing of the effect of pH on the flocculation,
we should also take into account, that, with the DP
concentration increasing by an order of magnitude
(on passing from free to hindered sedimentation),
the influence of pH on the balance of the attraction
and repulsion forces between the bentonitic clay par-
ticles must obviously increase [10].

The kinetic curves of sedimentation and thickening
of bentonitic clay suspensions at pH 1.85 in the pres-
ence of copolymers K1 and K9 with maximal and min-
imal molecular weights (2.3 �106 and 0.025 �106, res-
pectively) are shown as example in Fig. 4. The data on
the flocculation and thickening of the bentonite suspen-
sions at three pH values studied are listed in Table 1.
The resulting data were plotted in the ln[Qmax � Q(t)] =
f (t) coordinates, which allowed us to calculate the
constants of sediment thickening, �, from the slopes
of the experimental straight lines (Fig. 4b) [11].

Fig. 4. Kinetic curves of sedimentation and thickening of a bentonitic clay suspension at pH 1.85 in the coordinates
(a) Q = f (t) and (b) log [Qmax � Q(t)] = f (t). [K1] = [K9] = 4 � 10�3%. (Q) Degree of clarification and (t) time; the same for
Fig. 5. Flocculants: (1, 1	) none, (2, 2	) K1, and (3, 3	) K9.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 4 2003

614 PROSKURINA et al.

Table 2. Experimental data on the flocculation of
the bentonitic clay suspension in the presence of various
surfactants
����������������������������������������
Surfactant � c 
 102, % � pH � �, m3 kg�1

����������������������������������������
� �� 2.2 � �0.391

AS � 9.9 �� 7.0 � �0.353
� �� 9.6 � �0.621
� � �� �� 2.2 � �0.2
� 19.6 �� 7.0 � �0.27
� �� 9.6 � �0.33
� � �� �� 2.2 � 0.724

CS � 9.9 �� 7.0 � 1.89
� �� 9.6 � 1.67
� � �� �� 2.2 � 0.133
� 19.6 �� 7.0 � 0.933
� �� 9.6 � 1.13
� � �� �� 2.2 � �0.153

NS � 9.9 �� 7.0 � �0.114
� �� 9.6 � �0.354

����������������������������������������

Along with Qmax and �, the density �s is also an
important sediment characteristic, which gives in-
formation on the sediment structure and degree of its
thickening and dehydration. The sediment density �s
depends on the weight concentration and density of
the DP particles in the sediment [12]:

�s = [m + (Vs � m /�)�0 ]/Vs , (3)

where � and �0 are the densities of clay (2.63 �
103 kg m�3) and water (1.0 � 103 kg m�3), and m is
the clay weight.

The sediment volume

Fig. 5. Kinetic curves of sedimentation of the bentonitic
clay suspension at pH 3.3 containing (1) no surfactant,
(2, 3) AS, (2	, 3	) CS, and (2", 3") NS. [SAS], %: (1) 0,
(2, 2	, 2") 0.38, and (3, 3	, 3") 1.07.

Vs = (1 � Qmax )V0 , (4)

where V0 is the volume of bentonitic clay suspension
in the cylinder (V0 = 100 ml).

Our experimental data on the kinetics of the sed-
iment thickening, given in Table 1 and Fig. 4b, show
that the sediment density �s and the constant of sed-
iment thickening, �, decrease upon addition with poly-
meric flocculants K1 and K2 as compared with similar
parameters of the bentonitic clay suspension in the ab-
sence of PAAF. These differences suggest changes in
the structure of the resulting sediments; more friable
structure of the bentonitic clay sediment is typical
of systems containing PAAF additives whose macro-
molecules participate in the aggregation in the initial
stage of sedimentation.

As a continuation of our systematic study of the ef-
fect of various active parameters of the dispersion me-
dium on the sedimentation stability of a bentonitic clay
suspension, we analyzed along with ionic strength [5]
and pH, also the effect of surfactants of various types.
Surfactants, depending on their type, can accelerate or
decelerate sedimentation of a model kaolin disperse
system [13]; certain variations in the sedimentation
stability with surfactant concentration were also re-
vealed. At low degrees of coating of the DP particle
surface, hydrophobization of the particle surface was
observed, which destroys the boundary water layers
on the particle surface and thus promotes coagulation.
With increasing surfactant concentration, the disperse
system tends to stabilize owing to the secondary hy-
drophobization of the particle surface and appearance
of the steric repulsion barrier [14].

The data on the flocculation of a bentonitic clay
suspension in the presence of anionic (AS), cationic
(CS), and nonionic (NS) surfactants at various solu-
tion pH are listed in Table 2.

The negative values of � indicate that the anionic
and nonionic surfactants act as stabilizers of the DP
particles (v < v0). Only upon addition of CS, the pa-
rameter � slightly increases, and thus this additive ac-
celerates sedimentation (v > v0). As seen from the data
on the sedimentation stability of the real DS studied
in the presence of AS and CS in various concentra-
tions, the surfactant concentration affects the sedi-
mentation rate v only slightly. We should note that,
in these experiments, the working concentrations of
surfactants were several orders of magnitude higher
than the concentrations of the polymeric additives.

In the mode of hindered sedimentation (cd = 7%),
a series of tests were performed with addition of
various surfactants to the bentonitic clay suspension at
constant pH 3.3. The kinetic curves of flocculation
shown in Fig. 5 illustrate the effect of the concentra-
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Fig. 6. Flocculation activity � and thickening constant 


vs. the surfactant concentration at pH 3.3. (1, 1	) AS,
(2, 2	) CS, and (3, 3	) NS.

tion and chemical nature of surfactants on the sed-
imentation rate of the bentonitic clay suspension. As
seen, the sedimentation rate decreases with increas-
ing content of the anionic or nonionic surfactants.
This is primarily due to the excess of a surfactant
in the system, which promotes stabilization of the DP
particles by surfactant molecules.

The data on sedimentation and thickening of the
sediments of the bentonitic clay suspension in solu-
tions with varied pH are shown in Fig. 6. The rela-
tively low � parameters recorded for the samples in
question may be due to the their low effect on the
sedimentation rate v. This occurs for two reasons:
(1) �deficiency	 of surfactant due to the high concen-
tration of the dispersed phase (cd = 7%) and (2) con-
siderably weaker effect of surfactant on the average
rate of the DP sedimentation, compared with the ef-
fect of PAAFs.

Thus, our preliminarily data allow only schematic
assessment of the influence exerted by the concentra-
tion and chemical nature of the surfactants on the
sedimentation rate of bentonitic clay suspension.

CONCLUSIONS

(1) As found with a real disperse system (bentonitic
clay suspension) as an example, the concentration and
molecular parameters of the cationic acrylamide co-
polymer and pH of the medium strongly affect the ki-
netics of flocculation and thickening of the sediments
in the modes of free and hindered sedimentation.

(2) The effect of pH on the flocculation parameters
of the multicomponent disperse system and on the

structural parameters of the resulting sediments was
evaluated.

(3) The effect of the chemical nature and concen-
tration of surfactants on the sedimentation stability,
thickening constants, and density of the Bentokam
clay sediments in aqueous solutions was determined.
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Abstract�The effect exerted by additions of stabilizer and pigments to oligoether acrylate compounds filled
with finely dispersed silica on the degree of curing and its variation with depth was examined.

Photocurable compounds based on oligoether acry-
lates have found numerous applications in the past
15 years [1�7]. The use of filled photopolymeric ma-
terials in stomatology [6�11], microelectronics [12],
and other fields tends to grow. Most of the compounds
used in practice contain stabilizing additives prevent-
ing spontaneous polymerization [6�8, 9, 13, 14].
However, the effect of stabilizers on the polymeriza-
tion capacity of filled photocurable compounds has
been studied insufficiently. Stomatological photo-
polymers contain pigments as essential components
[6, 7, 9]. Polymerization in the presence of pigments
[15�17] has also been studied insufficiently, especial-
ly the photopolymerization of filled systems.

EXPERIMENTAL

Studies were performed by multiple attenuated
total internal reflection [4] (MATIR) IR spectroscopy
with a UR-20 double-beam IR spectrophotometer.
A trapeziform total-internal-reflection element made
of KRS-5, providing 10�20 reflections, was brought
in optical contact with a millimeter-thick layer of
a formulation. The degree of curing was evaluated
by a decrease in the intensity of the absorption band
at 1635�5 cm�1, associated with the vinyl bonds in
the oligomers.

We used the following chemicals: OKM-2 oligo-
mer [�,�-bis(methacryloyloxyethyleneoxycarbonyl-
oxy)ethyleneoxyethylene], TU (Technical Specifica-
tions) 113-03-22-65�79, fresh (subject to gradual
turns yellowing in storage); UDMA oligomer (bis-
phenol A glycidyl methacrylate); benzoin isobutyl
ether (photoinitiator), chemically pure grade; dimeth-
ylaminoethyl methacrylate, chemically pure grade;
methacrylic acid, MRTU (Interrepublican Technical
Specifications) 6-09-1768�64, chemically pure grade;

Aerosil A-100 silica, GOST (State Standard) 14922�
77, specific surface area 100�7.5 m2 g�1, additionally
calcined for 1 h at 400�C; pigments (yellow burnt
sienna, cadmium lemon, burnt umber, TU 6-10-1320�
77); and Ionol stabilizer (2,5-di-tert-butyl-p-cresol),
chemically pure grade.

The formulations studied consisted of 65 wt %
polymeric matrix (compound A) and 35% A-100.
The composition of the polymeric matrix (wt %) was
as follows: urethane dimethacrylate 35, oligocarbonate
methacrylate 53, photoinitiator 1.0, dimethylamino-
ethyl methacrylate 0.1, and methacrylic acid 10.9. In
experiments with addition of Ionol stabilizer (0.4,
1.0 wt %), the content of the major component,
OKM-2, was correspondingly decreased (to 53.6 and
53.0 wt %, respectively). The degree of conversion,
�, was studied in relation to the Ionol concentration
c, irradiation time t, and mixture layer thickness h.

To examine the effect exerted by pigments, we
added to the filled formulation the following pigments
(with the corresponding decrease in the OKM-2 con-
tent), wt %: formulation P1, yellow sienna 0.025 and
cadmium lemon 0.025; formulation P2, umber 0.05;
and formulation P3, umber 0.02, cadmium lemon
0.01, yellow sienna 0.01, and black iron oxide pig-
ment 0.01.

Figure 1A shows that, in curing the formulation
without stabilizer (c = 0 wt %) at h � 1.5 mm, the de-
gree of curing, �, decreases gradually (the ��t curves
slightly shift down); in the range 1.5 � h < 2 mm,
� abruptly decreases. Addition of the stabilizer causes
the degree of curing to decrease: The ��t curves in
Fig. 1A for c = 0.4 and 1.0 wt % lie below the curve
for c = 0 wt %). Figure 1A shows that the effect of
the stabilizer depends on the layer depth h. Indeed,
at h � 1 mm � decreases only slightly after adding
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the stabilizer, whereas at h = 1.5 mm the decrease
is abrupt; with the thickness increasing further, to
2 mm, the effect of the stabilizer does not become
appreciably stronger (Fig. 1A).

Thus, the effect of the stabilizer is manifested in
a decreased �. The effect becomes stronger in going
to deeper layers of the formulation. The shielding ef-
fect of the surface layers on the deeper layers is also
enhanced in the presence of a stabilizer. This may be
due to the ability of the stabilizer to deactivate rad-
icals generated by UV irradiation.

It is interesting that the dependence of � on the
stabilizer concentration c is nonmonotonic. For exam-
ple, there is a clear minimum in curves 1�3 at c =
0.4 wt %, especially pronounced at h = 1.5 and 2 mm
(Fig. 1B). At the stabilizer concentrations exceeding
0.4 wt %, its effect weakens. From the kinetic view-
point, this trend suggests that the deactivating effect
may be even stronger at lower stabilizer content. As
a rule (Fig. 1B), the minimum in the ��c curves is
the more pronounced, the shorter the irradiation time
t and the deeper the mixture layer under examination.

Figure 2 shows that addition of even small amounts
of the pigments noticeably decreases the reactivity of
the formulation in polymerization and enhances the
deactivating role of the upper layers relative to the
lower layers. Indeed, after adding the pigments, the
conversion falls by 25�30%, and the decrease in �

with the depth becomes more pronounced (Figs. 2, 3).
At 1 < h < 1.5 mm, the nonuniformity in curing of
different layers can be leveled out by raising (e.g.,
doubling) the curing time; however, at h > 1.5 mm
longer curing fails to produce the desired effect.

The conversion � is also influenced by the type
of pigment. Comparison of the curves in Fig. 2 shows
that addition of dark pigments causes a stronger de-
crease in � than addition of light pigments. On addition
of dark and light pigments simultaneously (Fig. 2d),
the effect on � is intermediate between the effects
exerted by the dark and light pigments.

Let us consider the ��h dependence for the pig-
ment-free formulations and those with pigments added.
In the absence of pigments (Fig. 3a), � varies with h
only slightly at 0 < h < 1.5 mm, but decreases ap-
preciably at h > 1.5 mm. This means that, for the
pigment-free formulation, photocuring is virtually
complete in 7 min, and at h < 1.5 mm longer irradia-
tion (15 min) only slightly affects �. With the dark
pigment added (formulation P2), the degree of con-
version is not appreciably affected by the irradiation
time and layer depth at h < 1 mm. However, the de-

Fig. 1. Degree of conversion, �, vs. (A) irradiation time t
and (B) stabilizer concentration c. (A) c, wt %: (1) 0,
(2) 0.4, and (3) 1.0. (B) t, min: (1) 7, (2) 10, and (3) 15.
h, mm: (a) 1.0, (b) 1.5, and (c) 2.0.

Fig. 2. Degree of conversion, �, vs. irradiation time t.
h, mm: (1) 1.0, (2) 1.5, and (3) 2.0 mm. Formulation:
(a) no pigments added, (b) P1 (yellow pigments), (c) P2
(dark pigment), and (d) P3 (2/5 yellow pigments and 3/5
dark pigments).

pendence of � on t becomes more pronounced at h >
1 mm, and at h � 1.5 mm the conversions attained
in 7, 10, and 15 min differ considerably. With the
light pigments added (formulation P1), the depen-
dence of � on the irradation time (Fig. 3b) is notice-
able even at h � 1 mm. The ��h curves for P1 and P2
(Figs. 3b, 3c) somewhat differ in shape, which may
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Fig. 3. Degree of conversion, �, vs. thickness h of the mix-
ture layer. Irradiation time t, min: (1) 7, (2) 10, and (3) 15.
Pigments added: (a) none, (b) yellow (P1), and (c) dark (P2).

be due to a faster decrease in � with increasing h for
the formulation with the dark pigment.

CONCLUSIONS

(1) The effect exerted by small additions of a sta-
bilizer (Ionol) and pigments (umber, cadmium lemon,
black iron oxide, yellow sienna) on the photopolymer-
ization of oligoether acrylate formulations filled with
silica was studied. The stabilizer and pigments impair
the quality of curing and increase the nonuniformity
of curing throughout the depth. This fact should be
taken into account when performing polymerization
of thick layers.

(2) The dependence of the inhibiting effect of
Ionol on its concentration is nonmonotonic: The curve
of the degree of conversion vs. stabilizer concentration
passes through a minimum.

(3) The conversion � is largely influenced by the
type of the pigment added. Additions of dark pig-
ments decrease � more significantly, compared with
light pigments, and, on adding dark and light pig-
ments simultaneously, the effect is intermediate.

ACKNOWLEDGMENTS

The authors are grateful to V.A. Khranovskii and
E.N. Ostapyuk (Institute of Macromolecular Chemis-
try, National Academy of Sciences of the Ukraine,
Kiev) for the high quality of spectroscopic measure-
ments.

REFERENCES

1. Korolev, G.V., Mogilevich, M.M., and Golikov, I.V.,
Setchatye poliakrilaty (Network Polyacrylates), Mos-
cow: Khimiya, 1995.

2. Maslyuk, A.F., Ageeva, V.V., Bereznitskii, G.K.,
et al., Vysokomol. Soedin., Ser. A, 1997, vol. 39,
no. 5, pp. 773�780.

3. Starokadomskii, D.L. and Solov’eva, T.N., Zh. Prikl.
Khim., 2002, vol. 75, no. 1, pp. 138�141.

4. Maslyuk, A.F. and Khranovskii, V.A., Fotokhimiya
polimerizatsionnosposobnykh oligomerov (Photochem-
istry of Polymerizable Oligomers), Kiev: Naukova
Dumka, 1989.

5. Materialy 8-i Respublikanskoi konferentsii po vysoko-
molekulyarnym soedineniyam (Proc. 8th Republican
Conf. on Macromolecular Compounds), Kiev, Sep-
tember 24�26, 1996.

6. Borisenko, A.V. and Nespryad’ko, V.P., Kompozitsi-
onnye plombirovochnye i oblitsovochnye materialy
(Composite Filling and Facing Materials), Kiev:
Kniga-Plyus, 2001.

7. Makeeva, I.M., Vosstanovlenie zubov svetootverzh-
daemymi kompozitnymi materialami (Restoration
of Teeth with Photocurable Composite Materials),
Moscow: Stomatologiya, 1997.

8. Bland, M.H. and Peppas, N.A., Biomaterials, 1996,
vol. 17, no. 11, pp. 1109�1114.

9. O’Brien, W.J., Dental Materials and Their Selection,
Chicago: Quintessence, 1997.

10. Makeev, A.F. and Starokadomskii, D.L., Nov. Stoma-
tol., 1996, no. 1, pp. 40�44.

11. Chung, C.M., Kim, J.G., and Choi, J.H., J. Appl.
Polym. Sci., 2000, vol. 77, no. 8, pp. 1802�1808.

12. Baikerikar, K.K. and Scranton, A.B., Polymer, 2001,
vol. 42, no. 2, pp. 431�441.

13. Plotnikov, V.G. and Efimov, A.A., Usp. Khim., 1990,
vol. 59, no. 8, pp. 1362�1386.

14. Rot, A.S., Chernyakov, E.A., Videnina, N.G., and
Omel’chenko, S.I., in Issledovaniya v oblasti sinteza
polimerov (Studies in the Field of Polymer Synthesis),
Kiev: Naukova Dumka, 1978, pp. 36�45.

15. Materialy 5-i Respublikanskoi konferentsii po vysoko-
molekulyarnym soedineniyam (Donetsk, 1984) (Proc.
5th Republican Conf. on Macromolecular Compounds
(Donetsk, 1984)), Kiev: Naukova Dumka, 1984.

16. Rumyantsev, L.Yu., Golovko, L.I., and Prokop-
chuk, E.G., Abstracts of Papers, 5-e Vsesoyuznoe so-
veshchanie po khimii i fizicheskoi khimii poliuretanov
(5th All-Union Meet. on Chemistry and Physical
Chemistry of Polyurethanes), Kiev: Naukova Dumka,
1979, p. 68.

17. Kalinina, L.E., Terman, E.A., Korotkova, V.N., and
Alekseenko, V.I., in Stroenie i svoistva poverkhnost-
nykh sloev polimerov (Structure and Properties of
Polymer Surface Layers), Kiev: Naukova Dumka,
1972, pp. 89�96.



1070-4272/03/7604-0619 $25.00 � 2003 MAIK �Nauka/Interperiodica�

Russian Journal of Applied Chemistry, Vol. 76, No. 4, 2003, pp. 619�622. Translated from Zhurnal Prikladnoi Khimii, Vol. 76, No. 4, 2003,
pp. 642�645.
Original Russian Text Copyright � 2003 by Sanzhizhapov, Tonevitskii, Mognonov, Doroshenko.

MACROMOLECULAR CHEMISTRY
����������������������� �����������������������

AND POLYMERIC MATERIALS

New Heat-Resistant Polyimidates Derived from Bisphenols
and Mono- and Dicarboxylic Acid Imidoyl Chlorides

D. B. Sanzhizhapov, Yu. V. Tonevitskii, D. M. Mognonov, and Yu. E. Doroshenko

Buryat State University, Ulan-Ude, Buryatia, Russia

Baikal Institute of Nature Management, Siberian Division, Russian Academy of Sciences,
Ulan-Ude, Buryatia, Russia

Mendeleev Russian University of Chemical Engineering, Moscow, Russia

Received January 15, 2002

Abstract�New polyimidates were prepared from bisphenols and mono- and dicarboxylic acid imidoyl
chlorides. The structures of the polymers were determined, and their physicochemical, chemical, and thermal
properties were studied. The possibility of preparing film and compression materials with good mechanical
characteristics from these polymers was examined.

Among the known polyheteroarylenes, nitrogen-
containing aromatic polymers are of particular interest
owing to their high heat resistance and high softening
point in combination with good electrophysical and
physicomechanical properties. However, data on aro-
matic polyimidates (PIDs) as a particular class of
heat-resistant nitrogen-containing polymers [1, 2] are
lacking. Synthesis of new polyheteroarylenes and
materials thereof, combining good thermal, chemical,
and physicomechanical properties, is still a topical
problem.

The goal of this study was to develop synthesis
procedures and analyze new PIDs derived from bis-
phenols and mono- and dicarboxylic acid imidoyl
chlorides.

The polymers were prepared similarly to polycon-
densation of aromatic diamines with mono- and dicar-
boxylic acid imidoyl chlorides (MDAICs) [3], using
bisphenols as nucleophilic agents:
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where R =��X��� �; R� and R" = �

�
� ,

��Y��� �; X = �C(CH3)2�, �CH2�, �O�,

� bond; Y = �CH2�, �O�, � bond.

With the reaction of diphenylolpropane with N,N �-
diphenylisophthalimidoyl chloride taken as examp-
le, we studied in detail how the reaction temperature
and time, and also the concentration and ratio of mono-
mers, affect the reduced viscosity and yield of PID.
The main trends are similar to those obserbed in poly-
condensation with aromatic diamines, despite that the
structures of MDAICs are different. Figure 1 shows
that the highest yield (90%) and viscosity (�r = 0.88�
0.93 dl g�1) of the polymers are attained at 140�160�C,

Fig. 1. Influence of temperature T on the (1, 2) reduced
viscosity �r and (3) yield A of the polymer. Solvent:
(1) dimethylacetamide and (2) N-methylpyrrolidone; the
same for Figs. 2 and 3.
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Fig. 2. Influence of the concentration c of the monomers
on the reduced viscosity �r of the polymer.

reaction time of 12�14 h, and excess of imidoyl chlo-
ride (solvent N-methylpyrrolidone, N-MP).

The PID viscosity is affected by the concentration
of the initial monomers (Fig. 2). At the optimal con-
centration (20�30%), the reaction is fast and yields

Fig. 3. Influence of the monomer ratio on the reduced vis-
cosity �r of the polymer. Reaction time 12 h, 160�C. Ab-
scissa: relative molar excess (�10) of monomers.

polymers with better viscosity characteristics. A de-
crease in the �r of the solutions of the polymers pre-
pared at monomer concentrations exceeding the opti-
mum value is due to slow diffusion of molecules in
highly viscous reaction solutions.

Table 1. Structure, reduced viscosity,* and chemical resistance of PIDs derived from bisphenols and MDAICs
������������������������������������������������������������������������������������

�
R� and R��

�
R

� 
r � 
r (dl g�1) after treatment with concentrated
� � � before � solution of indicated agent
� � � ����������������������������������������� � �treatment,�
� � � dl g�1 �H2SO4�HCl�HCOOH�CH3COOH�CCl3COOH�NaOH

������������������������������������������������������������������������������������
Poly(N-phenyl)imidates [scheme (1)]
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� �

��C��� ���
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CH3

CH3 � � � � � � �
1 � � � 0.72 � 0.70 �0.66� 0.70 � 0.71 � 0.68 � 0.16
� � � � � � � � �
� � � � � � � � ���
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� �

��O��� �
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Poly(C-phenyl)imidates [scheme (2)]
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� � � � � � � � �
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* In dimethylacetamide.
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The viscosity characteristics of the polymers are
also largely affected by the monomer ratio (Fig. 3).
Polymers with the highest �r are obtained at a relative
molar excess of MDAIC of 0.1 mol. Such a ratio may
be due to interaction of MDAIC with solvent mole-
cules (Vilsmeier adduct, iminium complex) [4].

With respect to the capability to form high-molecu-
lar-weight polymers, MDAICs can be ranked in the
following order: p-C6H4 < m-C6H4 < (1,4-C6H4)2O <
(1,4-C6H4)2CH2 (Table 1).

The PIDs were identified by elemental analysis
and IR spectroscopy. The following absorption bands
were detected (cm�1): 3060�3010 (C�H arom.);
2950, 2870 (C�H aliph.); 2000�1790 (C6H5); 1665�
1635 (C=N acycl.); 1600 (C�C atom.); 1420 (C�N);
1390, 1280�1260 (C�O ether), and also the bands
of stretching and bending vibrations of atoms of di-
substituted benzene and diphenyl ether. The charac-
teristic bands are those of C=N acycl. and C�O, in-
dicative of the formation of the imidate group, the
unit of the macromolecules.

The polymers are readily soluble in highly polar
organic solvents: DMF, dimethylacetamide, N-MP,
DMSO, and m-cresol. The chemical resistance of the
polymers was evaluated by the reduced viscosity
before and after treatment with solutions of mineral
acids and alkalis at 25�100�C for 48 h. Polyimidates
are more resistant to concentrated acid solutions; their
viscosity decreases only slightly. At the same time,
tratment with alkali solutions decreases the reduced
viscosity of PIDs [especially poly(C-phenyl)imidates]
considerably. This fact suggests the occurrence of base
hydrolysis of the polymers with cleavage of the macro-
molecular chain, primarily across the C�O and C=N
bonds of the imidate group (Table 1).

The results of thermomechanical and thermogravi-
metric studies are listed in Table 2. The temperature
of the plastic deformation of the polymers lies within
225�390�C. Polymers consisting of only aromatic
fragments are the most resistant to thermal oxidative
degradation: they decompose at 490�C. For polymers
containing bridging groups in the hydrocarbon radical,
the heat resistance decreases in the following order:
� bond > �O� > �CH2� > �C(CH3)2�.

The relatively large margin between the softening
and decomposition points offers good opportunities
for PID processing into finished items. For example,
compression materials (without filler) obtained by
direct pressing at 245�400�C and 75 MPa exhibit
good physicomechanical properties (Table 2).

Table 2. Thermal and physicomechanical properties of
PIDs derived from bisphenols and MDAICs*

����������������������������������������
PID �

Ts, �C
�

T5%, �C � �t, � 
, %
� a,

no. � � � MPa � � kJ m�2

����������������������������������������
1 � 230 � 385 � 43 � 3�4 � 7.5�8.0
2 � 315 � 460 � 40 � � � �
3 � 365 � 490 � 35 � 2�3 � 7.5�8.5
4 � 225 � 365 � 44 � 3�4 � 7.5�8.5
5 � 390 � 465 � 42 � 2�4 � 6.5�7.0
6 � 325 � 405 � 43 � 2�3 � 6.5�7.5

����������������������������������������
* (Ts) Softening point corresponding to 5% deformation of PID,

(T5%) temperature of 5% weight loss in air, (�t) tensile
strength, and (�) relative elongation.

EXPERIMENTAL

Dicarboxylic acid imidoyl chlorides were prepared
according to [5].

Polyimidates were prepared in a three-necked flask
equipped with a stirrer, and argon inlet tube, and a
dropping funnel, with vigorous stirring. A solution of
0.011 mol of imidoyl chloride in N-MP was added in
small portions from a dropping funnel to a solution of
0.01 mol of bisphenol in N-MP containing 0.022 mol
of triethylamine. The mixture was gradually heated to
140�160�C and kept at this temperature for 13�15 h.
The polymer was isolated by precipitation into water.
The precipitate was filtered off, washed successively
with 0.5% solutions of Na2CO3, HCl, and H2O to
pH 7, and dried in a vacuum oven at 80�C to constant
weight.

The reduced viscosity of PIDs was determined ac-
cording to GOST (State Standard) 18249�79. The IR
spectra were recorded on a Specord IR-75 spectropho-
tometer.

A thermomechanical analysis of PIDs was per-
formed on a modified Tsetlin device at a load of 0.33
or 1.0 MPa and heating rate of 100 deg h�1. The ther-
mal characteristics were obtained with a Q-1000 de-
rivatograph at a heating rate of 5 deg min�1. Mechani-
cal tests were performed according to GOSTs 17036�
71 and 14235�69.

CONCLUSIONS

(1) A number of new poly(N-phenyl)- and poly-
(C-phenyl)imidates were prepared by nonequilibrium
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polycondensation of mono- and dicarboxylic acid
imidoyl chlorides with bisphenols. The products were
identified by elemental analysis and IR spectroscopy,
and their properties were studied.

(2) Examination of the physicomechanical, ther-
mal, and chemical properties of the polymers syn-
thesized revealed their high heat resistance and a large
margin between the softening and decomposition
points.
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Abstract�The initiating activity of some sulfoxides and their complexes in photopolymerization of epoxy�
acrylate oligomer obtained by the reaction of ED-16 epoxy oligomer with acrylic acid was studied, and the
degree of cross-linking of the resulting polymers was evaluated by analyzing their swelling kinetics.

The epoxy�acrylate oligomer was prepared by es-
terification of an epoxy oligomer with an equimolar
amount of acrylic acid (AA) at 120�C in the pres-
ence of a polymerization inhibitor (hydroquinone) and
a catalyst of epoxy ring opening (triethylamine), by
the following scheme:

�R����//\/\/\/\ �
O
�+ HO����==����

O

�R//\/\/\/\ �����O���������
OH

O

==,�

where R is the oligomeric block of the epoxy olig-
omer.

We used ED-16 epoxy oligomer. Acrylic acid was
purified by distillation. The oligomers synthesized
chiefly contain diacrylates and certain amount of
epoxy acrylates (in the course of synthesis of the
epoxy�acrylate oligomer, the content of epoxy groups
decreases from 24 to 9 mol %). Such an oligomer was
used in this work. Its structural formula
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It was confirmed by the 13C and 1H NMR spectra.
The NMR spectra were recorded on a Bruker AM-300
spectrometer (working frequency 76.46 and 300 MHz,
respectively; solvent CDCl3, internal reference TMS).
The signals were assigned using the two-dimensional
correlation technique (COSY H�H, C�H).

The degree of swelling was studied with films of
ED-16�AA polymers prepared in the presence of sul-
foxides and their complexes. The film thickness was
about 50 �m.

Sulfoxide complexes were prepared at the Labor-
atory of Physical Chemistry, Institute of Organic
Chemistry, Ural Scientific Center, Russian Academy
of Sciences, and recrystallized from hexane; the purity

was checked by IR spectroscopy and potentiometric
determination of sulfoxide sulfur (98.5�99%). Petrol-
eum sulfoxides (PSOs) were prepared from petroleum
sulfide concentrates or straight-run fractions of high-
sulfur oils boiling in the range 260�360�C. Petroleum
sulfides were oxidized with hydrogen peroxide. In the
process, the substituents at sulfur remained intact.
The physicochemical constants of purified individual
sulfoxides were in agreement with published data.
Sulfoxide complexes have the general structure

R�S�O ---X---O�S�R,

where R is an aliphatic or cyclic substituent; X = HCl,
H3PO4, VOCl3, HCl � FeCl3, etc.
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Fig. 1. Kinetic curves of swelling of polymers prepared
in the presence of (a) aliphatic sulfoxides, (b) mixed sulf-
oxides, and (c) sulfoxide complexes. Photopolymerization
time 60 min, concentration of sulfoxides and sulfoxide
complexes 2.0 wt %. (q) Degree of swelling and (�) time.
(a) (1) Didodecyl sulfoxide, (2) dioctyl sulfoxide, (3) di-
hexyl sulfoxide, and (4) dimethyl sulfoxide; (b) (1) benzyl
octyl sulfoxide, (2) dibenzyl sulfoxide, and (3) PSOs;
(c) (1) HCl � FeCl3 � 4DHSO, (2) VOCl3 � 3DHSO,
(3) HCl � 2DHSO, and (4) H3PO4 � 2DHSO.

Photopolymerization was induced with a PRK-400
medium-pressure mercury lamp placed at a distance
of 14 cm from the oligomer.

It is known that free sulfoxides affect the photopo-
lymerization kinetics of vinyl monomers only slightly.
However, sulfoxide complexes of metal chlorides and
oxychlorides, HCl, and uranyl are effective photo-
initiators of methyl methacrylate polymerization [1].
The sensitizing activity of sulfoxides in photochemi-
cal cross-linking of polyvinylbutyral and polyethylene
was reported in [2]. In an ESR study of low-tempera-
ture radiolysis and photolysis of DMSO [3], methyl
radicals were detected in photolysis of polycrystalline

DMSO; further annealing resulted in the formation of
sulfinyl radicals CH3SO

.
. The relative concentration

of methyl radicals in �-radiolysis was considerably
lower than in photolysis. It has been found previously
by ESR spectroscopy that thiyl RS

.
, formyl HCO

.
,

and methyl radicals are generated in prolonged photol-
ysis of DMSO (naphthalene sensitizer, � = 313 nm).
The radicals accumulate without induction period.
The mechanism of radical generation in photolysis of
DMSO assumes initial generation of the

.
CH2SOCH3

radical, but the mechanism of this process is not fully
understood [4]. An ESR study of thermolysis and
photolysis of other sulfoxides was made in [5].

The above-cited demonstrated [1�5] show that pho-
tolysis of DMSO involves generation of free radicals.
These species must be reactive in polymerization of
monomers (or oligomers) and cross-linking of poly-
mers. Without dwelling upon the mechanism of rad-
ical generation and concentration of radicals in photol-
ysis of various sulfoxides, we can judge the efficiency
of sulfoxides as photoinitiators of polymerization or
cross-linking from the degree of cross-linking of the
polymers formed in the presence of sulfoxides. In this
context, it is of interest to study photopolymerization
of an epoxy�acrylate oligomer in the presence of sulf-
oxides.

Below is given the time � in which polymeric films
are formed in photopolymerization of ED-16�AA
epoxy�acrylate oligomer in the presence of certain
sulfoxides (2.0 wt %):

Sulfoxide 	, min

Benzophenone 10
Didodecyl sulfoxide 20
Dibenzyl sulfoxide 30
Dioctyl sulfoxide 35
Dihexyl sulfoxide (DHSO) 40
Petroleum sulfoxides 50
Dimethyl sulfoxide 60

The rate of oligomer photopolymerization in thin
films on a glass support was evaluated by the time of
formation of a nonsticking polymeric film.

It is seen that the initiating activity of sulfoxides
is lower than that of the known photopolymerization
initiator, benzophenone, but sufficient for the synthe-
sis of epoxy�acrylate polymers.

The kinetic curves of swelling in trichloroethylene
of the polymers prepared in the presence of aliphatic
and mixed sulfoxides in the same reaction time are
shown in Figs. 1a and 1b, and similar plots for the
polymers prepared in the presence of certain sulfoxide
complexes, in Fig. 1c.
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The values of the limiting swelling of the polymers
(Figs. 1a, 1b) show that the degree of cross-linking
depends on the sulfoxide used. As the length of the
alkyl substituent in an aliphatic sulfoxide is increased,
the degree of cross-linking decreases (Fig. 1a). Mixed
sulfoxides and PSOs favor formation of relatively
more cross-linked polymer as compared with aliphatic
sulfoxides. The degree of swelling (or cross-linking)
of the polymeric material correlates with the rate of
formation of a nonsticking polymeric film: The higher
the curing rate, the lower the degree of the polymer
cross-linking (Figs. 1a, 1b). The above data on the
degree of cross-linking of the epoxy�acrylate polymer
show that aliphatic and mixed sulfoxides effectively
initiate photopolymerization of this oligomer. To
compare, with benzophenone as initiator, the degree
of swelling is 2�5 g g�1.

The structure of the sulfoxide affects both the rate
of radical generation and the intensity of their decay
under the action of UV light. Figures 1a and 1b show
that the most cross-linked polymers are formed in
the presence of DMSO and petroleum sulfoxides. It
seems probable that the common feature of DMSO
photolysis, both in polycrystalline DMSO at low tem-
peratures and in a viscous medium of the oligomer, is
the low probability of the radical decay. This assump-
tion is supported by the fact that, apparently, DMSO
does not initiate photopolymerization of methyl meth-
acrylate [1].

Sulfoxide complexes of metal chlorides, uranyl, or
inorganic acids, e.g., VOCl3, HCl, and H3PO4, also
show promise as initiators of photochemical curing of
epoxy�acrylate oligomers. Firstly, as shown above,
the sulfoxides themselves initate photopolymerization;
secondly, some metal salts and inorganic acids exhibit
a photoinitiating activity [5].

Figure 1c shows the kinetic curves of swelling of
polymers prepared in the presence of sulfoxide com-
plexes. It is seen that, in almost all the cases, the
resulting polymers are more cross-linked than those
obtained in the presence of free sulfoxides. For exam-
ple, UV-induced polymerization of the oligomer in the
presence of DHSO and H3PO4 � 2DHSO yields a poly-
mer with the limiting swelling of 2.2 and 1.24 g g�1,
respectively. With the other sulfoxides and their com-
plexes, the pattern is similar, i.e., the sulfoxide com-
plexes are, on the whole, more active in photopoly-
merization than the free sulfoxides. The photoinitia-
tion mechanism may be specific for each sulfoxide
complex. There may be a synergism in the effect of
sulfoxide and metal halide (or inorganic acid) in the
complex. Similarly to the case of UV-induced poly-

Fig. 2. Limiting swelling � of the polymers vs. the number
n of carbon atoms in aliphatic substituent R in sulfoxides
RnSORn.

merization of methyl methacrylate in the presence of
sulfoxide complexes of metal halides and oxychlorides,
the initiating radicals are probably halogen atoms.

An interesting fact is observed in photopolymeri-
zation of the epoxy�acrylate oligomer, initiated by
aliphatic sulfoxides: As the number of carbon atoms
n in alkyl substituent R in sulfoxide RnSORn is in-
creased, the limiting swelling grows (Fig. 2). This is
apparently due to a decrease in the mole fraction of
SO groups with increasing n.

CONCLUSIONS

(1) Sulfoxides and their complexes are fairly effec-
tive and available initiators of photopolymerization of
ED-16�acrylic acid oligomer.

(2) Sulfoxide complexes surpass free sulfoxides in
the capability to initiate photochemical cross-linking
of epoxy�acrylate oligomers and show promise for
synthesis of epoxy�acrylate polymers with a pre-
scribed degree of cross-linking.
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Abstract�Luminophores, 4,4�-diaminodiphenylmethane and Oxazine-17, were introduced into a photopoly-
merizable formulation based on an epoxy�acrylate oligomer, and their behavior in thin-film polymerization
was studied.

Experiments were performed with an epoxy�acry-
late oligomer derived from UP-612 cycloaliphatic
epoxy resin. Epoxy�acrylate resins were prepared by
esterification of epoxy oligomers with acrylic acid
(AA) in the presence of a polymerization inhibitor at
120�C by the following scheme [1]:

�R����//\/\/\/\ �
O
�+ HO����==����

O

�R//\/\/\/\ �����O���������
OH

O

==,�

where R is the oligomeric block of the epoxy oligo-
mer.

The oligomers were identified by 13C and 1H NMR
spectroscopy. The NMR spectra were recorded on a
Bruker AM-300 spectrometer (working frequency
76.46 and 300 MHz, respectively; solvent CDCl3,
internal reference TMS). The signals were assigned
using the two-dimensional (2D) correlation technique
(COSY H�H, C�H).

�
���

O

O

�C��O�	
����O

HO
��
�

OH

�O��C
����O


The reaction course was monitored by variation
of the iodine number [1]. Acrylic acid was purified by
distillation.

Epoxy�acrylate films were prepared from acetone
solutions of the initial oligomer, containing 5 wt %
benzophenone (BP) as photoinitiator. The film thick-
ness was 75 �m. A 0.5-cm2 square piece of a film was
irradiated with two SVD-120 lamps (VIO-2 illumi-
nator); the line with � = 313 nm was picked out with

ZhS-3 and UFS-2 color filters. The incident light
intensity was determined with a ferrioxalate actinom-
eter [2]. The following luminophores were chosen:

�H2N� �C��
H2

�NH2

4,4�-Diaminodiphenylmethane (DAM)

�
�
�

H3C

C2H5HN �
N

O��NHC2H5

�
�

Oxazine-17

The concentration of the luminophores in the initial
oligomer was 1 � 10�4 M.

The luminescence spectra were recorded with an
MPF-4 device (Hitachi). The photomicrographs in
polarized light were obtained with Amplival-pol and
Axiolab-pol microscopes (Carl Zeiss, Germany).

It is known that the luminescence spectra of lumi-
nophores in polyethylene terephthalate, polycapro-
amide, and polyvinyl chloride appreciably change up-
on orientation extension of the polymer [3�5], which
allows monitoring of changes in the polymer micro-
structure. Changes occurring in a polymer under
mechanical action affect the state of the luminophore
introduced, which allows interpretation of its spec-
tral characteristics. It is also known that, with a lumi-
nescence probe introduced into a polymerizing sys-
tem, it is possible to monitor the polymerization of
monomers and curing of epoxy compounds by varia-
tion of the luminophore spectrum [6, 7]. However,
studies in which various probes were used in synthesis
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of 3D polymers are very few, and changes in the lu-
minescence spectra were different in each particular
case, irrespective of the nature of a probe used.

In this study, we monitored the photochemical
curing of UP-612�AA epoxy�acrylate oligomer by
introducing Oxazine-17 and DAM as luminescence
probes into a photocurable system and by measuring
the luminescence spectra during the process.

Figure 1 shows how the photoluminescence spectra
of luminophores introduced into the epoxy�acrylate
oligomer change upon curing. It is seen that the inten-
sity of Oxazine-17 luminescence in the long-wave
region (650 nm) grows upon photocuring, and that
of DAM luminescence decreases. Such a behavior
of the luminescence spectra of Oxazine-17 may be
due to changes in the state of the luminophore mole-
cules with increasing degree of cross-linking. The de-
composition of luminophore associates (polymeric
species) and formation of dimers in the course of
the polymer cross-linking, as also in the course of
extension of polyvinyl chloride films containing the
same luminophore [5], results in a redistribution of
the luminescence bands and a long-wave shift of the
luminescence spectrum. The photomicrographs of UP-
612�AA films, taken in polarized light after photo-
curing for different times (Fig. 2), illustrate changes
occurring in the polymer upon UV irradiation.

Figures 2a and 2b show that, in the initial stage of
photopolymerization, when the polymer is not fully
cross-linked, the sample is anisotropic. After the
cross-linking under the given conditions is complete,
the sample becomes isotropic (Fig. 2c). As the poly-
mer microstructure gets stabilized, the luminescence
spectra of Oxazine-17 no longer change. Apparently,
in cross-linked polymeric films in which there is no
anisotropy of the polymer properties, the conditions
are favorable for the existence of dimeric Oxazine-17
species. A decrease in the intensity of DAM lumines-
cence in the course of the oligomer cross-linking may
be due to the luminophore consumption in side reac-
tions and to significant changes in the probe configu-
ration in the rigid polymeric matrix.

Our results, ultimately characterizing the degree of
cross-linking of the polymer being synthesized, are
well consistent with the results obtained in determin-
ing the degree of cross-linking by other methods. For
example, the degree of cross-linking of 3D polymers
is usually determined from their swelling in a sol-
vent [8]. The degree of swelling of the polymer de-
rived from UP-612�AA in trichloroethylene is plotted
in Figs. 3 and 4 together with the shift of the lumi-
nescence peak of Oxazine-17 and with the decay of

Fig. 1. Photoluminescence spectra of (1, 1�) DAM and
(2, 2�) Oxazine-17 (1, 2) before and (1�, 2�) after photo-
curing of UP-612�AA oligomer. Excitation wavelength
365 nm. (I) Emission intensity and (�) wavelength.

Fig. 2. Photomicrographs (polarized light) of epoxy�ac-
rylate oligomer subjected to UV curing for different times.
Exposure time, min: (a) 20 and (b) 30; (c) polymer washed
to remove the sol fraction.

Fig. 3. (1) Shift � of the luminescence peak of Oxazine-17
in the oligomer and (2) degree of swelling q of the polymer
in TCE, vs. the irradiation dose Q. Photopolymerization
of UP-612�AA with 313-nm light;the same for Fig. 4.
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Fig. 4. (1) Decay of the intensity I/I0 of DAM lumines-
cence in the oligomer and (2) degree of swelling q of the
polymer in TCE vs. the irradiation dose Q.

DAM luminescence in the polymeric matrix against
the exposure of the oligomer to UV light. It is seen
that the curves for these parameters level off at simi-
lar irradiation doses. In turn, the luminescence spectra
of the polymer with these luminophores allow estima-
tion of the degree of cross-linking. Such an approach
to evaluation of the degree of cross-linking is espe-
cially important for industrial processes, as a way of
prompt and nondestructive process monitoring.

CONCLUSION

Luminescence probes introduced into a photocur-
able oligomer show different trends in variation of the
luminescence spectra in the course of polymerization.

The photopolymerization of epoxy�acrylate oligomer
can be to a certain extent monitored by variation of
the luminescence spectra of the probe.
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Abstract�Photopolymerization and thermal polymerization of epoxy-acrylate oligomers were studied by
ESR at room temperature.

Epoxy-acrylate oligomers are extremely attractive
materials for use as, e.g., protective and reinforcing
coatings in production of waveguide fibers, adhesives,
etc.

For the most of polymerizable systems based on
vinyl monomers, the nature of radicals responsible for
polymerization has been studied in sufficient detail
[1]. At the same time, any studies of the nature of ac-
tive centers for epoxy-acrylate oligomers are lacking.

This is concerned with the paramagnetic centers
arising in polymerization of epoxy-acrylate oligomers.

EXPERIMENTAL

Epoxy-acrylate oligomers were synthesized by
esterification of epoxy oligomers with acrylic acid at
equimolar ratio of reactants in the presence of a poly-
merization inhibitor (hydroquinone) and a catalyst

[2-(diethylamino)-1-ethanol] for opening of epoxy
rings at 120�C by the scheme

R���� + HO�O�������
O

���
�

/\/\/\/\ � R ,�
/\/\/\/\ �����

OH
O�������

O���R���� + HO�O�������
O

���
�

/\/\/\/\ � R ,�
/\/\/\/\ �����

OH
O�������

O���

where R is the oligomer block of an epoxy olig-
omer.

We used epoxy oligomers UP-612 and Oksilin
(ON), which is the product of reaction of glycerol
with epichlorohydrin and ED-16. Acrylic acid (AA)
was purified by distillation. The oligomers synthe-
sized (UP-612�AA, ON�AA, and ED-16�AA, re-
spectively) contain mainly diacrylates and a certain
amount of epoxy acrylates (less than 5%; from here
on, wt %).

The structure of the oligomers synthesized
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Fig. 1. Variation of dynamic viscosity � of UP-612�AA
oligomer with time � after UV irradiation for 15 s.

Fig. 2. ESR spectra of solid polymers at 20�C. (H ) Mag-
netic field strength; the same for Figs. 3 and 4. (a) Poly-
acrylic acid after gamma irradiation [5], (b) oligomer
UP-612�AA + 10% BP after UV irradiation for 110 min,
and (c) oligomer ED-16 + 1% BP after UV irradiation
for 2 h (irradiation at 20�C).

was determined by 13C and 1H NMR spectroscopy.
The NMR spectra were recorded on a Bruker AM-300
spectrometer operating at 300 (1H) and 76.46 MHz
(13C). CDCl3 was used as a solvent, and TMS, as in-
ternal reference. The spectra were analyzed and the
signals were assigned using two-dimensional H�H
and C�H COSY NMR techniques.

The dynamic viscosity of epoxy acrylates was
measured on a Rheotest rotary viscometer. Benzo-
phenone (BP) was purified by the common procedure.

To detect radicals generated in thermal polymeriza-
tion and photopolymerization, we used as spin trap
2-methyl-2-nitrosopropane (MNP) synthesized by the
procedure described in [2]. MNP was added to the
oligomer in a concentration of (1�5) � 10�2 M.

The ESR spectra were recorded on an SE/X 2543
spectrometer operating at 9 GHz (wavelength � = 3 cm).
The samples were placed in quartz ampules 4�5 mm
in diameter. In the experiments on photopolymeriza-
tion, BP (1 and 10%) was used as photoinitiator.

The experiments on thermal polymerization in
the presence of a spin trap were carried out directly
in the resonator of the ESR spectrometer equipped
with a temperature-control unit.

Photopolymerization of oligomers was carried out
by irradiation with light from high-pressure mercury
lamp. To suppress the visible radiation, especially
the band with � = 650 nm, which readily causes pho-
tolysis of MNP to give di-tert-butylnitroxyl radical
interfering with the study, we used a UFS-2 filter.
The field sweep range was determined from the field
marks generated by a special unit.

To determine the g-factors of radical centers, we
used 1-1-diphenyl-2-picrylhydrazyl (DPPH) with g =
2.0037 [3]. The g-factor of the sample under study
was determined by the formula

gX � gS = ��� gS,
_	H
HS

gX � gS = ��� gS,
_	H
HS

where gS is the g-factor of the reference, gX is g-factor
of the sample being studied; HS, magnetic induction
corresponding to the center of the reference signal;
and �H, the distance between the centers of ESR
signals from the reference and a sample studied.

Of some interest is the prolonged post-effect in
studying the polymerization of epoxy oligomers. For
example, after UV irradiation of an oligomer based on
UP-612�AA (initiator 5% BP) for 15 s, its dynamic
viscosity increases (Fig. 1), which suggests postpoly-
merization after cutting off the light source. A sim-
ilar pattern is observed in thermal initiation. Long-
lived radicals of chain propagation, which are respon-
sible for postpolymerization and whose decay is lim-
ited owing to relatively high viscosity of the oligomer
medium, must be detectable by direct methods.

It is well known that radical centers similar to the
centers expected have been observed directly. For ex-
ample, upon gamma irradiation of a solid polymer of
acrylic acid at room temperature, a triplet signal was
observed in the ESR spectrum (Fig. 2a) [4]. This signal
was assigned to a terminal radical of the �CH2C

�

HCO2H
type; the g-factor of this signal is 2.0031. Upon heat-
ing of the sample irradiated at 77 K or upon irradia-
tion at 300 K, macroradicals �CH2C

�

(COOH)CH2�

(quintet, �Hr = 2.4 mT) initially predominate. At 300 K
and higher temperatures, these macroradicals are irre-
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versibly converted to terminal radicals �CH2(CO2H)C
�

H.
The signal from this radical is characterized by the
constants a�

H = 2, a�
H1 = 2.5, and a�

H2 = 3 mT. It can
be suggested that the terminal radicals in polyacrylic
acid are formed by the reaction of macroradicals with
AA. In the above examples, the radical centers became
stable as a result of their fixing in the solid polymer
matrix. In the liquid phase, these radicals rapidly
decay. In the case in question, the propagation radical
differs only in the presence of the methyl substituent,
instead of the hydrogen atom, in the acid group, which
does not noticeably alter the spectrum shape. We hope
that, at high degrees of conversion in polymerization
of oligomers, the propagation radical stabilized in the
solid phase will be detected.

To verify this assumption, we carried out photo-
polymerization of two samples, oligomer UP-612�AA
with 10% BP and ED-16�AA with 1% BP, to high de-
grees of conversion. The ESR spectra recorded after
this procedure are shown in Figs. 2b and 2c, respec-
tively. The ESR spectrum is similar to that reported in
[5] (g = 2.0031). The shift of the side components of
the triplet from the triplet center is 2.57 mT. The shift
found previously [5] is 2.55 mT. Thus, it can be con-
cluded that, in both cases, the observed triplet can
be assigned to the same radical center, specifically,
to the terminal radical or the propagation radical.

Comparison of Figs. 2a and 2b shows that the in-
tensity of the central component of the ESR signal of
gamma irradiated polyacrylic acid is lower than that
in the samples of UV-irradiated oligomers. This is ap-
parently caused by the existence of another signal co-
inciding with the central component of the triplet and
corresponding to another radical center. With the aim
to resolve this signal, we carried out photolysis of the
gel fraction of the polymers produced from epoxyacry-
late polymers (ED-16�AA and UP-612�AA) after re-
moval of the residual oligomer (sol fraction). As a re-
sult, we obtained the ESR spectra shown in Figs. 3a
and 3b. These spectra are superpositions of the ESR
signals from several radical centers. The first is well-
known propagation radical, to which two weak side
lines are assigned. The triplet with components of
equal intensity, separated by 0.8 mT, can be assigned
to the second radical center. The singlet obscured by
the triplet of the latter radical center can be assigned
to an unknown third radical center. The unknown
paramagnetic centers cannot be identified under these
experimental conditions. The presence of other radical
centers governing the cross-linking in the polymer at
high degrees of conversion is indirectly confirmed by
the recombination chemiluminescence in photopoly-
merization of these oligomers [6].

Fig. 3. ESR spectra of the gel fraction of polymers sub-
jected to UV irradiation at 20�C: (a) ED-16�AA + 5% BP,
irradiation time 40 min and (b) UP-612�AA + 5% BP,
irradiation time 1 h.

With the aim to confirm the conclusion about the
nature of the propagation radical, we carried out ex-
periments on detection and identification of radical
centers formed in the course of polymerization, using
the well-known method of spin traps [7]. This method
involves the reaction of a spin trap (MNP) with a
short-lived radical to form nitroxyl radical, adduct of
unstable radical with the trap, which is sufficiently
stable for recording the ESR spectra:

(CH3)3CN�O + R
.
� (CH3)3CNR.��

O
.

(CH3)3CN�O + R
.
� (CH3)3CNR.��

O
.

The presence of ESR signals not only proves the
formation of paramagnetic centers in the system at
hand, but also allows, in many cases, their simple
identification from the hyperfine structure of the spec-
tra. As a result of UV irradiation of UP-612�AA
oligomer with 1% BP in the presence of MNP (c =
0.05 M), we obtained the ESR spectrum shown in
Fig. 4a. It is believed that the spectrum is a superpo-
sition of a broadened triplet of doublets and a triplet.
The triplet with characteristic coupling constant with
nitrogen nucleus aN = 1.573 mT is assigned to the
side di-tert-butylnitroxyl radical formed under the ac-
tion of UV irradiation [7] and has no relation to the
reaction in question:

(CH3)3CN�O + (CH3)3C
.
� (CH3)3C�N�C(CH3)3.

(CH3)3CN�O � (CH3)C
.

+ NO
.
,�h�

��
O

.
(CH3)3CN�O + (CH3)3C

.
� (CH3)3C�N�C(CH3)3.

(CH3)3CN�O � (CH3)C
.

+ NO
.
,�h�

��
O

.
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Fig. 4. ESR spectra obtained in the course of polymeriza-
tion of oligomers (UV irradiation) in the presence of MNP
(5 � 10�2 M): (a) UP-612�AA + 1% BP, irradiation for
10 s; (b) UP-612�AA with 1% BP (diluted with CH2Cl2,
1 : 1), irradiation for 2 min; (c) ON�AA + 1% BP (diluted
with CH2Cl2, 1 : 1), irradiation for 160 s; (d) ED-16�AA +
1% BP (diluted with CH2Cl2, 1 : 1), irradiation for 20 s;
(e) ED-16�AA + 1% BP (diluted with CH2Cl2, 1 : 1), ir-
radiated for 35 s with subsequent heating of the sample
for 5 min at 70�C; (f) butyl acrylate + 1% BP, irradiated
for 2 min; (g) ED-16�AA after thermal polymerization,
heating at 70�C for 40 min; and (h) ON�AA after thermal
polymerization, heating at 60�C for 22 min.

Broadening of the lines in the triplet of doublets
assigned to the adduct of the propagation radical of
oligomer with MNP is caused by high viscosity of
UP-612�AA. Under these conditions, the triplet lines
are broadened to a significantly lesser extent, since,
despite the high viscosity of the medium, di-tert-
butylnitroxyl radicals, having significantly smaller
size as compared with the oligomer radical, are more
mobile. With the aim to decrease the linewidth and
improve the spectrum resolution, the sample was
diluted with methylene chloride. As a result of dilu-

tion and, correspondingly, more prolonged irradiation,
the spectrum became better resolved (Fig. 4b).

The measured hyperfine coupling constants of un-
paired electron with nitrogen and hydrogen nuclei
were aN = 1.43 and aH = 0.27 mT.

The ESR spectra of irradiated samples of oligomers
ON�AA and ED-16�AA diluted with CH2Cl2 are
shown in Figs. 4b and 4c. Similarly, the spectra con-
tain a triplet and a triplet of doublets. In the case of
ED-16�AA, the triplet of doublets has the following
parameters: aN = 1.52 and aH = 0.30 mT, and in
the case of ON�AA, aN = 1.45 and aH = 0.28 mT. It
is of interest that the adduct of the propagation radical
of ON�AA oligomer gives a strongly broadened sig-
nal even at high dilution of the sample with CH2Cl2.
To obtain a better resolved ESR spectrum of the ad-
duct of the propagation radical of the oligomers with
the spin trap, the sample of UV-irradiated ED-16�AA
oligomer having the spectrum presented in Fig. 4b
was heated at 70�C for several minutes. As a result,
the interfering triplet of di-tert-butylnitroxyl radical
disappeared and practically pure signal of the propaga-
tion radical adduct remained in the spectrum. The de-
cay of di-tert-butylnitroxyl radicals can be explained
as follows. Upon heating of the sample, thermal poly-
merization of the oligomer starts, in the course of
which the forming propagation radicals of the oligo-
mer recombine with di-tert-butylnitroxyl radicals as
the most mobile species.

The hyperfine splitting in the form of a triplet of
doublets in the ESR spectra of propagation radicals is
caused by the interaction of the unpaired electron spin
with the nitrogen nuclear spin and with the spin of
one hydrogen nucleus at the �-carbon atom. It is be-
lieved that the adduct is formed by the scheme

O�C��C�CH2 + M
.
� M�CH2�C

.
,

OR

��
��

H

O�C�OR

�H
O�C��C�CH2 + M

.
� M�CH2�C

.
,

OR

��
��

H

O�C�OR

�H

MCH2�C
.

+ (CH3)3CN�O �
��
��

H

O�C�OR

M�CH2�C�NC(CH3)3,
��
��

H

O�C�OR

��O
.

MCH2�C
.

+ (CH3)3CN�O �
��
��

H

O�C�OR

M�CH2�C�NC(CH3)3,
��
��

H

O�C�OR

��O
.

where M
.

is the propagation radical or initiator.

To confirm additionally the suggested structure
of the propagation radical, we performed an indepen-
dent experiment on recording the propagation radical
of the well-known acrylic monomer, butyl acrylate
(BA). As a result of UV irradiation in the presence of
MNP of the BA sample containing 1% BP for 2 min,
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the ESR spectrum containing a triplet of doublets was
recorded (Fig. 4f). Undoubtedly, this spectrum can
be assigned to the adducts of the propagation radical
of BA with MNP; it has the same parameters as the
above spectra (aN = 1.43 and aH = 0.28 mT):

CH2�C��HC�O�O�C4H9





�
h�, initiator (I)

I�CH2�C
.��
��

H

C4H9�C�O





�
(CH3)3CN=O ��

��
H

I�CH2C4H9O�C�O

C�N�C(CH3)3
��O
.

CH2�C��HC�O�O�C4H9





�
h�, initiator (I)

I�CH2�C
.��
��

H

C4H9�C�O





�
(CH3)3CN=O ��

��
H

I�CH2C4H9O�C�O

C�N�C(CH3)3
��O
.

It is well known that acrylic monomers undergo
thermal polymerization at elevated temperature. To
identify the propagation radicals in the course of ther-
mal polymerization of the oligomers at hand, we
heated oligomers ED-16�AA and ON�AA in the pres-
ence of MNP to 60�70�C directly in the spectrometer
resonator. In both cases, after heating the samples
for 40 min at 70�C, we observed in the ESR spectra
a triplet of doublets with parameters corresponding to
the signals from the adduct of the propagation radical
with MNP, recorded in photopolymerization (Figs. 4g,
4h). The triplet of di-tert-butylnitroxyl radical was not
recorded. The ESR signals observed in thermal poly-
merization and photopolymerization of the adducts
studied have virtually the same parameters, which
suggests the similar structure of the adducts.

Unknown radicals found at high degrees of con-
version suggest complex character of polymerization
of epoxy-acrylate oligomers.

CONCLUSION

Thermal polymerization and photopolymerization
of epoxy-acrylate oligomers based on epoxy olig-
omers ED-16, UP-612, and Oksilin were studied by
ESR at room temperature. The ESR spectra of pro-
pagation radicals stabilized in the solid polymer
matrix were recorded at high degrees of conversion
and in the initial stages of polymerization. The pro-
pagation radicals have the same structure and corre-
spond to typical propagation radicals of acrylic mono-
mers, irrespective of the procedure of polymerization
initiation.
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Abstract�Novel thermosetting resins Rolivsans were prepared, and their structure, composition, and
properties were studied. The structural parameters of Rolivsans as influenced by the synthesis conditions
were determined.

Novel thermosetting liquid (solvent-free) resins
named Rolivsans are used for preparing polymeric and
composite materials with enhanced resistance to heat
and to the most aggressive agents [1�12]. They are
used in various branches of engineering. Rolivsans
have been prepared by acid-catalyzed reactions of
bis[4-(1-hydroxyethyl)phenyl] ether with methacrylic
acid [13�15].

The goals of this study were to analyze in detail the
synthesis conditions, elucidate the composition and

structure of Rolivsans, and reveal correlations between
their structural characteristics and properties. The
starting compound in the synthesis is diphenyl ether I,
which is quantitatively converted to di(4-acetylphenyl)
ether II by the Friedel�Crafts acylation. Compound II
is subsequently hydrogenated in the presence of Raney
nickel to obtain bis[4-(1-hydroxyethyl)phenyl] ether
III, which is then refluxed with methacrylic acid IV
in an aromatic solvent in the presence of an acid cat-
alyst (e.g., p-toluenesulfonic acid) and a polymeriza-
tion inhibitor (e.g., hydroquinone):

����������

�
�
�
�O

I

�
�
�
�O

��H3C ���
CH3

OH

III, 85%

��
OH

�

CH2=C(CH3)CO2H (IV), H +

��������������� Rolivsans.
, T = 70�145�C
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O
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���������
T > 20�C, p = 20�100 atm

����������

where M1�M3 are monomers, OL is an oligomer, and
AO denotes antioxidants (products of alkylation of
phenolic compounds with monomers M1 and M2 and
with oligomer OL).

Comprehensive studies have shown that a one-pot
process resembling the synthesis of oligoether acry-
lates and performed in the course of one or several
hours at 70�110�C involves the following successive-
parallel reactions: polycondensation of diol III [15,
16]; esterification with methacrylic acid of this diol
and oligoethers containing terminal hydroxy groups
and formed by polycondensation (formation of mono-
meric and oligomeric methacrylates [13�15]); dehydra-
tion of diol III and oligoethers [15, 17, 18]; cleavage
of (di)methacrylates to (di)vinyl-substituted aromatic

compound and methacrylic acid [13�15, 19, 20]; step-
wise (co)polymerization of (di)vinyl-substituted aro-
matic compounds by the polyaddition mechanism with
proton transfer (oligomerization) [13�15, 18, 21�23];
and alkylation of dihydric phenols (e.g., hydroqui-
none) with unsaturated aromatic compounds [24].

Each of these reactions was studied separately with
model compounds and Rolivsan components; also,
separate stages of the synthesis of Rolivsan as a
system of monomers and oligomers were examined.
The composition and structure of Rolivsans were
studied by exclusion liquid chromatography (ELC)
(Figs. 1, 2), IR and 1H NMR spectroscopy, elemental
analysis, and analysis for functional groups (ester and
bromine numbers, ozonolysis). The IR and 1H NMR



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 4 2003

SYNTHESIS, STRUCTURE, COMPOSITION, AND PROPERTIES OF ROLIVSANS 635

Fig. 1. Gel chromatograms of sample K (Table 2), obtained
at 20�C with (1) one column and (2) six series-connect-
ed columns. Eluent tetrahydrofuran. (

�
Mn ) Number-average

molecular weight; the same for Fig. 3.

Fig. 2. Composition of Rolivsan vs. synthesis time �

(benzene, 13.5 mM sulfo acid V, 80�C). (c) Content of
components.

spectra of model compounds and separate Rolivsan
components M1, M2, M3, and OL have been dis-
cussed previously [15, 22�25]. Naturally, the spectra
of Rolivsan as a system of monomers and oligomers
contain a much greater number of absorption bands
associated with various functional groups than the
spectra of the components taken separately.

A typical IR spectrum of Rolivsan contains absorp-
tion bands of unsaturated and aromatic groups at
3080, 3060, 3030, 2975, 1630, 1600, 1500, 985, 965,
940, and 905 cm�1, and also bands of methyl and
methylene groups at 2960, 2925, 2870, and 2850 cm�1

and methine groups at 2900 cm�1. The IR spectrum
also contains strong absorption bands related to car-
bonyl groups in methacrylates (1715 cm�1) and to
aromatic ether groups (1240 cm�1), and to other ab-
sorption bands (1170, 1100, 1060 cm�1, etc.) assign-
able to stretching vibrations of ester and ether groups.

The 1H NMR spectrum of Rolivsan contains sig-
nals typical of such related compounds as styrene, its
unsaturated dimer trans-1,3-diphenyl-1-butene [24],
and methacrylates. Protons of the substituted phenyl-

Fig. 3. Gel chromatograms of Rolivsans prepared in ben-
zene at the ratio diol III : acid IV = 1 : 2.5. Initial con-
centration of sulfo acid V 13.5 mM. Samples were taken
(a) 45, (b) 90, and (c) 120 min after the beginning of
the synthesis.

ene group give an AA�BB� pattern centered at � =
7.25 ppm. Protons of the unsaturated groups appear
as a set of signals (ppm) at � = 6.7�5.2, namely, at
6.66 (CH= in CH2=CH), 6.21 and 5.75 [CH2= in
CH2=C(CH3)], doublets at 5.63 (5.60 and 5.66;
CH2= in CH2=CH) abd 5.23 (5.20 and 5.26; CH2=
in CH2=CH), and a doublet of doublets at 6.45. The
signal at 6.21 ppm also belongs to the trans-CH=CH
protons, since similar signals of the internal double
bond (� 6.19, 6.24 ppm) are observed in the 1H NMR
spectrum of the related compound, unsaturated styrene
dimer [PhCH=CHCH(CH3)Ph]. The tert-H proton in
the >CHPh group appears as a broad ill-resolved
multiplet at 3.67 ppm and a multiplet at 4.32 ppm
(PhCHPh). The methyl and methylene groups give
signals at 2.01 and 1.45 (MeC=CH2), 1.61 and 1.64
(MeCHAr), and 2.59 ppm (CH2Ar). The 1H NMR
spectrum contains no signals at 2.3 ppm, which are
characteristic of toluene methyl protons. This fact
suggests that, under the conditions of Rolivsan syn-
thesis, acid-catalyzed aralkylation of the solvent (tol-
uene) with M1, M2, and OL does not occur.
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Table 1. Influence of the synthesis time � on the composition and properties of Rolivsans
������������������������������������������������������������������������������������

�, � Resin composition, wt % � Unsaturation, � Ester number, � nD������������������������������� � �� � � � (T, �C)min � M1 � M2 � M3 � OL � AO � mol >C=C</100 g product � mg KOH/g product �
������������������������������������������������������������������������������������

45 � 14 � 37 � 30 � 18 � 1 � 0.559 � 190 � 1.577 (20)
90 � 20 � 24 � 21 � 34 � 1 � 0.592 � 160 � 1.597 (40)

120 � 16 � 20 � 15 � 48 � 1 � 0.610 � 135 � 1.609 (40)
������������������������������������������������������������������������������������

Table 2. Characteristics of Rolivsan M1
������������������������������������������������������������������������������������

� Component content, wt % � Unsaturation, � � �
�25, � d 20,��������������������������������� � � � �Grade � � �

�

Mn � nD
20 � cP �

� M1 � M2 � M3 � OL � Ar(OH)n �
mol >C=C</100 g product� � � � g cm�3

������������������������������������������������������������������������������������
K � 14 � 27 � 25 � 32 � 2 � 0.58 � 420 � 1.590 � 1620 � 1.09
S � 12 � 22 � 18 � 46 � 2 � 0.55 � 480 � 1.600 � 3500 � 1.10

������������������������������������������������������������������������������������

Figures 2 and 3 show how the composition and
molecular-weight distribution (MWD, found by ELC)
depend on the synthesis conditions. Initially, reflux-
ing in benzene or toluene results in fast polyconden-
sation of diol III, which results in the formation of an
oligoether with terminal hydroxy groups [15, 16]. The
competing reactions are esterification of the oligoether
of diol III with methacrylic acid [15, 16] and dehydra-
tion; these reactions yield oligomeric methacrylates
(OL), monomer M1 [15, 18], and water removed by
azeotropic distillation. Acidolysis of the oligoether
and oligomeric methacrylates yields monomeric meth-
acrylates M2 and M3 [13�15].

It is known that the components of Rolivsans are
M1, M2, M3, OL, and AO. The composition and
properties of Rolivsans can be varied widely by en-
suring a greater extent of oligomerization of M1 and
M2 in the presence of p-toluenesulfonic acid V
by the step (dimerization) addition mechanism with
proton transfer to the monomer and formation of,
first, dimers, then trimers [13�15, 21�23], etc. Meth-
acrylates M2 and M3 are gradually cleaved to form

acid IV and, respectively, monomers M1 and M2
(Table 1):
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OL

M3 ������
80�110�C, [H+]V

M2 + IV ������
80�110�C, [H+]V

M1 + 2IV ������
80�110�C, [H+]V

m2 � [m1]n � m2

������
80�110�C, [H+]V

� IV
H�[m1]n � 1CH�CH�X�CH�CH2

OL

M3 ������
80�110�C, [H+]V

M2 + IV ������
80�110�C, [H+]V

M1 + 2IV ������
80�110�C, [H+]V

m2 � [m1]n � m2

������
80�110�C, [H+]V

� IV
H�[m1]n � 1CH�CH�X�CH�CH2

OL

m1 = CH=CH�X�CH(CH3), m2 = H2C=CMeCO2MeHC�X�CHMe, X = C6H4OC6H4.
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Tables 1 and 2 show that, at relatively low conver-
sions, when the concentrations of methacrylates M2
and M3 are relatively high and the content of oligo-
mers (mainly dimers) is low, the refractive index nD

20

and viscosity �25 of the resin are comparatively low
(1.56 and 450 cP, respectively).

Oligomerization leads to lower content of M2 and
M3 and higher content of linear unsaturated oligomers
with increased molecular weights (mainly dimers to
pentamers); as a result, the refractive index and vis-
cosity grow substantially (to nD

20 = 1.60�1.62 and
�25 = 2500�4000 cP).

Thus, the composition and properties of Rolivsans,
molecular-weight distribution of oligomeric compo-
nents, and distribution of functional groups can be
varied within prescribed limits by changing the syn-
thesis conditions.

EXPERIMENTAL

The IR spectra were measured on a Specord 75-IR
spectrophotometer (thin films), and the 1H NMR
spectra, on a JEOL C-60 HL spectrometer (60 MHz,
CDCl3, internal reference TMS). The ELC analysis of
Rolivsans and their components was performed using
a Waters gel-permeation chromatograph with col-
umns packed with Ultrastyrogel (500 �) at 20�C; elu-
ent THF, CHCl3, or toluene. The number-average
molecular weight

�

Mn was determined with a Hitachi�
Perkin�Elmer 115 vapor osmometer. The content of
unsaturated bonds was found by ozonation (ADS-3
ozonizer, 0�C, solvent CCl4) and by the bromide�
bromate method (determination of the bromine num-
ber, followed by recalculation to the iodine number).
The ester number was found by dissolving the resin
sample in dioxane purified by distillation from KOH
and Na, adding 0.1 N solution of KOH in ethanol�
dioxane, refluxing for 7 h (the reflux condenser was
equipped with a tube packed with soda lime), and
titrating with 0.1 N HCl.

CONCLUSIONS

(1) The mechanism of formation of Rolivsans,
novel thermosetting resins whose curing yields heat-
resistant network polymers, was elucidated.

(2) The composition and structure of Rolivsans
were determined by IR and 1H NMR spectroscopy,
vapor osmometry, elemental and functional analysis,
and exclusion liquid chromatography.
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Abstract�An electrochemical method was used to extract proteins from a dispersed protein-containing raw
material. Cleavage of disulfide and peptide bonds in protein solutions in the course of electrochemical ex-
traction and dissolution of proteins was studied.

Extraction of proteins from dispersed biological
raw materials is based on successive separation of
water-, salt-, and alkali-soluble proteins from various
tissues. The acid and enzymic extraction and dissolu-
tion of proteins from different protein-containing raw
materials are the most widely used methods for pro-
duction of protein hydrolyzates for various purposes.
However, in shellfish processing to separate proteins
from the shell with the purpose of chitin production,
base treatment is more effective as compared with
the acid and enzymic methods, since, in this case, hy-
drolysis of �-D-glycoside bonds of chitin occurs to
a lesser extent [1].

In the electrochemical technology1, an aqueous salt
dispersion of a raw material is processed in dc mem-
brane electrolyzers. In this case, protein extraction
and hydrolysis occur in the alkaline medium forming
in the cathode cells. This technology allows virtual-
ly complete decomposition of the raw material into
constituents, such as protein in the form of a protein
solution, lipids, and insoluble bone tissue (in the
case of a fish raw material) or cover shell tissue (for
a shell-fish raw material) [2].

In the electrochemical processes, when a weakly
alkaline medium (NaOH concentration 0.025 M) and
reducing potential (appearing as a result of discharge
of water molecules and dissolved oxygen at the cath-
ode) act on a protein-containing raw material simulta-
neously, the degree of protein extraction approaches
98�99%. At the same time, with NaOH of the same
concentration used alone, proteins are only partially
dissolved (degree of extraction �40%). Deep extrac-
tion of proteins, with tissue decomposition into com-
ponents, can only be achieved by raising the NaOH
concentration to 1.0�2.0 M [3].
����������
1 Developed at Giprorybflot.

By no means all the protein transformations occurr-
ing under the action of the alkali [4] are desirable:
proteins after alkaline treatment more difficultly un-
dergo enzymic proteolysis; their nutritive value de-
creases; finally, they may become toxic.

It is well known that the solubility of proteins in
alkaline solutions is caused by cleavage of the inter-
molecular disulfide bonds responsible for the stability
of the protein tertiary structure [5]. In protein molec-
ules, the S�S bonds are weak and labile, especially
in reducing media, and also upon heating and in al-
kaline solutions [6]. At high OH� concentrations, the
cleavage of the S�S bonds proceeds mostly as �-eli-
mination with partial racemization of amino acids [7].
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Table 1. Effect of protein extraction procedure on
the content of �S�S� and �SH groups in BSA solutions
����������������������������������������

� cSH � cS�S � S�S
�����������������������Sample � � cleavage,
� �M � %

����������������������������������������
W � 0 � 500 � �

A-4 � 300 � 50 � 90
A-0.1 � 500 � 125 � 75
C-5 � 550 � 100 � 80
EC � 500 � 125 � 75
����������������������������������������

The forming dehydroalanine demonstrates high re-
activity toward a number of nucleophilic groups of
proteins, yielding a spectrum of new toxic products,
thus decreasing the quality of the hydrolyzates [4].

Hydrolysis of the peptide bonds in alkaline solu-
tions is also possible [4].
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However, this process can have only insignificant
effect on the dissolution of proteins. To gain better
insight into the electrochemical extraction of proteins,
we studied variations in the amounts of the disulfide
and thiol groups and amine nitrogen in protein solu-
tions for different methods of processing of protein-
containing raw materials.

EXPERIMENTAL

In this study, we a used protein-containing musc-
ular tissue of fish, which was dispersed to particle
size of 5 � 10�3 m, and bovine serum albumin (BSA)
with standard content of the S�S and SH bonds in
the molecule (17 and 1, respectively) and molecular
weight of 67000.

Electrochemical treatment of aqueous salt suspen-
sions of the protein-containing raw material was car-
ried out in a cathode cell of a membrane electrolyzer.
The cathode material was Cr18Ni9Ti stainless steel,
and the anode material, platinized titanium. As mem-
brane served MF4SK-100 ion-selective sulfonic cat-
ion-exchange fabric. The raw material was mixed with
an aqueous salt solution (NaCl concentration <10%)
at fixed weight ratio.

To study the effect of the treatment procedure on
the content of the S�S and SH group and amine ni-
trogen in the course of electrochemical extraction and
hydrolysis of proteins, we prepared variously pro-
cessed samples referred to as EC, C-5, A-0.1, A-4,
and W.

Sample EC was prepared by electrochemical treat-
ment of a suspension of the raw material in a cathode
cell of the electrolyzer. Electrolysis was carried out
until reaching pH � 12.0�0.1 and Eh � �600�10 mV.
The pH and Eh were measured against an Ag/AgCl
reference electrode with a pH-metric glass and redox-
metric Pt electrodes, respectively, on an I-120.2 ion
meter [8].

Sample C-5 was prepared in a stirred reactor by
treating the raw material with a catholyte solution
obtained in the cathode cell of the electrolyzer. Elec-
trolysis was performed until reaching pH � 12.2 � 0.1
and Eh � �850 mV.

To elucidate the effect of electrochemical treat-
ment, we studied protein solutions prepared by treat-
ing the raw material in water and aqueous NaOH
(cNaOH 0.025 and 1.0 M). The respective samples are
designated as W, A-0.1, and A-4.

The content of SH and S�S group in protein solu-
tions was determined by direct and back amperometric
titration [5] to within 5%. Amine nitrogen was deter-
mined using the Formalin test according to GOST
(State Standard) 7636�85, and the protein content, by
the Lowry method [10] to within 0.6%. The exper-
imental results were statistically processed at a 0.95
confidence level.

The BSA concentration in all the samples was
5 mg ml�1, which is close to the protein content in
the commercial hydrolyzates produced from hydro-
bionts. Experimental data on the content of S�S and
SH group contents are listed in Table 1.

The results show the lack of cysteine SH groups in
the aqueous BSA solution (sample W) in the absence
of electrochemical and base treatment, which is con-
sistent with published data [5] (native BSA contains
only cystine responsible for the formation of its ter-
tiary structure through S�S bonding).

In the case of treatment with 1.0 M NaOH (sam-
ple A-4), virtually all the S�S bonds were cleaved
(their content decreased by a factor of 10). This pro-
cess favors denaturation of the protein (protein mol-
ecules lose the crosslinks and the tertiary structure).
However, only 40% of S�S groups of cystine are con-
verted into SH groups of cysteine. The remaining
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S�S groups, evidently, enter side reactions involving
cleavage of the C�S bonds by the �-elimination mech-
anism and yielding rather toxic products (�-elimina-
tion is followed by nucleophilic addition) [4].

In samples A-0.1, C-5, and EC, the amount of S�S
groups decreases by a factor of 4�5, i.e., the de-
grading effect on the protein molecule appears to be
lower by a factor of 1.6�1.8, suggesting, on the one
hand, weaker degradation processes and preservation
of the protein native structure, and, on the other, sup-
pression of undesired side reactions in cleavage of
the S�S bonds.

Thus, the low NaOH concentration (0.025 M) in
the extractant provides better quality of the extracted
protein, so that it is not advisable to raise the NaOH
concentration to 1.0 M. Unfortunately, the measured
SH content can be underestimated because of the
masking of these groups in the protein, which results
from their steric inaccessibility to the AgNO3 reagent
and also from specific features of their ionic environ-
ment and hydrophobic interactions [5]. However, we
have no information about more precise methods.

Finally, electrochemical dissolution of BSA pro-
teins in the catholyte or directly in the cathode cell of
the electrolyzer has 2 times weaker degrading effect
on the S�S bonds as compared with samples treated
with NaOH, promotes the favorable degradation
mechanism to give SH groups of cysteine.

To confirm the observed trends, we studied the
content of SH and S�S groups in protein extracts ob-
tained from protein-containing muscular tissue of fish
under conditions similar to those used for BSA, ex-
cept for A-0.1 sample, since tissue proteins cannot
be dissolved at such a low NaOH concentration. In
the samples studied, the protein content determined by
the Lowry method was 29.0 � 0.1 mg ml�1. The data
obtained are listed in Table 2.

The results show that, in fish proteins extracted and
dissolved electrochemically (EC and C-5 samples),
the degree of protein denaturation caused by cleavage
of S�S bonds is lower than that in A-4 sample pre-
pared with 1.0 M NaOH. At the same time, in EC and
C-5 samples, the SH content is higher by a factor of
2.2�2.4 as compared with A-4, which suggests lower
content of by-products formed by the �-elimination
mechanism through cleavage of C�S bonds [4].

Protein extraction by treating the aqueous salt sus-
pension of the raw material in the cathode cell leads
to stronger degradation with cleavage of the S�S
bonds than that with the catholyte (C-5), which is
probably due to the effect of reducing agents, such as

Table 2. Effect of extraction procedure on the content of
S�S, SH, and NH2 groups in protein solutions obtained
from protein-containing raw material
����������������������������������������

� � cSH � cS�S �
� �������������������Sample � pH � � cNH2
� � �M �

����������������������������������������
A-0.1 � 12.31 � 1000 � 300 � 1.02
EC � 11.25 � 2200 � 550 � 1.14
C-5 � 11.25 � 2400 � 700 � 1.09
����������������������������������������

H�
ads, H2, etc., reacting with the protein just in statu

nascendi. Cleavage of the S�S bonds in proteins un-
der the action of reducing agents and, in particular,
hydrogen was studied in [5].

Reducing agent
R1�S�S�R2 ������ R1�SH + HS�R2.

It is known that dissolution of alkali-soluble pro-
teins necessarily involves the stages of degradation of
their tertiary structure and unrolling of their molecule
[5]. Ashikari et al. have demonstrated for model im-
munoglobulins that degradation with cleavage of the
S�S bonds and the subsequent unrolling of a protein
molecule in the presence of reducing agents occur at
pH 8.5. In the absence of reducing agents, unrolling
of protein molecules in the solution starts only at
pH > 11.6 [11]. It was demonstrated by the same
authors that, at the indicated pH, no functional groups
other than SH are involved in the unrolling of protein
molecules.

It may be concluded that the effect of electro-
chemical dissolution of tissue proteins at such a low
NaOH concentration as 0.025 M, observed for EC
and C-5 samples (Table 2), is caused by reducing
agents, whose presence is demonstrated by strongly
negative redox potentials of the extractant (Eh = �600
to �850 mV). The dissolution is also promoted by
hydrolysis of the peptide bonds increased by 10%,
as estimated from the NH2 content.

CONCLUSION

The electrochemical extraction and hydrolysis of
proteins is based on the ability of extractants to re-
duce proteins with cleavage of mainly disulfide bonds
and formation of thiol groups under the action of re-
ducing agents formed in the course of water electrol-
ysis. Suppression of protein destruction at the �C�S�
bonds, which are responsible for formation of hazard-
ous by-products in the course of extraction, provides
high quality of the resulting hydrolyzates.
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Abstract�Low-substituted chitosan was synthesized from shrimp chitin. The effect of the ionic strength on
the dynamics of acetic acid solutions of propyl chitosan in longitudinal and shear modes was studied. The dy-
namic characteristics of these solutions under the action of hydrodynamic fields were estimated.

Steadily increasing requirements to the environ-
mental safety of the use and utilization of polymer-
ic materials stimulate interest in natural polymers.
Among them a particular attention is paid to chitosan
(Ch) and its derivatives, whose molecules contain
ionic amino groups. Thanks to electrostatic interac-
tions between these groups, the chitosan molecules
can change their conformation and size. Processing
into films and fibers is one of the advanced practical
applications of these polymers. Films prepared from
chitosan�cellulose composites demonstrate high sorp-
tion capacity and low toxicity and show promise as
materials for wound and burn cure [1�3]. In produc-
tion of fibers, chitosan solutions are exposed to strong
longitudinal fields. This is the case in both the pre-
drawplate region and orientation drawing. As a result,
the molecules pass into a highly oriented state, which
does provide high strength of the final product.

By now, the dynamics of uncharged macromole-
cules in the longitudinal mode has been rather thor-
oughly studied both theoretically and experimentally
[4�6]. However, the dynamics of polyelectrolytes in
the longitudinal mode remains to be understood yet [7].

Previously, in studying chitosan solutions, Brestkin
et al. [8] have demonstrated that deformation effect
of a longitudinal flow is stronger than that of a shear
flow.

This study is concerned with a new chitosan deriv-
ative, low-substituted propyl chitosan (PrCh) contain-
ing the hydrophobic propyl substituent in addition to
the hydrophilic amino and hydroxy groups. Synthesis
of organo-soluble propyl cellulose was reported in
[9, 10] and that of the water-soluble mixed cellulose

ether, propyl methyl cellulose, in [11]. Introduction
of the propyl substituent into methyl cellulose con-
siderably shifts the hydrophilic-hydrophobic balance
of the macromolecule, and, at a degree of substitution
(DS) exceeding 0.3, the mixed ether no longer dis-
solves in water. In this context, we developed in
the course of the study conditions under which the
resulting propyl chitosan preserves its solubility in
0.33 M acetic acid.

The goal of this study was to analyze the effect of
the ionic strength on the dynamics of weakly charged
propyl chitosan chains in the longitudinal and shear
modes.

EXPERIMENTAL

We studied PrCh solutions containing 0.33 M
CH3COOH and 0.01 or 0.3 M NaCl. Concentrations
of the polymer, cp, and salt, cs, in solutions are listed
in Table 1. Because of the low degrees of dissocia-
tion of acetic acid and PrCh as a polybase, the ionic
strength I of the solution is controlled in the experi-
mental cs range mostly by the NaCl concentration (I �
cNaCl). In the case of acetic acid solutions of PrCh,
containing low-molecular-weight chitosan, the con-
tribution of the polymer to the ionic strength should
be taken into account.

In synthesis of PrCh, we used Ch extracted from
shrimp chitin (MW 1.88 � 105, degree of deacetyla-
tion 0.88). The alkylating agent, propyl bromide was
distilled and the 71�C fraction was taken. The diluent,
isopropanol (chemically pure grade) was used with-
out further purification. The reaction was performed
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Table 1. Characteristics of PrCh solutions in 0.33 M
CH3COOH
����������������������������������������

cp, � I, � [�], � gcr, �� � 105,��n/g�(���0) � 10�10,� � � � �
g dl�1� M �dl g�1� s�1 � c � cm s2 g�1

����������������������������������������
0.06 �0.3 � � 14582 � 3.4 � 43
0.12 �0.3 � 4.7 � 12820 � 3.9 � 42
0.24 �0.3 � � 6226 � 8.0 � 44
0.06 �0.01� � 11450 � 4.4 � 91
0.12 �0.01� 9.8 � 4680 � 10.6 � 93
0.24 �0.01� � 1470 � 34.0 � 90
����������������������������������������

Table 2. Synthesis and characterization of propyl chitosan
����������������������������������������

� � �DS per � Nam
Sam-�Ch : NaOH : PrBr�

Time,
� a glu- � content, %

� � � �����������ple � molar � � cos- �
no. � ratio �

min
� amine � calcu- �

found
� � � unit � lated �

����������������������������������������
1 � 1 : 0.75 : 0.5 � 15 � 0.05 � 7.33 � 7.4
2 � 1 : 0.75 : 0.5 � 30 � 0.1 � 7.24 � 7.25
3 � 1 : 3 : 2 � 30 � 0.2 � 7.06 � 6.94

����������������������������������������

as follows. A weighed portion of air-dry Ch was dis-
persed in 2-propanol (solid-to-liquid ratio 1 : 20).
Then a calculated amount of 47% aqueous NaOH was
added, the mixture was stirred for 20 min at room tem-
perature with bubbling of N2, and the required amount
of propyl bromide was added. The reaction was per-
formed at 70�C (glycerol bath) with stirring. After
the completion of the reaction, PrCh was filtered off,
washed with 80% methanol to remove NaOH, and
dried at 60�C in a vacuum. The degree of substitution

Fig. 1. Reduced viscosity �sp /c of PrCh in 0.33 M
CH3COOH vs. the polymer concentration cp. Ionic
strength (M): (1) 0.3 and (2) 0.01.

was estimated from data on the amine nitrogen con-
tent, obtained by conductometric titration. The syn-
thetic procedure conditions are listed in Table 2.

To evaluate the effect of the ionic strength of the
solution on the dynamics of PrCh macromolecules,
we selected sample no. 2, which appeared to be quite
sufficient, since the samples studied only slightly
differed from one another in the degree of substitu-
tion, and the difference in the birefringence for them
was within the experimental error at all.

The solution viscosity was measured at 21�C on
a modified Ostwald viscometer with a spiral-shaped
capillary (length 100 cm, diameter 0.06 cm). Mea-
surements were carried out at velocity gradients of
20 to 1000 s�1. The viscosity data reported here were
obtained by extrapolation of the viscosity to zero ve-
locity gradient.

The reduced viscosity of the PrCh solutions (�sp/c)
is given in Fig. 1 as a function of the polymer con-
centration cp at various ionic strengths. As seen, the
reduced viscosity is a linear function of the polymer
concentration, suggesting that the size and shape of
the polyions, as well as the ionic strength, remain un-
changed upon dilution, so that there is no need to
use the isoionic dilution method. Lowering the ionic
strengh of the solution results in an increase in �sp/c
(Fig. 1) and intrinsic viscosity [�] (Table 1). For ex-
ample, lowering I from 0.3 to 0.01 M leads to an in-
crease in [�] by a factor of 2, suggesting increase in
the size of macromolecular coils as a result of poly-
electrolyte swelling.

The birefringence (BR) �n was measured, as in-
fluenced by the velocity gradient g� and polymer con-
centration, using the procedure described in [12].
The shear flow velocity gradient is written as

g� = (�r)/2�r, (1)

where � is the angular velocity of a rotor with the
radius r = r1; r2, the stator radius; and �r = r1 � r2.
We used a titanium dynamo-optimeter with rotor
height of 8.95 cm, �r = 0.075 cm, and 2r1 = 7.5 cm.

Similarly to other polysaccharide solutions, PrCh
solutions demonstrate positive birefringence in a flow.
The dependence of �n�g� for a shear flow was obtained
at velocity gradients ranging from 200 to 2000 s�1, in
which the flow laminarity condition is met. Over the
indicated range, this dependence is linear and passes
through the origin (Fig. 2), indicating a molecular
dispersity of the PrCh solutions. We also determined
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the optical shear coefficient �n/g�(� � �0) (Table 1).
With changing polymer concentration, the optical shear
coefficient remains unchanged, suggesting an insig-
nificant contribution of the macroform anisotropy.

The longitudinal flow dynamics of the solutions
was studied on the experimental setup described in
[13]. The principle of its operation is similar to that of
Frank�Keller’s method proposed for generation of
a longitudinal hydrodynamic field in a gap between
coaxial capillaries. Upon suction of a solution into
the capillaries along their axes, an optically anisotrop-
ic region appears as a thin luminous filament at some
critical velocity gradient gcr. The �n was determined
by measuring the phase difference 	 of the ordinary
and extraordinary waves passing along the diameter
of the optically anisotropic region of the solution and
the diameter d of this region:

�n = (	
)/(2�d ), (2)

where 
 is wavelength. The velocity gradient is writ-
ten as

g = Q /�r2(l /2), (3)

where Q is the volumetric flow rate of the solution
through a capillary; r, radius of the capillaries; and l,
distance between their end faces. The degree of un-
coiling in the longitudinal flow was characterized by
reduced birefringence �n/�n

�
. Here the limiting bi-

refringence �n
�

for a given solution concentration is
writen as

�n
�

= [2�(n2 + 2)2/9n](�1 � �2)N, (4)

where n is the refractive index of the solution; (�1 �
�2), optical anisotropy of the chain segment, associ-
ated with its intrinsic optical anisotropy and macro-
form effect; N, number of segments in the unit vol-
ume of the solution.

The results obtained in studying the effect of lon-
gitudinal hydrodynamic field on PrCh solutions of
various polymer concentrations and ionic strengths are
shown in Fig. 3 as the dependences of �n/�n

�
on

the velocity gradient g in the solution flow direction.
With increasing cp, �n/�n

�
decreases, which is due to

strengthening of intermolecular interactions and to
the effect of partial uncoiling of the chains on the struc-
ture of the hydrodynamic field itself. In the velocity
field, rotation components appear; the deformation
effect on the molecule becomes alternating, and the

Fig. 2. Birefringence �n of PrCh in 0.33 M CH3COOH vs.
shear flow velocity gradient g�. I = 0.3 M. cp (g dl�1):
(1) 0.06, (2) 0.12, and (3) 0.24.

Fig. 3. Reduced birefringence �n/�n
�

vs. longitudinal
flow velocity gradient g in PrCh solutions in 0.33 M
CH3COOH. I (M): (1, 2) 0.03 and (3, 4) 0.01. cp (g dl�1):
(1, 3) 0.24 and (2, 4) 0.12.

degree of uncoiling decreases [14]. These effects be-
come more pronounced with increasing polymer con-
centration. It should be pointed out that, lowering the
ionic strength of the solution from 0.3 to 0.01 M at
the same polymer concentration leads to an increase in
�n/�n

�
(Fig. 3, curves 1, 3). This is associated with

increasing length of the Kuhn segment as a result
of electrostatic repulsion of the charge-bearing groups
of the macromolecule. The maximal �n/�n

�
obtained

did not exceed 0.4. It may also be noted that transi-
tion of the macromolecules to the uncoiled state takes
place over a rather wide range of velocity gradients,
and the �n/�n

�
�g curves are concave down, suggest-

ing that the orientation of molecular coils contributes
significantly to the observed birefringence of the PrCh
solutions [15].

It was demonstrated in [16�18] that, under the ac-
tion of a longitudinal hydrodynamic field, uncharged
macromolecular coils of rigid-chain polymers pass vir-
tually completely into the uncoiled state, and �n/�n

�

approaches 0.95. The �n/�n
�
�g curves are markedly

concave up (toward the ordinate axis). All these cir-
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Fig. 4. Reduced birefringence �n/�n
�

vs. longitudinal
flow velocity gradient g in PrCh solutions in 0.33 M
CH3COOH with addition of low-molecular-weight chitosan
(LCh). cp = 0.24 g dl�1. I (M), cNCh (g dl�1): (1) 0.3, 0;
(2) 0.3, 0.5; and (3) 0.15, 0.5.

cumstances suggest that, in the case of flexible-chain
polymers, the effect of a longitudinal hydrodynamic
field is of essentially the deformation nature.

Lyubina et al. [19] have demonstrated that, in
acetic acid solutions, the chitosan macromolecules
take the swollen coil conformation. The macromolec-
ular coil loses its conformational stability in a longi-
tudinal hydrodynamic field, and the polymer solu-
tion passes into the forced anisotropic state at a ve-
locity gradient meeting the condition given by Eq. (5)
[20, 21]:

gcr� = 1/2, (5)

where � = M[�]�0/RT is the time of orientation-defor-
mation relaxation of the whole chain; �0, solvent vis-
cosity; R, gas constant; T, temperature (at g < gcr,
the flowing polymer solution is virtually isotropic).

The gcr and � values determined for the longitudinal
flow are listed in Table 2. At a constant ionic strength
of the solution, raising the cp results in a decrease in
gcr and increase in �. This effect strengthens with
decreasing I. Lowering the ionic strength of the solu-
tion increases the electrostatic repulsion between the
charged groups of the macromolecules. In this case,
the number of monomeric units in the segment and
the relaxation time � increase, which also shifts gcr
to lower values.

We also studied the effect of addition of low-mo-
lecular-weight chitosan on transition of PrCh solu-
tions to the anisotropic state. Our results showed
that raising the solution viscosity by addition of the
low-molecular-weight component has no significant
effect on the anisotropic transition. For example,
after adding low-molecular-weight Ch (cNCh = 0.5%,

[�] = 1.2 dl g�1) to an acetic acid solution of PrCh
(cp = 0.24 g dl�1, I = 0.3 M) gcr decreased from
6200 to 6000 s�1. In a similar experiment, but with
I = 0.1, gcr decreased to 5500 s�1.

In isoionic solutions, the lower the ionic strength,
the higher the maximum achieved �n/�n

�
(Fig. 4),

suggesting that the ionic strength is the crucial factor
in anisotropic transition in the PrCh solutions.

CONCLUSIONS

(1) A new chitosan derivative, low-substituted
propyl chitosan (DS 0.05�0.20) soluble in 0.33 M
acetic acid was synthesized.

(2) It was shown that the forced optical anisotropy
of the propyl chitosan solutions is caused by essential-
ly orientational, rather than deformational effect of
the hydrodynamic field. Lowering the ionic strength
shifts the anisotropic transition range in propyl chito-
san solutions to lower velocity gradients.
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Abstract�The effect of arylamines containing a sterically hindered phenolic fragment on the resistance
of polypropylene, synthetic isoprene rubber, and thermoelastoplastics derived from them to oxidative and
thermomechanical degradation was studied in relation to the structure of the additives.

One of promising lines in extension of the range of
raw materials for rubber items is utilization of thermo-
elastoplastic (TEP) materials based on mixtures of
rubbers with thermoplastics. Such polymeric materials
exhibit a wide spectrum of service properties which
can be controlled by varying the type and ratio of the
polymeric components. One of promising TEPs is a
blend of synthetic isoprene rubber with polypropylene
(SIR�PP).

Previously we have prepared a number of aryl-
amines containing a sterically hindered phenolic
(SHP) fragment. In their molecules, there are at least
two functional groups (SHP and secondary amino
group) potentially capable of inhibiting oxidative pro-
cesses [1]. The capability of these compounds to pre-
vent oxidation of organic substrates by scavenging
peroxide radicals responsible for the aging was eval-
uated in model reactions of initiated oxidation of sty-
rene and PP, and their antioxidative performance was
found to be high [2].

In this study we examined the possibility of using
these additives to preserve in the course of aging the
physicomechanical properties of PP, SIR, and TEPs
derived from them.

EXPERIMENTAL

The stabilizers, N, N �-bis(3,5-di-tert-butyl-4-hy-
droxybenzyl)-p-phenylenediamine I, mp 197�199�C;
N,N �-bis(3,5-di-tert-butyl-4-hydroxybenzyl)ethylenedi-
amine II, mp 189�C; (3,5-di-tert-butyl-4-hydroxyben-

zyl)phenylamine III, mp 105�C; and N,N,N �,N �-tetra-
(3,5-di-tert-butyl-4-hydroxybenzyl)-p-diphenylenedi-
amine IV, mp 192�194�C, were prepared according
to [1].

Autooxidation of polymers was performed in an in-
stallation described in [3], in an oxygen atmosphere
(pO2

= 250 mm Hg) at 165�C (polymer sample weight
0.1 g). The dissolved stabilizing components were
added to the PP powder and thoroughly mixed at
room temperature; the mixture was vacuum-dried to
constant weight. SIR-3 was reprecipitated three times
with acetone from toluene solution according to [4].
The stabilizer was added to a 5% (here and herein-
after, wt %) solution of SIR-3 in toluene and stirred
to complete dissolution, after which the solvent was
vacuum-evaporated.

The torque Mt was determined in a Brabender
plasticorder [5]. The choice of the time for recording
Mt was governed by the residence time of the polymer
in the mixing chamber in TEP preparation.

The TEP based on SIR and PP was prepared using
the formulation from [6]; the resulting TEP exhibits
high physicomechanical parameters. The vulcanizate
composition and the time of successive addition of
ingredients are given in Table 1.

After adding all the ingredients, they were stirred
for 6�7 min, with simultaneous melting of PP and vul-
canization. The vulcanization was performed in the dy-
namic mode. The vulcanization time was determined
from the maximal value of Mt in the kinetic curve. Af-
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Table 1. Composition of the vulcanizate and time � of ingredient addition (temperature in the chamber, �C:
initial 140, final 215)
������������������������������������������������������������������������������������

Ingredient � Content, �
�, min� Rotor rotation � Ingredient � Content, �

�, min�Rotor rotation
� wt parts � � rate, rpm � � wt parts � � rate, rpm

������������������������������������������������������������������������������������
SIR-3 � 75�50 � 0 � 60 �Stearic acid � 2 � �
Stabilizer � 1 � � �Sulfenamide Ts � 5 � 5 �
Titanium dioxide � 2 � � �Sulfur � 0.35 � 5.5 �
Zinc oxide � 5 � 4.5 � �Polypropylene (252-01 030) � 25�50 � 6 � 90
�������������	�������	�����	�����������
�������������������	�������	�����	����������

Table 2. Comparison of the inhibiting effects of I�V in oxidation of SIR-3 (165�C, pO2
= 250 mm Hg)

������������������������������������������������������������������������������������
� Induction period � AO concentration c � 104, mol kg�1 � Content in molecule
� ���������������������������������������������������������Stabilizer � of oxidation � (min) � corresponding � required to attain � SHP fragments � NHAr groups� at cAO = 3% � to 3% � � = 100 min � �

������������������������������������������������������������������������������������
I � 180 � 5.56 � 3.02 � 2 � 2
II � 45 � 6.05 � 13.44 � 2 � �

III � 150 � 9.65 � 6.45 � 1 � 1
IV � 100 � 2.84 � 2.84 � 4 � �

V � 130 � 13.32 � 10.20 � � � 2
����������	����������������	��������������	��������������	�������������	������������

ter reaching the maximal Mt, the stirring was continued
for additional 3 min. Then the TEP was subjected to
sheeting with microrolls (2-mm slit). The cooled mate-
rial was extruded through a slit die head (1.5-mm slit).

The TEP samples were tested according to GOST
(State Standard) 270�85 [7] to determine the tensile
strength �, relative elongation Lrel, and residual elon-
gation Lres.

The antioxidative effects of amines I�IV on PP and
SIR-3 were evaluated by the induction period of oxi-
dation, determined in the autooxidation mode on a
static oxidation unit. Such tests allow evaluation of
the performance of an additive under the conditions
of polymer processing [3]. Also, we examined the ca-
pability of stabilizers I�IV to prevent thermomechan-
ical degradation of PP and SIR-3. This parameter is
particularly important for dynamic TEPs whose vul-
canization is combined with mixing at the temperature
of the thermoplastic melt, which results in that the
polymers undergo significant degradation. The deg-
radation is manifested in a decrease of the torque in
mechanical treatment of the polymer.

We evaluated the effect of I�IV on the stability of
physicomechanical parameters of TEPs in the course
of aging. The polymeric material is a multicomponent
system whose properties depend not only on the initial
mixture composition and mixing procedure, but also
on possible interactions between the mixture compo-
nents in the course of mixing. Therefore, the stabiliz-
ing performance of antioxidants (AOs) depends on the
mixture ingredients.

The results of testing of amines I�IV as AOs for
SIR-3 are listed in Table 2. The reference stabilizer
was N-phenyl-N �-isopropylphenylenediamine V (stabi-
lizer 4010 NA) used in industry for stabilization of
dark SIR brands and their vulcanizates. When auto-
oxidation of a polymer is performed at elevated tem-
perature (130�C), stabilizer V starts to sublime; this
significant drawback was noted in a number of papers
[8�10]. No noticeable sublimation of I�IV was ob-
served under the testing conditions.

As seen from Table 2, the longest induction period
in oxidation of SIR-3 was observed with I and III.
Comparison of I�V shows that the best stabilizing ef-
fect is achieved with the molecules that combine SHP
and NHAr groups. Amine II combining the SHP and
NHAlk groups, is a poor inhibitor, probably because
of the high rate of oxidation chain transfer from the
N
.

alk radical generated in the course of stabilization
[11]. The advantages of I and II become particularly
obvious when using the molar scale (mol kg�1), which
reflects the molecular activity of the compounds, in-
stead of the weight percentage scale accepted in in-
dustry (Table 2).

Table 2 shows that, with I and III, the 100-min
induction period of SIR-3 oxidation is attained at a
lower inhibitor concentration than with V.

Amine I also ensures the longest induction period
in oxidation of PP:

Stabilizer � I II III IV V
�, min 20 140 40 70 55 135
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Table 3. Variation of Mt of SIR-3 and PP in the course of
treatment in a plasticorder in the presence of stabilizers
I�IV (rotor rotation rate 90 rpm)
����������������������������������������

� � Mt (N m�1) after treatment

Stabilizer� Content, � for indicated time, min
� ������������������������
�

%
� 4 � 7 � 10

�������	��������	�������	�������	�������
SIR-3, tin = 130�C

� � 0.40 � 24 � 17 � 12
I � 0.40 � 26 � 18 � 15
II � 0.40 � 25 � 17 � 13
III � 0.40 � 24 � 21 � 19
IV � 0.40 � 25 � 16 � 13

PP, tin = 180�C
� � � � 15.0 � 13.7 � 12.8
I � 0.10 � 10.2 � 9.6 � 9.1

� 0.15 � 11.7 � 11.1 � 10.6
� 0.20 � 11.9 � 10.9 � 10.3
� 0.25 � 10.9 � 10.4 � 10.1

II � 0.10 � 11.5 � 9.6 � 8.3
� 0.15 � 12.2 � 11.0 � 9.8
� 0.20 � 11.7 � 9.75 � 8.6
� 0.25 � 13.2 � 11.9 � 10.8

III � 0.10 � 13.7 � 12.7 � 12.7
� 0.15 � 12.8 � 11.6 � 11.5
� 0.20 � 14.8 � 13.0 � 12.3
� 0.25 � 12.3 � 11.9 � 11.8

�������	��������	�������	�������	�������

Compound I is comparable in its antioxidative
power with the commercial PP stabilizer Irganox (VI),
ester of pentaerythritol and 2,6-di-tert-butyl-4-hy-
droxyphenylpropionic acid.

In treatment of SKI-3 in a Brabender plasticorder
for 10 min at 130�C, addition of I�IV in amounts of
less than 0.3% had no effect on the torque variation.
In all the cases, Mt decreased by approximatelyl 50%.
In the presence of I and III in a concentration exceed-
ing 0.3%, Mt decreased to a considerably lesser extent
(Table 3), i.e., these stabilizers efficiently prevent the
thermomechanical degradation of the polymer.

Table 4. Physicomechanical properties of TEP based on
SIR-3 and PP at various rubber : plastic ratios
����������������������������������������

Stabilizer
� SIR-3 : PP weight ratio
��������������������������������
� 50 : 50 � 60 : 40 � 70 : 30 � 75 : 25

��������	�������	�������	�������	�������
�, MPa

� � 14 � 17 � 16 � 15
I � 17 � 16 � 16 � 12

III � 16 � 14 � 14 � 12
V � 16 � 16 � 16 � 15

Lrel , %

� � 270 � 370 � 380 � 407
I � 398 � 380 � 375 � 400

III � 357 � 330 � 367 � 398
V � 346 � 366 � 532 � 599

Lres , %

� � 117.3 � 153.3 � 133.3 � 118.7
I � 194.7 � 129.3 � 88 � 66.7

III � 173.3 � 122 � 85.3 � 73.3
V � 143.2 � 158.4 � 136.8 � 90.4

��������	�������	�������	�������	�������

Similar data on the performance of I�IV were ob-
tained in experiments on thermomechanical treatment
of PP (Table 3).

Amines I and III, which showed the best stabi-
lizing performance were tested as stabilizers for TEP
derived from a mixture of SIR-3 and PP (weight ratio
SIR-3 : PP from 75 : 25 to 50 : 50).

Data on the influence of the stabilizer structure on
the physicomechanical properties of TEPs (Table 4)
show that the strength � of the material is virtually
independent of the rubber : plastic ratio in the range

Fig. 1. Variation of TEP properties in the course of thermal aging at various ratios (mol %) of SIR-3 and PP. cAO = 1%,
100�C, 72 h. (a) (�/�0) tensile strength, (b) (Lrel /L

0
rel ) relative elongation, and (c) (Lres /L0

res ) relative residual elongation
(relative to the initial values). Stabilizer added: (1) none, (2) V, (3) I, and (4) III.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 4 2003

EFFECT OF ARYLAMINES CONTAINING 3,5-DI-tert-BUTYL-4-HYDROXYPHENYL FRAGMENT 651

from 50 : 50 to 70 : 30 and of the presence and type
of a stabilizer, except for amine III with which the
strength decreases at rubber content in TEP exceeding
60%. The relative elongation Lrel depends on the po-
lymer ratio only weakly in the presence of I and III,
but with V, the relative elongation sharply increases
at rubber content exceeding 60%. The relative residual
elongation Lres of TEPs stabilized with I and III de-
creases approximately linearly with increasing content
of SIR-3, whereas with V, the residual elongation as
a function of the SIR-3 content passes through a max-
imum.

The AO effect of stabilizers in TEP was evaluated
by the coefficient of resistance to thermal aging, equal
to the ratio of a parameter determined after aging to
that before aging. These coefficients are plotted in
Fig. 1 against the ratio of the polymeric components.

Figure 1 shows that stabilizers I and III are level
with V or even surpass it in the capability to preserve
the properties of TEPs at the SIR-3 : PP ratio varied
from 55 : 45 to 70 : 30.

CONCLUSION

Arylamines combining sterically hindered phenolic
and HNAr fragments show promise as agents enhanc-
ing the resistance of isoprene rubber and polypropyl-
ene, and also of thermoelastoplastics derived from them
(rubber : polypropylene ratio from 50 : 50 to 70 : 30),
to oxidative and thermomechanical degradation.
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Abstract�The influence of the charge of a metal cation and the nature of a coagulant on the recovery of
butadiene�styrene rubber and properties of rubber stocks and vulcanizates was examined.

Rubbers produced by emulsion copolymerization
are widely used in industry for production of tires and
other rubber items [1�5]. An advantage of the emul-
sion copolymerization is the absence of dangerously
explosive, inflammable, and harmful organic solvents.
A wide variety of butadiene�styrene rubbers are pro-
duced commercially; the starting monomers for their
synthesis are readily available, and the polymers are
uniform in properties and have high quality.

One of the key stages in production of emulsion
rubbers is their recovery from latexes with an aqueous
NaCl solution acidified with H2SO4 [3]. The high
consumption of the coagulant (180�250 kg t�1 rubber)
results in strong contamination of the forming waste-
water with NaCl, which cannot be removed at water
treatment facilities. Therefore, active efforts are made
to develop new processes for recovery of rubbers from
latexes, including a search for new coagulants [6].

Numerous inorganic and organic coagulants have
been suggested [7�10]. However, their commercial
application involves serious problems. For example,
aqueous solutions of protein coagulants exhibit low
stability, especially at elevated temperatures. Proteins
degrade with evolution of noxious substances with
unpleasant odor, which results in air pollution in the
working rooms. Other coagulants are expensive and
are in short supply. Therefore, up to now, the main
coagulant used in production of emulsion rubbers has
been NaCl; recovery is performed at 50�65�C [3].

Published data and industrial experience show that
multicharged metal salts are the most promising coag-
ulants; they can be taken in considerably smaller
amounts than NaCl [3]. However, the relationship

between the consumption of coagulants based on
multicharged metal salts and the composition of emul-
sifying systems is poorly understood.

The emulsifying agents that are widely used today
in commercial production of emulsion butadiene�
styrene rubbers are soaps based on tall oil, dispropor-
tionated rosin, and fatty acid salts, taken in various
ratios.

In this study, we analyzed coagulation of SKS-30
ARK butadiene�styrene latex at low temperature, with
NaCl, CaCl2, AlCl3 �6H2O, and SnCl4 �5H2O as co-
agulating agents.

Experiments on rubber recovery from the latex
were performed in a stirred vessel placed in a ther-
mostat. The vessel was charged with 20 ml of the
latex and kept for 15�20 min to attain the required
temperature, after which aqueous solutions of the co-
agulants acidified with H2SO4 were added. Coagula-
tion was performed at pH 2.0�2.5.

Coagulants were taken as aqueous solutions con-
taining (wt %) 24 NaCl or 10 CaCl2, AlCl3, or SnCl4.

Data on the completeness of rubber recovery from
the latex as influenced by temperature, nature of co-
agulant, and its consumption are given in Figs. 1
and 2.

The experimental dependences show that, in going
from single- to triple-charged metal ion, the required
coagulant consumption considerably decreases, which
is consistent with the results of [3].

At 2�4�C, the consumption of SnCl4 required for
complete recovery of the rubber is lower than the con-
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sumption of AlCl3, the most active coagulant among
those tested previously. At 20�C, however, the con-
sumptions of SnCl4 and AlCl3, required for 100% co-
agulation, become approximately equal, and at 40�C
AlCl3 becomes even more effective. Thus, the Sn(IV)
cation exhibits high coagulating power only at low
temperatures. With SnCl4, no acidification with H2SO4
is required. In aqueous solution, SnCl4 undergoes
hydrolysis to form HCl, stannic acid, and hexachloro-
stannic acid [11]:

SnCl4 + 6H2O �
� H2[Sn(OH)6] + 4HCl,

3SnCl4 + 4H2O �
� 2H2[Sn(Cl)6] + Sn(OH)4,

SnCl4 + 2HCl �� H2[Sn(Cl)6].

Hexachlorostannic acid is strong; its stable salts
give a neutral reaction in aqueous solution and are
not hydrolyzed even on boiling. Therefore, the sur-
factants present in the emulsifying system can react
with hexachlorostannic acid:

H2[Sn(Cl)6] + R�COONa(K)

� Na2(K2)[Sn(Cl)6] + R�COOH.

Hydrolysis of SnCl4 makes the content of the salt
in the system lower, especially at elevated temperature
[12], and may be responsible for the increase (relative
to AlCl3) in the consumption of SnCl4 required for
100% recovery of rubber from the latex with the tem-
perature increasing from 2�4 to 20 and then to 40�C.

A specific feature of coagulation with SnCl4 is
the formation of a fine rubber crumb, which results
in major loss of rubber with washwater.

By computer processing of the experimental data,
we obtained the following regression equations for the
dependence of the coagulant consumption on the cat-
ion charge at various temperatures of rubber recovery:

Y2�4�C = 318 � 307.33x + 100x2
� 10.667x3,

Y20�C = 877 � 892.33x + 297.5x2
� 32.167x3,

Y40�C = 845 � 841.17x + 275.5x2
� 29.333x3.

From the dried samples of SKS-30 ARK rubber,
we prepared standard rubber stocks, which were vul-
canized at 143�C.

Tests of rubber stocks and vulcanizates based on
SKS-30 ARK rubber recovered from latex with salts
of single- to quadruple-charged metal ions showed
that the properties of these materials are not influ-
enced appreciably by the nature of the coagulant.

Fig. 1. Degree of recovery A of rubber from SKS-30 ARK
lattice, as influenced by the nature and consumption Q of
the coagulant. Temperature, �C: (a) 2�4, (b) 20, and (c) 40.
(1) SnCl4, (2) AlCl3, (3) CaCl2, and (4) NaCl.

Fig. 2. Coagulant consumption Q required for complete
coagulation of rubber from SKS-30 ARK latex vs. cation
charge C. Temperature, �C: (1) 2�4, (2) 20, and (3) 40.
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Table 1. Properties of rubber stocks and vulcanizates based on SKS-30 ARK rubber
������������������������������������������������������������������������������������

Parameter
� Coagulant
��������������������������������������������
� NaCl � CaCl2 � AlCl3 � SnCl4

������������������������������������������������������������������������������������
Mooney viscosity MB 1 + 4 (100�C) of rubber stock � 45.0 � 50.0 � 49.0 � 46.0
Karrer plasticity of rubber stock, arb. units � 0.39 � 0.37 � 0.37 � 0.42
Recovery, mm � 1.46 � 1.69 � 1.65 � 1.38
Nominal stress at 300% elongation, MPa � 9.2 � 8.3 � 8.7 � 10.3� ��� � �� � �� � ���� 11.1 � 8.9 � 9.8 � 12.0
Nominal tensile strength, MPa � 24.7 � 25.1 � 25.0 � 26.2� ��� � ��� � ��� � ���� 24.5 � 24.4 � 25.2 � 26.4
Relative elongation at break, % � 580 � 610 � 600 � 560� ��� � ��� � ��� � ���� 510 � 570 � 560 � 500
Relative set after break, % � 12 � 20 � 14 � 14� �� � �� � �� � ��� 10 � 16 � 14 � 12
Rebound elasticity, % � 42 � 40 � 40 � 39
Shore hardness A, arb. units � 57 � 59 � 59 � 61
������������������������������������������������������������������������������������
Note. Vulcanization at 143�C for 60 (numerator) or 80 (denominator) min.

Table 2. Characteristics of vulcanization of rubber stocks based on SKS-30 ARK rubber at 160�C
������������������������������������������������������������������������������������

Parameter
� Coagulant
����������������������������������������������������
� NaCl � CaCl2 � AlCl3 � SnCl4

������������������������������������������������������������������������������������
Minimal torque ML, N m � 4.8 � 4.6 � 5.1 � 5.1
Maximal torque MH, N m � 36.5 � 33.0 � 33.5 � 36.2
Time of vulcanization onset tS, min � 3.5 � 4.0 � 4.0 � 4.0
Time of 50% vulcanization tS(50), min � 10.2 � 10.7 � 11.5 � 9.9
Optimal vulcanization time tS(90), min � 27.5 � 18.5 � 26.0 � 23.0
Vulcanization rate Rv, min�1 � 4.17 � 6.90 � 4.54 � 5.26
������������������������������������������������������������������������������������

However, it should be noted that the rubber stocks
based on SKS-30 ARK rubber coagulated with SnCl4
show higher plasticity and lower recovery (Table 1).

Fig. 3. Kinetics of vulcanization of rubber stocks based
on SKS-30 ARK rubber recovered using (1) SnCl4,
(2) AlCl3, (3) CaCl2, and (4) NaCl. (M ) Torque and
(�) time.

The kinetic curves of vulcanization (Fig. 3) show
that the rubber stocks prepared from SKS-30 ARK
rubber coagulated with CaCl2 are characterized by
faster vulcanization, and in the case of NaCl and
AlCl3 coagulants, the vulcanization is the slowest
(Table 2).

CONCLUSIONS

(1) The maximal decrease in the salt consump-
tion was observed on passing from single- to triple-
charged metal ions.

(2) With SnCl4 as coagulant, acidification is un-
necessary.

(3) With SnCl4, coagulation is more efficient at
lower temperatures.

(4) The nature of the coagulant has no appreciable
effect on the properties of the resulting rubbers, rubber
stocks, and vulcanizates.
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Abstract�The interfacial characteristics of stearic and oleic acids and their mixtures were studied. The sur-
face free energies of isoprene and butadiene�styrene rubbers and vulcanizates thereof, obtained using fatty
acids and their synergistic mixture as vulcanization activators, were evaluated from the contact angles.

Surfactants play an important role in preparation
and processing of rubber stocks. They are used as vul-
canization activators and process additives improving
the dispersion and ensuring uniform distribution of all
the rubber stock components; they improve the com-
patibility of fillers with the polymeric matrix and con-
trol interphase interactions at phase boundaries [1, 2].
Higher fatty acids and their salts are traditional ingre-
dients of rubber stocks exhibiting, along with the cap-
ability to affect the colloidal-chemical characteristics
of the system, also the properties of structural plasti-
cizers [2]. Active search for new, more effective sur-
factants and for optimal conditions of their introduc-
tion is being continued, together with studies con-
cerned with the mechanism of the effect of surfactants
on the rheological characteristics of rubber stocks,
vulcanization rate, and physicomechanical parameters
of the vulcanizates. Published data on the effect of
unsaturated fatty acids on the density of the structural
network and vulcanization characteristics show that
surfactants exert a polyfunctional effect and can affect
selectively and directionally the properties of elasto-
mers [3, 4].

It is known that combinations of different surfac-
tants can exhibit enhanced performance in complex
multicomponent systems [4, 5]. For example, the syn-
ergistic effect has been revealed in studies of crystal-
lization of isoprene rubber in the presence of a mix-
ture of saturated and unsaturated fatty acids [6]. This
opens up wide opportunities for formulating rubber
stocks. In this context, the use of surfactant mixtures
as process additives with a wide spectrum of activity
is of scientific and applied interest.

In this study, we analyzed how mixtures of satu-
rated and unsaturated fatty acids affect the interphase
properties, vulcanization parameters, and physico-
mechanical parameters of vulcanized rubbers. We
chose saturated stearic (St) and unsaturated oleic (Ol)
acids, which are widely used in rubber and tire indus-
try as activators of vulcanization of rubber stocks.

EXPERIMENTAL

Experiments were performed with isoprene (SKI-3)
and butadiene�styrene (SKMS-30, ARKM-15) rub-
bers. The rubber stocks contained the following addi-
tives (wt parts per 100 wt parts rubber): vulcanizing
system, technical-grade sulfur 2.1 and sulfenamide Ts
1.5; vulcanization activators, zinc oxide 3.0 and fatty
acid 2.0. Samples with surfaces to be studied were
obtained by compacting rubbers and rubber stocks
were pressed at 100�C for 10 min. Rubber stocks
with laboratory rollers and vulcanized in an electric
press at 143�C for 50 min. The vulcanization kinetics
was studied with a Monsanto vibrorheometer at
143�C. The vulcanometric curves were processed ac-
cording to GOST (State Standard) 12 535�84, and
the physicomechanical properties of rubber stocks and
their vulcanizates were evaluated according to GOST
270�75.

The surface tension � of higher fatty acids and their
mixtures was determined by the Wilhelmi plate meth-
od in a temperature-controlled cell. The temperature
was varied from 25 to 80�C; the accuracy of the meth-
od was 0.3%. The contact angles � were determined
by the sedentary drop method with a KM-8 cathetom-
eter modified with an ocular micrometer. The surface
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free energy (SFE) �s of rubber and vulcanizate samples
and its polar, �s

p, and dispersion, �s
d, constituents were

determined using the Fowkes plots [7], from the con-
tact angles with the surface wetted with test liquids
at 25�1�C. As test liquids we used water, dimethyl-
formamide, dimethyl sulfoxide, glycerol, and �-bro-
monaphthalene, which were freshly distilled and puri-
fied by appropriate procedures.

The ability of surfactants to be involved in inter-
phase interaction can be quantitatively characterized
by the surface free energy; for equilibrium liquids, it
is equal to the surface tension. We measured the sur-
face tension of Ol, St, and their mixtures of definite
compositions at 60, 70, and 80�C.

At any of the examined temperatures, the composi-
tion dependences of the surface tension pass through
a minimum at 40 wt % St and 60 wt % Ol (Fig. 1).
As the temperature is raised, the minimum shifts to-
ward lower surface tensions, with the deepest min-
imum being observed at 80�C. These data reveal a
synergistic effect: At definite acid ratios, the surface
tension of a mixture of acids is appreciably lower than
that of the acids taken separately. The temperature
dependence of � is linear for both individual acids and
their mixtures, which is, on the whole, consistent with
published data [8].

According to Fainerman et al. [9], there is a corre-
lation between � of a substance and its surface activity
at interfaces. Therefore, it can be expected that a mix-
ture of Ol and St in a weight ratio of 60 : 40 will affect
the interfacial characteristics of rubber stocks more ef-
ficiently. The fact that the minimum of � becomes
deeper with increasing temperature suggests the hydro-
phobic nature of intermolecular interactions in the sys-
tem Ol�St, since it is well known that hydrophobic in-
teractions become stronger with increasing temperature
[10]. Apparently, at certain ratio of the acids, St mole-
cules form surface-active associates in the medium
of Ol. We examined the effect of St additions (up to
1 wt %) on � of Ol. Experimental data (Fig. 2) show
that � of Ol decreases in the presence of St, suggesting
participation of St molecules in formation of boundary
layers.

Wetting, as the most important surface phenomen-
on occurring at the boundary of three phases, plays
an important role in preparation of polymeric compo-
sites. In this study, we examined the wetting power of
Ol relative to various surfaces and the effect of St
additions on the contact angle. As models we chose
glass for hydrophilic surface and Teflon for hydro-
phobic surface. Addition of St to Ol (up to 1 wt %)
results in virtually complete spill on the polar surface

Fig. 1. Surface tension � vs. the content of stearic acid
cSt in its mixture with oleic acid. Temperature, �C: (1) 60,
(2) 70, and (3) 80.

Fig. 2. Influence of the concentration of stearic acid, cSt,
on the surface tension � of oleic acid.

Fig. 3. Isotherms of wetting of various surfaces with oleic
acid containing stearic acid. Surface: (a) (1) glass and
(2) Teflon; (b) rubber: (1) isoprene, (2) butadiene�styrene,
(3) isoprene with the vulcanizing system, and (4) buta-
diene�styrene with the vulcanizing system.

(Fig. 3a, curve 1), which, according to the Young
equation, may be due to a decrease in � of a liquid upon
adsorption of a surfactant on the liquid�air interface.

In experiments on wetting of a nonpolar Teflon
surface (Fig. 3a, curve 2), additions of St to Ol in-
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Table 1. Surface energy characteristics and physicomechanical properties of rubbers and their vulcanizates*

������������������������������������������������������������������������������������
Parameter � SKI-3 � SKI-3 + VS � SKMS-30 ARKM-15 � ARKM-15 SKMS-30 + VS

������������������������������������������������������������������������������������
�s � 103, N m�1 � 30.50 � 27.56 � 31.25 � 29.66� � � �
�s

p
� 103, N m�1 � 0.25 � 1.56 � 1.00 � 1.50� � � �

�s
d
� 103, N m�1 � 30.25 � 26.00 � 30.25 � 28.16� � � �

�, MPa � 1.6 � 10�3 � 1.5 � 10�3 � 7.7 � 10�2 � 7.2 � 10�2� � � �
L, % � 225 � 240 � 740 � 510
������������������������������������������������������������������������������������

� SKMS-30 ARKM-15 � SKMS-30 ARKM-15 � SKMS-30 ARKM-15

Parameter
� + VS + VA (St) � + VS + VA(Ol) � + VS + VA (Ol + St)
�����������������������������������������������������������������������
� 1** � 2** � 1** � 2** � 1** � 2**

������������������������������������������������������������������������������������
�s � 103, N m�1 � 34.64 � 38.81 � 32.00 � 37.70 � 37.61 � 41.49� � � � � �
�s

p
� 103, N m�1 � 1.00 � 4.00 � 3.50 � 3.06 � 6.25 � 9.00� � � � � �

�s
d
� 103, N m�1 � 33.64 � 34.81 � 28.50 � 34.84 � 31.36 � 32.49� � � � � �

�, MPa � 1.10 � 10�1 � 1.1 � 7.3 � 10�2 � 1.1 � 1.1 � 10�1 � 1.0� � � � � �
L, % � 540 � 230 � 660 � 255 � 460 � 140
������������������������������������������������������������������������������������

* (VS) Vulcanizing system, (VA) vulcanization activators, (�) nominal tensile strength, and (L) relative elongation.
** (1) Crude and (2) vulcanized rubber stocks.

crease cos� to a greater extent; the wetting power of
the liquid grows owing to adsorption of St on the
Ol�solid interface. Thus, studies of wetting give an
estimate of the intensity of adhesion interaction of
fatty acids with surfaces of various polarities.

One of our goals was to study the specific features
of interaction of Ol, St, and their mixtures with rub-
bers and ingredients of rubber stocks. We studied
wetting of the surface of the rubbers tested with Ol
containing additions of St.

Figure 3b shows that isoprene rubber is wetted with
Ol better than does butadiene�styrene rubber. Addi-
tion of 0.125 to 0.5 wt % St sharply decreases the
wetting. Probably, the effect of St adsorption at the
rubber�Ol interface prevails in this concentration
range; intense interactions of the molecules with the
surface make the surface oleophilic. Further increase
in the concentration of stearic acid results in stronger
spill owing to prevailing adsorption of St at the Ol�air
interface. Furthermore, chemisorption of St on the
rubber surface cannot be ruled out.

With rubber containing vulcanizing agents, the
results were, on the whole, similar to those obtained
with pure rubber. The minimum in the curve of �
vs. cSt shifted somewhat (Fig. 3b). In the presence of
vulcanizing agents, the amount of active centers on
the surface increases, which results in the growth of
the polar constituent of SFE. This, apparently, compli-

cates adsorption of St at the interface, and cos� de-
creases to a lesser extent.

The surface and interfacial phenomena in polymer-
ic composites largely determine their performance.
The structural features of polymer macromolecules
affect the formation of boundary layers and the inter-
molecular interactions leading to conformational trans-
formations at phase boundaries [11]. One of the main
parameters of polymer surfaces, attracting researchers’
attention, is the surface free energy, often considered
a response function of interactions in the system.

We determined SFE and its constituents for iso-
prene and butadiene�styrene rubbers and various vul-
canizates based on them (Table 1).

Experiments showed that, as expected, the surface
of rubbers is characterized by low energy with small
polar constituent, which is somewhat higher for buta-
diene�styrene rubber. This is associated with the
structural features of its macromolecule, apparently
exhibiting an appreciable dipole moment and asym-
metry. The susceptibility of the rubbers to surface
oxidation may also vary. Addition of vulcanizing
agents increases the polar constituent owing to the
appearance of surface polar groups. These may be
sulfur-containing groups or fragments of sulfur parti-
cles insufficiently well dispersed in the rubber. On
the whole, however, SFE somewhat decreases, which
may be due to disordering of the boundary layer.
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Addition of vulcanization activators considerably
increases SFE. Comparative analysis shows that, in
the presence of stearic acid, the major contribution to
the growth of SFE is made by the dispersion constitu-
ent, and in the presence of Ol, by the polar constitu-
ent. This fact points to specific participation of sur-
factants in the formation of the boundary layer. On
the whole, the increase in SFE indicates that the ar-
rangement of macromolecules in the boundary layers
becomes more ordered, which may be due to signifi-
cant role of surfactants in homogenization of the sys-
tem and more uniform distribution of the ingredients.
The highest values of SFE were obtained for the rub-
ber stock containing a synergistic mixture of surfac-
tants; in this case, the contribution of the polar con-
stituent of SFE is high, suggesting increased role of
polar interactions in the surface layer of the elasto-
mers. The mechanism responsible for the increase in
SFE and its polar constituent requires further study;
apparently, energy barriers at boundaries of phases
with different polarities become lower, strong adhe-
sion couples are formed, and formation of a three-di-
mensional structure is facilitated. Vulcanization of rub-
bers increases SFE owing to restriction of the macro-
molecule mobility upon formation of a cross-linked
structure and to partial oxidation of the surface. In vul-
canized rubbers, the trends in the dependence of SFE
on the kind of surfactant are preserved. The highest
SFE is observed in the sample containing a mixture of
Ol and St; in this sample, �s

p is also high. Our results
show that the synergistic mixture of surfactants exhi-
biting the minimal surface tension shows the highest
activity at phase boundaries.

The interfacial surface energy affects the deforma-
tion and failure of solids. The correlation between
the mechanical strength of polymeric materials and
SFE was repeatedly noted by Lipatov [11].

In this study, we also revealed a correlation between
SFE and strength characteristics of crude unfilled rub-
ber stocks. The nominal tensile strength of butadiene�
styrene rubber decreases somewhat upon introduction
of sulfur and sulfenamide Ts, which correlates with
SFE of the same systems (Table 1). When vulcaniza-
tion activators are added along with the vulcanizing
system, the strength of crude rubber stocks grows;
this trend is the most pronounced when Ol and St are
taken simultaneously in the optimal ratio. The strength
characteristics of vulcanized rubbers are independent
of a fatty acid used; their parameters are virtually sim-
ilar. However, the mixture of surfactants appreciably
affects the relative elongation of both crude stocks
and vulcanized rubbers.

Table 2. Vulcanization characteristics of unfilled vulcanized
rubbers based on butadiene�styrene rubber*

����������������������������������������

Acid
� ML � Mmax � ts � ts (90) � Rv ,�����������������������������
� N m � min � min�1

����������������������������������������
St � 5.8 � 31.6 � 20.0 � 36.5 � 6.1
Ol � 4.6 � 33.4 � 17.5 � 37.8 � 4.9
Ol + St � 4.6 � 33.9 � 13.5 � 30.1 � 6.0
����������������������������������������
* (ML , Mmax) Minimal and maximal torque, respectively;

(ts, ts (90) ) time of vulcanization onset and optimal vulcani-
zation time; (Rv ) vulcanization rate.

For unfilled stocks based on butadiene�styrene
rubber, the time of vulcanization onset and the opti-
mal vulcanization time are shorter with a synergistic
mixture of Ol and St than with each of these acids
taken separately (Table 2), i.e., this mixture of surfac-
tants accelerates vulcanization. This allows the power
consumption for preparation of rubber stocks to be
reduced. Similar results have been obtained previously
for filled rubbers [12].

It has also been found previously that a mixture of
Ol and St exerts a synergistic effect on the rheological
and dynamic properties of filled rubbers based on
SKMS-30 ARKM-15 rubber. It was found that the
viscosity of the rubbers and endurance of the vulcani-
zates as functions of the composition of the fatty acid
mixture pass through a minimum and a maximum,
respectively [12]; their position corresponds to the
composition at which the surface tension of the acid
mixture passes through a minimum: 60 wt % Ol and
40 wt % St.

Our studies confirm that the synergistic effect of
mixtures of saturated and unsaturated fatty acids,
mainfested in vulcanization and physicomechanical
properties of rubbers, is due to interfacial properties
of these acids and specific features of intermolecular
interaction.

CONCLUSIONS

(1) Measurements of the surface tension of mix-
tures of oleic and stearic acids as a function of their
ratio revealed a minimum at a weight ratio of 60 : 40,
which becomes deeper with increasing temperature.

(2) Experiments on wetting of the surfaces of glass,
Teflon, isoprene rubber, and butadiene�styrene rubber
with oleic acid containing additions of stearic acid
showed that stearic acid is involved in formation of
the boundary layer at the rubber�oleic acid interface.
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(3) The surface free energy and its constituents
were calculated for rubbers, unfilled rubber stocks,
and vulcanizates prepared using oleic acid, stearic
acid, or their synergistic mixture. An increase in the
surface free energy is due to the predominant contri-
bution of the polar constituent, which is the most pro-
nounced for rubbers prepared with the synergistic acid
mixture.

(4) The correlation revealed between the vulcani-
zation and physicomechanical properties of unfilled
rubber stocks and vulcanized rubbers, on the one hand,
and the interfacial properties, on the other, opens up
prospects for improving the efficiency of various pro-
cesses in production and use of rubber items.
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Abstract�A method for obtaining NaA zeolite by mechanochemical activation of a raw material is proposed.
The method produces no wastewater in the course of zeolite synthesis.

It is known that synthesis of zeolites by their pre-
cipitation from solutions leads to formation of a con-
siderable amount of wastewater [1]. Therefore, devel-
opment of new methods for production of zeolites is
a promising direction of research in the field of syn-
thesis of these compounds.

In the present study, it is proposed to synthesize
a NaA zeolite by mechanochemical treatment of raw
materials, which yields the product without any li-
quid-phase products.

EXPERIMENTAL

To carry out mechanochemical synthesis under
�mild� conditions [2, 3], it is preferable to use com-
pounds containing constitution water. This is the
reason why aluminum hydroxide Al(OH)3 (hydrargil-
lite), sodium silicate Na2SiO3 � 6H2O and silica gel
SiO2 � nH2O with n = 0.875 were chosen as raw ma-
terial. The component ratio corresponds to the stoi-
chiometry of the reaction producing NaA zeolite:

6(Na2SiO3 � 6H2O) + 12Al(OH)3 + 6(SiO2 � 0.875H2O)

= 6Na2O � 6Al2O3 � 12SiO2 � 59.25H2O.

The synthesis was performed in a VM-4 roller vib-
rating mill with impact-shear loading, vibration fre-
quency of 930 min�1, and energy load of 5.4 kW kg�1,
in the course of 30 min. Then a sample obtained was
calcined at 450�C for 4 h. The resulting zeolite was
identified by comparing its characteristics with pub-
lished data [1] and parameters of a commercial NaA
zeolite [TU (Technical Specifications) 38-83-047�88].
An X-ray phase analysis was made on a DRON-3M
diffractometer with CuK

�

radiation, and a differen-
tial-thermal analysis, on a Q-1500D derivatograph
(Hungary) in air at sample heating rate of 5 deg min�1.

IR spectra of samples compacted with KBr in 5% dilu-
tion were measured on a Nicolet AVATAR 360 FT-IR
IR spectrometer in the 400�1250 cm�1 spectral range.

As shown by the experimental data obtained (Fig. 1),
the X-ray diffraction pattern of the starting mixture
used to synthesize the A zeolite contains diffraction
peaks of hydrargillite and sodium silicate. After dis-
pergation of the mixture for 30 min the reflections as-
sociated with sodium silicate disappear, and the inten-
sity of reflections corresponding to hydrargillite de-
creases substantially (by approximately a factor of 3).
New peaks appear at diffraction angles 2� 14.0�,
24.3�, 34.4�, 42.7�, and 52.0�. Comparison of the
X-ray diffraction pattern with published data suggests

Fig. 1. X-ray diffraction patterns (CuK
�

radiation) of mix-
tures used to synthesize NaA zeolite. (2�) Bragg angle.
HG stands for hydrargillite, and SS, for sodium silicate.
Time of dispergation (min): (a) 0 and (b) 30; (c) calcined
sample.
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Fig. 2. IR absorption spectra of (1) NaA zeolite produced
by mechanochemical synthesis and (2) commercial NaA
sample. (I) Absorption intensity and (�) frequency.

that the NaA zeolite is formed already in the course
of mechanochemical synthesis, and calcination com-
pletes the formation of its crystal lattice.

X-ray diffraction data are confirmed by the results
obtained from IR spectra. The spectrum of a sample
synthesized in this study is similar to that of the com-
mercial zeolite (Fig. 2), with only minor differences
observed. For example, the bands in the spectrum of
the synthesized zeolite are shifted to lower frequency,
with their intensity decreasing, relative to the bands
in the spectrum of the commercial sample. These dif-
ferences are accounted for by the fact that the sample
synthesized in this study contains a greater number of
crystal structure defects. This is also confirmed by
X-ray diffraction data, the diffraction peaks of the
synthesized sample have relatively low intensity and
large width (Fig. 1c), which is characteristic of poorly
crystallized samples [4, 5].

The use of mechanochemical synthesis makes it
possible to eliminate the stage of activation of zeo-

lites to improve their reactivity [5], since their crystal
structure changes already in the course of synthesis.

The presence of structural defects in the NaA zeo-
lite synthesized in this study is also indicated by the
fact that this sample is less thermally stable than com-
mercial zeolite. The first exothermic peak (590�C)
corresponds to disintegration of crystalline zeolite to
the amorphous state, and the second peak at around
700�C indicates recrystallization to yield a new phase,
which is of the �-crystobalite type in the given case
[1]. For commercial zeolite, these temperatures are
higher: 700 and 800�C, respectively.

CONCLUSION

The possibility of mechanochemical synthesis of
NaA zeolite from hydrated aluminum and silicon ox-
ides and sodium silicate is established. The sample
synthesized by this method has defective crystal struc-
ture. Use of this synthesis technique eliminates for-
mation of a liquid phase.
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Abstract�The specific surface area of a number of natural aluminosilicates was determined by the methods
of thermal desorption of argon and limiting sorption of Methylene Blue. The correlation between the results
obtained using these two techniques was discussed.

In view of the undertaken studies of the sorption
properties of mineral components of soils, the spe-
cific surface area and exchange capacity of a number
of minerals were analyzed. It was necessary to con-
sider the correlation between the results obtained in
determining the specific surface area by the common-
ly accepted methods of thermal desorption of argon
[1�3] and limiting sorption of Methylene Blue (MB)
[4]. Natural aluminosilicates commonly occurring
in northwestern Russia: kaolinite Al4(OH)8[Si4O10],
Cambrian blue clay K2Al4[Al2Si6O20](OH,F)4, albite
Na[AlSi3O8], oligoclase (Na0.9Ca0.1)[Al1.1Si2.9O8], and
microcline K[AlSi3O8], were chosen for the study.

Mineral samples were ground and sieved into frac-
tions with different particle sizes. The specific surface
area of the minerals was determined by gas chroma-
tography by the method of thermal desorption of ar-
gon [1�3] and from MB sorption from solution [4].
According to the latter technique, a 0.5�2-g portion
of air-dried mineral powder passed through a sieve
with 0.1�0.4-mm mesh was placed in a 100-cm3 con-
ical vessel. A 20�50-ml portion of a 10�2�10�3 N so-
lution of MB was introduced with a pipette. Then
the contents of the vessel were shaken and the result-
ing suspension was allowed to stay for 12�14 h.

The dyed suspension was twice filtered through
�blue ribbon� filter. First portions of the filtrate
(�10 ml) were discarded because of the sorption of MB
on the filter. Pipette was used to take 1-ml samples of
the filtrate and the initial MB solution. The aliquots
were diluted with water to 100 ml. An SF-46 spec-
trophotometer was used to measure the optical density
of an MB solution under study and of the initial MB

solution at a wavelength of 665 nm. The MB concen-
tration in the filtrate was calculated using the formula

cf = cin(Df / Din).

The exchange capacity E was calculated (with ac-
curacy of 0.1 mg-equiv kg�1) by the formula

E = ����
�cV � 103

m
, (1)

where �c is the difference of the concentrations of the
initial MB solution and that under study (equiv l�1),
V is the amount of the initial solution (cm3), and m is
the mass of a mineral sample (g).

The exchange capacity of the minerals studied was
used to calculate the specific surface area. The land-
ing area of a single MB cation is 95.6 �2 according
to X-ray diffraction analysis [4]. If it is assumed that
the limiting sorbed amount of MB corresponds to
a monomolecular layer of the dye on faces of layered
minerals, then the specific surface of these minerals,
Ssp (m2 g�1) can be calculated using the formula

Ssp = 10�6 E NAW0, (2)

where E is the exchange capacity of a mineral for MB
(mg-equiv kg�1), NA is the Avogadro number, and
W0 is the area occupied by an MB cation.

The results of determinations are listed in the table.
As determination error is given the reproducibility of
the values obtained.

The measurement results suggest the following.
With the average particle diameter decreasing by
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Specific surface area Ssp and exchange capacity E of minerals
������������������������������������������������������������������������������������

� � � Ssp, m2 g�1

� � ��������������������������������������Mineral � Grain size, mm � E, mg-equiv kg�1 �
� � � from argon desorption � from MB adsorption

������������������������������������������������������������������������������������
Kaolinite � �0.04 � 9.1 � 0.2 � 1.80 � 0.05 � 5.2 � 0.1

� �0.4 � 0.16 � � � 0.97 � 0.03 � �

Cambrian blue clay � �0.16 � 10.3 � 0.1 � � � 5.86 � 0.06
Oligoclase � �0.04 � � � 0.80 � 0.05 � �

� 0.4 � 0.16 � 0.14 � 0.02 � 0.17 � 0.01 � 0.08 � 0.01
Albite � �0.04 � � � 0.67 � 0.01 � �

� 0.4 � 0.16 � 0.22 � 0.02 � 0.20 � 0.01 � 0.13 � 0.01
Microcline � �0.04 � � � 0.67 � 0.01 � �

� 0.4 � 0.16 � 0.36 � 0.02 � 0.21 � 0.01 � 0.21 � 0.01
������������������������������������������������������������������������������������

an order of magnitude (from �0.4-mm to �0.04-mm
fraction), the specific surface area increases by a fac-
tor of 2�4. In this case, the least pronounced rise in
the surface area (by approximately a factor of 2) is ob-
served for kaolinite containing no cations of alkali and
alkaline-earth metals. In feldspars (oligoclase, albite,
and microcline), the rise in the surface area is by a fac-
tor of 3�4, being the most pronounced for oligoclase
containing calcium cations in the outer sphere. The
varying rise in the surface area of the minerals upon
grinding can be understood in terms of the hydration
energies of the outer-sphere cations. The enthalpies
of hydration were calculated from the data of [5] to
be (kJ mol�1) �767 for K+, �851 for Na+, and �2455
for Ca2+. The stronger the exothermic effect of hydra-
tion of cations, the more pronounced their leaching
from the surface layer of the crystals into solution,
which favors the development of porosity. It should
be noted that kaolinite and feldspars also have dif-
ferent surface microprofiles. The surface microprofile
is determined by cleavage microcracks in kaolinite
and by step-like cleavages in spars [6].

In spars, the Ssp values obtained by thermal desorp-
tion of argon, as a rule, exceed those found from MB
sorption (except in the case of microcline), with this
difference correlated with the magnitude of the exo-
thermic effect of hydration of outer-sphere cations in
the order microcline < albite < oligoclase. Correspond-
ingly, in albite and, especially, oligoclase, separate
fragments of the surface microprofile become inacces-
sible to large MB molecules. The landing areas for ar-
gon and MB are, respectively, 15.7 [7] and 95.6 �2

[4]. This can account for the difference between two
Ssp values obtained by two independent techniques.

However, the Ssp value obtained for kaolinite with
MB exceeds by nearly a factor of 3 that determined
from thermal adsorption of argon. The reason is that
the adsorption of the dye from an aqueous solution

was studied after agitation of phases for many hours.
As a result, kaolinite particles and clays were addi-
tionally dispersed to form a fine difficultly filterable
suspension. In the given case, the Ssp values found
from MB adsorption correspond to a finely dispersed
aqueous suspension of the mineral, rather than to its
sieve fraction taken for the experiment.

It may be concluded that, to evaluate the sorption
capacity of minerals for metal cations, it is advisable
to use the method of thermal desorption of argon, since
the landing areas for argon and metal cations are close.
Previously, the results obtained in studying the iso-
therms of sorption of Sr(II) cations on clay have been
reported [8]. The limiting sorption of Sr(II) from an
aqueous solution, i.e., the sorption capacity of the clay
for Sr(II) cations, was found to be 68 mg-equiv kg�1.
The sorption of Sr(II) was studied under the condi-
tions identical to those for MB sorption on the same
clay sample. Consequently, the Ssp of the clay can be
taken to be 5.86 m2 g�1 (see table). Hence the landing
area for Sr(II) cations, calculated by the formula

Sm = ���
Ssp

�
�

NA
,

where �
�

is the limiting sorption (mol kg�1), equal to
28.6 � 10�20 m2. This value corresponds to a cross-
section of a hydrated cation, Sraq

2+ = 30.0 � 10�20 m2,
calculated from the Stokes radius of 309 pm. Thus,
in studying the sorption from aqueous solutions, it is
better to characterize minerals dispersed in the course
of phase convection by the sorption of MB.

The capacity of the clay for strontium cations is
6.6 times that for MB. The presumable reason is that
not all exchange groups are involved in sorption of
large molecules of the dye. The landing area for Sr(II)
cations is smaller by a factor of 3.2, with the capac-
ity being correspondingly higher. However, to ac-
count for the observed capacity of the clay for Sr(II),
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an assumption should also be made that the capacity
is proportional to the cation charge, which leads, in
the case in question, to an additional increase in ca-
pacity by a factor of 2. Thus, the exchange capacity of
the minerals is proportional to the ratio of the charge
of a cation being sorbed to its landing area, which can
be calculated from the Stokes radius. In accordance
with the aforesaid, the capacity of the clay for Sr(II)
cations must higher by a factor of 3.2 � 2 = 6.4 than
that for MB, with the corresponding experimental
value equal to 6.6.

CONCLUSIONS

(1) It is advisable to use for determining the spec-
ific surface area of minerals the method of thermal
desorption of argon. However, in studying sorption
of cations from solution on minerals dispersed in con-
vection, the surface areas obtained from the limiting
sorption of Methylene Blue under the identical condi-
tions should be used.

(2) The exchange capacity of the minerals is pro-
portional to the ratio between the charge of a cation
being sorbed and its landing area corresponding to
the Stokes radius.
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Abstract�The composition and properties of mother liquor from production of F4D fluoroplastic were
studied. Nickel�fluoroplastic cathodic and aluminum oxide-fluoroplastic anodic composite coatings were
prepared. Aluminum oxide�fluoroplastic composite coatings were obtained by thermal treatment of aluminum
oxide coatings impregnated with the mother liquor.

The mother liquor (ML) from production of emul-
sion fluoroplastic is presently discharged into in-
dustrial wastewater. In order to improve the environ-
mental situation, decrease the load on sewage plants,
and reduce the price of the target product, we studied
the possibility of utilizing mother liquors in produc-
tion of composite coatings.

EXPERIMENTAL

In our experiments, we used mother liquors from
production of F4D fluoroplastic. These mother liquors
containing valuable components are discharged in
large amounts into industrial wastewater.

The mother liquor is a suspension of polytetrafluoro-
ethylene (PTFE) particles with density of 1.21 g cm�3,
viscosity of 1.034�1.069 cSt and pH 0.45�3.9. The
nephelometrically determined size of polytetrafluoro-
ethylene particles [1] is 116�124 nm. Upon neutral-
ization of this suspension with alkali to pH 8, the
fraction of the coarsest particles decreases by more
than 30% and their anionic electrophoretic activity
decreases. This fact shows that neutralized ML sus-
pensions can be used for preparation of cathodic com-
posite coatings (CCPs).

The curve of potentiometric titration of the mother
liquor with aqueous alkali has four inflection points
presumably corresponding to successive neutralization
of perfluoropelargonic, perfluoroenanthic, and dibasic
succinic acids [2].

A chromatographic-mass spectrometric analysis
showed [3] that the mother liquor contains paraffins,

used as a latex stabilizer in production of PTFE, and
amino and fluoro derivatives, used as PTFE emulsi-
fiers.

The surface-active properties of PTFE particles
suspended in the ML were characterized by electro-
capillary curves obtained with a mercury dropping
electrode. Plots of the surface tension on the mer-
cury dropping electrode in the Na2SO4 + ML (F4D)
mixture against the polarization voltage are given in
Fig. 1 [4]. These curves show that nonionic fluoro-
plastic particles contained in the mother liquor are
specifically sorbed on mercury at both the anodic and
cathodic polarization. With increasing ML content in
the Na2SO4 (0.1 M) + ML (F4D) mixture, the electro-
capillary maximum is not shifted. These results show

Fig. 1. Electrocapillary curves for PTFE particles in a 0.1 M
Na2SO4 + ML (F4D) suspension. (�) Surface tension and
(E) voltage. ML (F4D), ml l�1: (1) 4.04, (2) 8.72, and
(3) 18.52.
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that PTFE particles can be sorbed on both positively
and negatively charged surfaces.

To elucidate whether the PTFE particles can be
sorbed on both anodically and cathodically polarized
electrodes, we determined their electrophoretic mo-
bility and the electrokinetic potential �. Figure 2
shows that PTFE particles have positive � potential
and its value is somewhat larger at anodic polarization
than at cathodic polarization. This means that the an-
ionic contribution to the electrophoretic activity of
the PTFE particles predominates. This may be due to
the fact that PTFE macromolecules, owing to their
helical conformation, form a cylindrical structure
with an external shell containing electronegative fluo-
rine atoms. Owing to high electrophoretic mobility
of the PTFE particles, their electrodeposition must be
rather fast. Thus, the mother liquors can be used for
preparation of anodic composite coatings.

In order to obtain cathodic composite coatings,
the negatively charged PTFE particles should be
recharged to impart to them a fractional positive
charge. Such recharging was performed by introducing
a surfactant (SURF) [ammonium perfluoroenanthate
(4 g l�1)] into the MLF4D) suspension [5].

Figure 2 shows that the negative �-potential and
the corresponding electrophoretic mobility are at a
maximum within the first 10 min of electromigration.
In further electromigration, these parameters gradually
decrease, and, after 1 h, the electrophoretic mobility
decreases by a factor of 4 as compared with its max-
imal value. Therefore, the optimal time for preparation
of the cathodic composite coatings is 15�20 min.
Upon longer exposure, the initially formed composite
coating is covered with a metallic film.

In the first experiments, composite cathodic coat-
ings were obtained on a 08 kp nickel-plated steel elec-
trode with surface area of 1 dm2. The nickel-plating
was carried out from a standard nickel-plating elec-
trolyte-PTFE suspension. In these experiments, semi-
lustrous and dull light gray coatings uniformly in-
crusted with fluoroplastic particles were obtained.
We found that, irrespective of the nature and concen-
tration of surfactant and the PTFE content, the current
efficiency by nickel, evaluated by the method reported
in [6], first reaches a maximum (70�99%) within the
current density range 2�3 A dm�2 and then decreases.

The amount of PTFE incorporated into a compos-
ite coating grows with increasing PTFE content in
the suspension and exhibits a complicated dependence
on the surfactant concentration [5].

Fig. 2. �-potential of ML (F4D) suspension (1 : 300) vs.
the electrophoresis time � at E = 95 V.

In further experiments, the cathodic nickel-plating
was performed from a standard nickel-plating elec-
trolyte modified by adding a mother liquor contain-
ing PTFE particles with sorbed surfactant molecules.
The optimal current densities were determined in
a Hull cell on the basis of such coating characteristics
as luster, peeling, and presence of uncoated areas.

Composite nickel�PTFE coatings were prepared in
a Moler cell at current density of 0.5�7.7 A dm�2

and plating time of 20 min from various nickel-plating
solutions whose compositions are listed in the table.

With electrolyte no.1, the current efficiency in-
creases from 55.8 to 97.8% within the current density
range 0.5�2 A dm�2 and gradually decreases to 90.5%
at higher current densities. With nickel electrolyte
no. 2 and no. 1 + ML (10 vol %) and no. 2 + ML
(10 vol %), the current efficiency is lower than that
with electrolyte no. 1 by 14.6�36.4%, and a sharp
decrease in the current efficiency occurs already at
a current density of 4 A dm�2.

With electrolyte no. 3, the current efficiency is
98.5�99.0 within the current density range 1�6 A dm�2.
Introduction of ML (100 ml l�1) into this electrolyte
expands the current density range in which the highest
current efficiency (79.4%) is observed to higher cur-

Compositions of nickel-plating electrolytes
����������������������������������������

Electrolyte
� Component concentration, g l�1

�������������������������
component

� no. 1 � no. 2 � no. 3
����������������������������������������
NiCl2 �6H2O � � � 50 � 250
NiSO4 �7H2O � 200 � 300 � �

H3BO3 � 30 � 30 � 30
NH4Cl � � � � � 50
C6H4�SO2�CO�NH � 1 � 1 � 1
����������������������������������������
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Fig. 3. Nickel + PTFE current efficiency CE vs. current
density i in plating composite Ni�PTFE coatings from
electrolyte no. 5 + 100 ml l�1 ML (F4D) at pH 2.8.

rent densities. As in the above experiments, the coat-
ings formed under these conditions have uniform light
gray semilustrous surface.

Figure 3 shows that, on addition of ML to nickel
electrolyte no. 3 in amount of 100 ml l�1, the current
efficiency grows from 76.1 to 78.9% with the current
density increasing from 2 to 7.7 A dm�2.

The sign and value of the stretching stress in the
composite coatings were determined [7]. We found
that the internal stress in the coatings obtained from
the nickel electrolyte is compressive and grows on
adding ML. Therefore, crack formation in these coat-
ings is unlikely.

The mother liquor was also added to electrolyte in
aluminum anodic oxidation to obtain an aluminum
oxide film on the surface of metallic aluminum. An-
odic oxidation was performed in concentrated ML
containing citric and oxalic acids. Within the current
density range 10�50 A dm�2, uniform gray coatings
including visible incorporated PTFE particles were
obtained on the surface of AD 32 aluminum.

Composite coatings with similar characteristics
were obtained by thermal treatment of an aluminum
oxide coating preliminarily impregnated with the
mother liquor. In these experiments, uniform gray
coatings with PTFE particles incorporated into alu-
minum oxide pores were obtained.

CONCLUSIONS

(1) The composition and properties of the mother
liquor from F4D fluoroplastic production were stud-
ied; it was found that polytetrafluoroethylene parti-
cles contained in the mother liquor are adsorbed un-
der both anodic and cathodic polarization.

(2) Polytetrafluoroethylene particles exhibit high
electrophoretic mobility.

(3) Cathodic nickel�polytetrafluoroethylene coat-
ings were obtained after recharging the surface of in-
itial polytetrafluoroethylene particles with a surfac-
tant. Aluminum oxide�polytetrafluoroethylene coat-
ings were obtained on the surface of metallic alumi-
num both by anodic oxidation of aluminum in the
mother liquor without recharging of polytetrafluoro-
ethylene particles and by thermal treatment of the
aluminum oxide coatings preliminarily impregnated
with the mother liquor.
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Boris Veniaminovich Gidaspov
(To 70th Anniversary of His Birthday)

On April 16, 2003, Boris Veniaminovich Gidaspov,
a corresponding member of the Russian Academy of
Sciences and an outstanding scientist in the field of
chemistry and technology of nitrogen-containing or-
ganic compounds, will be 70.

In 1955, B.V. Gidaspov graduated from Kuibyshev
Industrial Institute and was left there as an assistant at
the chair of explosives.

In 1954, he developed, when being a 5th-year stu-
dent, an original technology for obtaining trinitroben-
zene (industrial manufacture started in 1970), and later,
in 1956, a technology for production of sodium azide
from hydrazine.

In 1959, Gidaspov became a postgraduate student
at Lensovet Technological Institute in Leningrad and,
having successfully backed hid dissertation, worked
at this institute from 1961 till 1977 to make a career
from junior research worker to head of chair, dean of
the special department of chemical engineering, and
chief designer of Tekhnolog Special Designing Office.
Gidaspov’s outstanding organizational talent, initia-
tive, and persistence favored the intensive develop-
ment of research carried out by the Special Designing
Office in the field of new technology.

The basic principle constituting the foundation of
Tekhnolog Special Designing Office is the opportu-
nity, for creative groups, to work freely beyond the
limits of the administrative-command system, and,
therefore, the Designing Office conforms to all re-
quirements of the market economy and successfully
operates at the present time.

Gidaspov is a leading scientist in the field of en-
ergy-intensive compounds.

He has carried out extensive studies aimed at de-
veloping new methods for synthesis of nitro- and
polynitrocompounds of the aliphatic, aromatic, and
heterocyclic series and polynitrous compounds of the
aliphatic and heterocyclic series, and analyzed their
structure, physicochemical properties, and reactivity.

He has established the mechanism of highly im-
portant chemical reactions of nitroaminoalkylation,
transaminomethylation, N-nitration, and alkylation of
triazoles and tetrazoles.

Foundations of a quantitative theory have been de-
veloped for these and some other reactions, and a gen-
eral approach allowing prognostication of the chem-
ical structure of reaction products and also rates and
constants of equilibrium of reversible processes in re-
lation to the properties of the starting reagents and
characteristics of the reaction medium.

Based on the results of these studies, groups of
researchers, headed by Gidaspov, developed technol-
ogies and created several large-tonnage continuous
highly automated plants satisfying the needs of the
country for special-purpose chemical materials.

For his participation in the development of a new
class of organic compounds and an industrial technol-
ogy for their manufacture, Gidaspov was awarded the
1976 Lenin Prize in science and technology.

From March 1977 till August 1989, Gidaspov was
general director of the Gosudarstvennyi institut pri-
kladnoi khimii (State Institute of Applied Chemistry)
research-and-production association (NPO GIPKh).
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NPO GIPKh has developed under Gidaspov’s su-
pervision new homogeneous fuels for promising power
stations, energy-intensive hydrocarbon fuels, and ox-
idizing agents ensuring the development of new tech-
nology exceeding in basic parameters the world’s best
level. High-output-capacity processes for their manu-
facture and exploitation have been developed and put
into industrial practice. For these works, Gidaspov
was awarded a 1981 State Prize of the USSR in sci-
ence and technology.

From 1977 till 1989, Gidaspov was the scientific
supervisor of most important fields of technical chem-
istry in the national economy and special-purpose
technology.

In 1988�1989, Gidaspov was the chairman of the
board of directors of the Tekhnokhim Interbranch
association, a versatile research-and-production or-
ganization comprising plants and research institutes
of Leningrad and other cities of northwestern Russia,
which was the first country’s organizational structure
that existed beyond the limits of industrial ministries
and integrated plants from various industries (ma-
chinebuilding, instrument-building, petrochemical, fer-
tilizer-producing, etc.) to solve the problem of chem-
icalization of the region.

From 1989 till 1991, Gidaspov was the first sec-
retary of the Leningrad committee of the communist
party of the USSR, secretary of the Central committee
of this party, chairman of the Council for economic-
al cooperation of provinces belonging to the North-
western Region; he became the chairman of the board
of directors of Aviatsionnoe vooruzhenie (Airforce
Armaments) corporation in 1996, president of Inter-
khimprom financial-and-industrial group in 1998, and
chairman of the Coordination council of Azot AKhK
(Nitrogen-Chemical Combine) in 2001.

Gidaspov, a corresponding member of the Russian
Academy of Sciences, developed new forms and meth-
ods for supervision and control of leading research
institutes and plants of chemical industry. In the fun-
damentally changed conditions of management, he
organized the reforming of the scientific and technol-
ogical institutions of the country in order to preserve
the scientific potential for development of chemical
industry.

As the chairman of the board of directors of Avia-
tsionnoe vooruzhenie corporation he implements
innovative technologies of new materials and com-
ponents to develop new types of warfare.

Gidaspov made a major contribution to the coordi-
nation of the work of plants in territorially remote re-
gions and to the development of scientifically substan-

tiated, efficient programs for modernization and re-
newal of facilities for manufacture of mineral fertil-
izers to satisfy the needs of Russia’s agriculture and
to export part of the fertilizers produced.

Gidaspov’s activities in the Interkhimprom Joint-
Stock Company, which are concerned with the devel-
opment of chemical industry and creation of scientif-
ic and technological prerequisites for its successful
operation, planning and coordination of joint research
of scientific institutions, industrial plants, and design-
ing offices, and wide cooperation with foreign com-
panies in manufacture of chemical products, make
an important contribution to strengthening of the na-
tional economy.

Gidaspov’s scientific activities have resulted in
more than 200 publications (including two mono-
graphs) and 250 inventor’s certificates, with many
of his inventions implemented in industry and design
developments.

At present, Gidaspov is Editor-in-chief of Khimi-
cheskaya promyshlennost’ (Chemical Industry) jour-
nal, deputy Editor-in-chief of Zhurnal organicheskoi
khimii (Russian Journal of Organic Chemistry), and
member of Editorial boards of Zhurnal obshchei khi-
mii (Russian Journal of General Chemistry) and Zhur-
nal prikladnoi khimii (Russian Journal of Applied
Chemistry).

Gidaspov has founded a highly productive scientif-
ic school: 55 candidate and 12 doctoral dissertations
have been backed under his supervision, new courses
of lectures have been created, and a number of text-
books and manuals have been written.

Gidaspov was awarded Lenin Order (1983) and
Order of October Revolution (1969) for successful
scientific and technological, organizational, and pe-
dagogical work; Order of Labor Red Banner for his
part in eliminating the consequences of the Chernobyl
disaster (1987); medals; Honored Tester of Space
Technology badge (2003).

Staff members of Prikladnaya Khimiya Russian
Scientific Center, St. Petersburg Publishing House
Nauka of the Russian Academy of Sciences, and
editorial office of Zhurnal prikladnoi khimii heartily
congratulate Boris Veniaminovich Gidaspov on the
jubilee and wish him sound health and further creative
success.

Staff members of Prikladnaya Khimiya
Russian Scientific Center
St. Petersburg Publishing House Nauka
Editorial board and editorial office of
Zhurnal prikladnoi khimii
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Justus von Liebig (To 200th Anniversary of His Birthday)

German scientist Justus von Liebig is among the
most outstanding chemists of the XIX century. He
made a major contribution to the development of or-
ganic, analytic, agronomic, and physiological chemis-
try and created an extensive international scientific
school. At different times, such known Russian chem-
ists as A.A. Voskresenskii (1809�1880), N.N. Zinin
(1812�1880), A.I. Khodnev (1818�1883), P.A. Il’en-
kov (1821�1877), N.N. Sokolov (1826�1877), and
F.F. Bel’shtein (1838�1906) worked at Liebig’s lab-
oratory in Gissen. Already in 1830, Liebig was elected
a foreign corresponding member of the St. Petersburg
Academy of Sciences.

Justus Liebig was born on May 12, 1803, in Darm-
stadt (Duchy of Gessen). His father manufactured
and sold paints and chemical preparations. Already at
early age, the youth became interested in chemistry,
carried out experiments at home laboratory, gained
necessary experimental skills, and read all the avail-
able chemical literature. At the age of 15, Liebig left
gymnasium and worked as apprentice pharmacist in
1818. In 1819, Liebig entered Bonn University and
came there under strong influence of professor of
chemistry, Karl Kastner (1783�1857). Following
Kastner, Liebig moved to the University of Erlangen
in 1821. In 1822, he published his first scientific study
concerned with the action of alkalis on fulminating
silver. In October 1822, a stipend granted by the gov-
ernment of the Duchy of Gessen enabled Liebig to
continue his education in Paris, where, in contrast to
Germany, natural sciences flourished at that time.
Liebig worked at laboratories and attended lectures
delivered by L.J. Thenard (1777�1857) and L.J. Gay-
Lussac (1778�1850), prominent French chemists
members of the Paris Academy of Sciences, and hon-
orary foreign members of the St. Petersburg Academy
of Sciences (since 1826). Liebig made friends with
P.L. Dulong (1785�1838), a known French chemist
and physicist. Particular mention should be made
of the support and help provided to the young scien-
tist by Alexander Humboldt (1769�1858), an out-
standing German natural scientist, traveler, and public
figure.

In 1823, in Paris, Liebig continued, together with
Gay-Lussac, an experimental study of fulminates,

started in Bonn. A comparison of the results of this
study with the data obtained by another young Ger-
man chemist, Friedrich W�ohler (1800�1882), demon-
strated that the scientists observed for the first time
the phenomenon later named isomerism. The friend-
ship of Liebig and W�ohler, these two prominent
German chemists, continued for 45 years, till the end
of Liebig’s life. In 1823, the University of Erlangen
conferred to Liebig, by correspondence, the degree of
a doctor of philosophy for his theoretical work �On
the Relationship between Mineral Chemistry and
Vegetation Chemistry.� In May 1824, by Humboldt’s
recommendation, Liebig was appointed an extraordi-
nary professor of Gissen University. Soon, a vacancy
appeared at the university and he became an ordinary
professor (1826). In addition to W�ohler, Liebig was
on intimate terms with another known German chem-
ist, Karl Mohr (1806�1879).

In a short time, Liebig managed to equip a chemical
laboratory at Gissen University and introduced into
the curriculum laboratory works by students. The
exceptional talent and diligence of the young scientist,
and pupils’ help allowed Liebig to perform a large
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number of various investigations in a short time. Al-
ready by the 1830s, the small town of Gissen became
one the most prominent international centers of chem-
ical education and research. In contrast to France,
where most of scientists were concentrated in Paris
at that time, there was no centralization of this kind
in Germany.

The main direction of the scientist’s research dur-
ing the first period of his activities concerned the el-
emental analysis of organic compounds. The methods
developed by him allowed whole sets of analyses to
be made during a rather short time. These methods
were described in a book published by Liebig in 1831
On a New Apparatus for Analysis of Some Organic
Substances. A Russian translation of the second
German edition of this book (1853) was published in
Germany under the title Rukovodstvo k analizu or-
ganicheskikh veshchestv (A Manual of Analysis of
Organic Substances) (1858).

Experimental studies led Liebig to develop a theory
of complex radicals and that of polybasic acids. When
studying the composition of compounds of benzoic
acid and chemical reactions involving these com-
pounds, Liebig and W�ohler came to a conclusion
(in 1832) that there exists a complex radical, named
by them benzoyl. The concept of the radical was ac-
cepted by a number of leading chemists; however,
there also were those opposing such an approach. In
particular, the existence of complex radicals, includ-
ing oxygen in addition other elements, contradicted the
concept of the structure of organic acids, developed by
the known Swedish scientist, J�ons Jacob Berzelius
(1779�1848). Liebig became acquainted with Berzelius
at a congress of natural scientists in Hamburg.

Based on a study of quite a number of organic
acids, Liebig was the first to give their clear classifica-
tion in basicity. The fundamentals of the theory de-
veloped by him were described in detail in his work
On the Structure of Organic Acids, published by him
in 1838. Liebig defined organic acids as compounds
that contain hydrogen which can be substituted by
metals. As mentioned in the monograph [1], Liebig’s
theory of polybasic organic acids was highly appreci-
ated in all fundamental works on history of chemistry.

Beginning in 1839, the central place in Liebig’s
works was occupied by problems of feeding of plants
and animals. In 1840, he completed his book Chem-
istry as Applied to Agriculture and Physiology. The
book aroused strong interest and was repeatedly re-
published, with already its ninth edition published
by 1876. This Liebig’s book was published in Russia
in full in the Klassiki estestvoznaniya (Classics of

Natural Science) series [2]. Based on numerous ana-
lyses of plants and soils, the scientist came to a con-
clusion that growing plants extract mineral substances
from soil, and these substances are not returned into
the fields. This was, in Liebig’s opinion, the reason
for falling productivity. Liebig’s contribution to foun-
dations of agricultural science is of great importance.
The use of artificial fertilizers in agriculture in ac-
cordance with Liebig’s concepts of plant feeding
made it possible not only to preserve, but also to
improve the fertility of soil. Beginning in 1847, Ger-
many did not suffer for decades any significant crop
failure. Liebig’s theory of rational agriculture and
development of plants for manufacture of artificial
fertilizers brought excellent results. In 1844 and 1845,
Liebig visited Britain to organize manufacture of fer-
tilizers recommended by him.

Of particular interest are Liebig’s articles on the
state of agriculture, published in Russian in 1861 [3].

In parallel, the scientist carried out studies in the
field of biological chemistry. Liebig considered very
important the problem of providing the mankind with
food. The transition from studies of plant feeding to
investigations of how animals and humans feed seems
to be logical. Among the first Liebig’s works in the
field of biochemistry belongs A Study of the Nature
of Uric Acid, carried out together with W�ohler
(1838). In this and following studies, precise chemical
investigation techniques were used. In 1842, in Ger-
many and then in Britain, a fundamental work of the
scientist was published, namely, Organic Chemistry
as Applied to Physiology and Pathology. This study
was analyzed in detail in the monograph [1].

The scientific merits of Liebig are rather diverse
and great. The scientist was invited more than once
to head a chair or a laboratory of universities in Ger-
many and in other countries, including Russia. Only
in 1852, Liebig considered his 28-year services to
Gissen University complete and accepted an invita-
tion to get a chair at the University of Munich, the
capital of Bavaria, having made a provision that his
pedagogic activities are to be limited. Nevertheless, he
delivered public lectures on various parts of chemistry
for all comers.

A prominent place in Liebig’s scientific-organiza-
tional activities was occupied by publication of a jour-
nal, which was named Annalen der Pharmacie origi-
nally (beginning in 1832), Annalen der Chemie und
Pharmacie in 1840�1873, and Liebigs Annalen der
Chemie in memory of Liebig since 1873. The journal
published papers by leading chemists of Germany,
France, Britain, Russia, and other countries. The
scientific authority of the journal was very high.
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In 1855, Liebig was elected a member of the Berlin
Academy of Sciences; in 1860, he became president
of the Bavarian Academy of Sciences. In subsequent
years, he was elected an honorary member or foreign
corresponding member of most of the academies and
scientific societies of the world, awarded various
kinds of orders, and two Russian orders among these.
Justus von Liebig passed away on April 18, 1873,
shortly before his 70th birthday. The International
committee for immortalizing the memory of the scien-
tist included leading scientists from many countries
all over the world. Russian scientists, academician
Zinin and professor Beil’shtein (academician since
1886), were among these. Monuments to Liebig were
erected in the tree cities in which he had lived: Darm-
stadt (1887), Gissen (1890), and Munich (1883). By
Humboldt’s words �scientific interests were above
any other human interests� for Liebig.

A vast literature is devoted to the life and activities
of the outstanding German scientist. Much was done
by the known historian of chemistry Yu.S. Musabekov
(1910�1970), professor of the Yaroslavl Technologic-
al Institute. He wrote a popular-science biography of
Liebig and described in detail the life and scientific,
pedagogical, and public activities of the scientist [1].
The book also presents a list of Liebig’s works in
chronological order, and also a list of publications
about Liebig. In separate publications, Musabekov
considered methodological problems in the creative
work of Liebig as a chemist-thinker and philosopher
[4] and scientific relationships between Russian sci-
entists and Liebig [5].

A major contribution to making the Russian au-
dience familiar with Liebig’s works was made by
Il’enkov, a known chemist-technologist and agricul-
tural chemist, professor of Peter the Great Academy
of Agriculture and Forestry in Moscow. After graduat-
ing from St. Petersburg University in 1843, Il’enkov
improved his education in universities of Germany and
France for about two years and worked with Liebig.
Il’enkov not only popularized Liebig’s ideas, but also
developed them on his own. To the importance of
Liebig’s works for agriculture was devoted Il’enkov’s
report at the Annual meeting of Moscow Society for
Agriculture in April 1874 [6].

The evidence concerning Liebig’s life and activities
can be found in books by Sharvin [7], Krasnogorov

[8], article by Debu [9], etc. [10�12]. Spacious arti-
cles about Liebig can be found in known foreign ref-
erence books [13, 14].
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Paderin, S.N. and Filippov, V.V., Teoriya i raschety
metallurgicheskikh sistem i protsessov (Theory and Calculation

of Metallurgical Systems and Processes), Moscow:
Mosk. Inst. Stali i Splavov, 2002, 334 pp.

The book is devoted to a topical problem and is
recommended by the educational-methodological as-
sociation for education in metallurgy as a textbook for
students of higher school institutions training bache-
lors and engineers specialized in metallurgy. This
purpose of the book, aimed at a wide audience of
specialists in metallurgy, imposes special require-
ments on its structure, content, manner of presenta-
tion, graphical illustrations, and choice of examples
for calculations.

The textbook comprises a foreword, nine chapters,
and list of recommended literature. The very brief
foreword (pp. 7, 8) describes the level of cast iron
and steel production and modern tendencies in the
development of ferrous metallurgy. The first chapter
(pp. 9�30) is devoted to the state and nearest pro-
spects for the development of ferrous metallurgy in
the world. Unfortunately, virtually no attention is
given to the industry of Russia, its state and prospects.

The second chapter (pp. 31�54) contains general
evidence about thermodynamic description of metallic
solutions. The third chapter (pp. 55�77) considers
very briefly some thermodynamic models, which are
mainly based on complicated versions of the consept
of regular solutions. The fourth chapter (pp. 78�114)
is devoted to specific features of the thermodynamic
behavior of dilute solutions. The problems associated
with the choice of the standard state and the interac-
tion parameters are discussed in detail. The objects of
thermodynamic analysis in the fifth chapter (pp. 115�
209) are metallurgical slags, mattes, and fluxes. The
small sixth chapter (pp. 210�233) contains evidence
about the solubility of oxygen in liquid iron, oxidative
refining of the liquid metal, and thermodynamics of
steel deoxidation. The seventh chapter (pp. 234�293)
considers in detail the use of solid electrolytes with
anionic conduction for determining the activity of ox-
ygen in liquid iron and steels and discusses the electro-
chemical properties of solid electrolytes and the limits
of electrochemical stability of transducers. The eighth
chapter (pp. 294�316) analyzes the problem of steel

decarbonization with gaseous oxygen, considers ki-
netic features of the process, and presents results of
pilot meltings under industrial conditions. The ninth
chapter (pp. 317�329) contains evidence about oxida-
tion processes accompanying the decarbonization of
steels. The bibliographic list gives the recommended
literature for each chapter of the book separately.
Unfortunately, the absence of titles of journal articles
impairs its information value, the more so as no ref-
erences are given in the text.

Each chapter, including the first one, which drops
out of the general structure of the textbook, pays much
attention to problems, some of which are worked and
others are intended for independent solution. On the
whole, both kinds of problems and control questions
account for about 30% of the book’s volume.

Analysis of the textbook by S.N. Paderin and
V.V. Filippov shows that, in describing the concentra-
tion and temperature dependences of thermodynamic
functions in metallic and slag melts, the authors ob-
viously prefer �complicated� versions of the regular
solution model, using such not quite clear terms as
�pseudoregular� and �subregular� solutions. The ter-
minology of this kind and the associated mathematical
apparatus were first applied to metallurgical systems
more than 40 years ago in publications of mostly do-
mestic authors and are used now only by few research-
ers. It is hardly advisable to use models of this kind in
a textbook intended for introduction of students into
the thermodynamics of variable-composition phases
for the example of metallurgical systems. Unfortu-
nately, the presentation of the basic thermodynamic
relationships is impaired by a number of annoying
errors.

In our opinion, the book can be used in training of
engineers and masters specializing in ferrous metal-
lurgy, but there is no sufficient reason to recommend
it for bachelors specializing in metallurgy or engineers
of wide metallurgical profile.

A. G. Morachevskii
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Denisov, V.M., Istomin, S.A., Podkopaev, O.I., Belousova, N.V.,
Pastukhov, E.A., Serebryakova, L.I., and Kvasova, T.O.,

Germanii, ego soedineniya i splavy
(Germanium, Its Compounds and Alloys),

Yekaterinburg: Ur. Otd. Ross. Akad. Nauk, 2002, 600 pp.

A group of authors from the Institute of Metallurgy,
Ural Division, Russian Academy of Sciences, wrote
a capital monograph devoted to analysis of experi-
mental data on compounds and alloys of germanium,
their structure and physicochemical properties. Much
attention is given to the liquid state. The electrical
properties of germanium-based materials are discussed.

The book comprises an introduction, ten chapters,
and a bibliographic list. The very brief introduction
(p. 7) notes the role of germanium and its compounds
in modern technology. The first chapter (pp. 8�42)
contains evidence about physical properties of germa-
nium in solid and liquid states. Specific features of
the liquid state are considered in detail with account
of the fact that transition from covalent to metallic
bonding occurs in melting of germanium. Special
mention is made of the results obtained in studying
liquid germanium by diffraction techniques.

The second chapter (pp. 43�123) is devoted to in-
teraction of germanium with Group-I elements. Alloys
with alkali metals are described very briefly, the main
attention is given to interaction of germanium with
copper, silver, and gold. The third chapter (pp.124�
164) contains evidence about alloys of germanium
with Group-II elements. Alloys of magnesium not
only with germanium, but also, for comparison, with
other Group-IV elements: silicon, tin, and lead, are
considered in detail. Their electrical conductivity and
magnetic properties in liquid and solid states, thermo-
dynamic properties of liquid phases and methods for
their assessment and description in terms of various
model concepts are discussed. Less attention is given
to alloys of germanium with calcium, strontium, and
barium. Evince concerning the thermodynamic prop-
erties of liquid alloys of germanium with zinc and
some data on solid alloys of germanium with cad-
mium or mercury are given.

The fourth chapter (pp. 165�247) includes a vast
body of data on interaction of germanium with scan-

dium, lanthanoids, and boron-subgroup elements.
Having mentioned investigations of V.N. Eremenko
and co-workers into phase diagrams of germanium
alloys with rare-earth metals, the authors pay no at-
tention to the concluding publication of this group,
the book by Yu.I. Buyanov et al. Fazovye ravnovesiya
i termodinamika obrazovaniya faz v dvoinykh siste-
makh redkozemel’nykh metallov s germaniem (Phase
Equilibria and Thermodynamics of Phase Formation
in Binary Systems Formed by Rare-Earth Metals
with Germanium), Kiev: Inst. Probl. Materialoved.
Nats. Akad. Nauk. Ukrainy, 1998. The fifth chapter
(pp. 248�304) is concerned with analysis of systems
formed by germanium with Group-IV elements. There
is only limited evidence about the interaction of ger-
manium with titanium, zirconium, and hafnium and
virtually no data on the system germanium�carbon.
The central position in the chapter is occupied by al-
loys of germanium with silicon.

The sixth chapter (pp. 305�355) presents a rela-
tively small amount of data on alloys with germanium
with vanadium-subgroup metals. Most attention is
given to the interaction of components in the system
germanium�arsenic. The seventh chapter (pp. 356�
457) contains evidence about alloys of germanium
with Group-VI elements. For the chromium subgroup,
the body of data on the interaction of germanium
with molybdenum and tungsten is at a minimum. In
most detail are discussed germanium oxides, glassy
formulations with GeO2, and various compounds and
systems, including germanium dioxide. Much atten-
tion is given to the system germanium�tellurium and
ternary compounds on its base.

The eighth chapter (pp. 458�471) is concerned with
the interaction of germanium with Group-VII ele-
ments, manganese and halogens. Among the latter,
most attention is given to bromine interacting with
germanium. The ninth chapter (pp. 472�528) mainly
considers alloys of germanium with iron-subgroup
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metals. Of platinum-subgroup metals, some evidence
is only given for alloys of the system germanium�pal-
ladium. The very small tenth chapter (pp. 529�530)
notes that alloys of germanium with actinoids are the
least studied, with phase diagrams only given for the
systems germanium�thorium and germanium�uranium.

The bibliographic list (pp. 531�597) contains 1204
references to studies of predominantly domestic au-
thors, with references to foreign investigations not
exceeding 20%. The inclusion of article titles makes
the list more informative.

On the whole, the book is a reference publication
including various kinds of evidence concerning one or
another system under consideration: phase diagram,
thermodynamic characteristics and structure of pre-
dominantly liquid phases, data on electrical conduc-
tivity, magnetic susceptibility, density, surface prop-
erties, and electrical properties associated with im-
purity doping. In this situation, a particular attention
of the authors to data sources, formulas presented,
terminology, and dimension of the quantities men-
tioned is required. Unfortunately, this is not always

the case. Let us give a characteristic example: �Heat
of lithium dissolution in solid germanium, �H =
54.43 kJ mol�1

� (p. 45), with the authors referring to
a low-authority publication. The phrase poses quite
a number of questions. Many equations cannot be
used, since the necessary dimensions of the quantities
involved are not given. In a number of cases, com-
plex equations have purely �decorative� importance,
being not commented at all. The books gives in ample
detail the results of thermodynamic investigations of
numerous systems in liquid state, but they are not,
as a rule, discussed by the authors. Not always there
is the necessary unity in designations and terminology
throughout the monograph.

The authors have done an extensive amount of
work on collecting and systematizing a wide variety
of experimental data. The monograph may be of in-
terest for a wide audience of specialists in inorganic
materials science and semiconducting materials. The
book is very well printed in all respects.

A. G. Morachevskii
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OF ST. PETERSBURG

Studying chemistry has two goals: progress of
natural science and improvement of the well-being.

M. V. Lomonosov

Chemists of St. Petersburg and Development
of Science and Technology in Russia

A. G. Morachevskii and V. S. Shpak

St. Petersburg was founded by Peter the Great on
May 16(27), 1703, in the marshy delta of the Neva
River on a small island Ennisaari (Zayachii). Having
chosen this place close to an exit to open sea, for
which he strove so much, Peter the Great laid there
foundation of a fortress. The victory over Swedes in
the Poltava battle (1709) strengthened the positions of
Russia near the exit into the Baltic Sea and made it
possible to begin, together with creating a defense sys-
tem, the construction of the city. In 1712, St. Peters-
burg was finally recognized as the capital of the Rus-
sian Empire. Administrative buildings, sea-port, and
shipyards were under construction. Already in 1715,
the first state plant for manufacture of powder was
founded near St. Petersburg, on the Okhta River.
In 1720, the first chemical laboratory, in which ores
were analyzed, was created at the Berg-Kollegiya
(the governing body for Russia’s mining and metals
industry).

To the most important decisions made by Peter the
Great belongs foundation on February 8, 1724, of the
Academy of Sciences and Arts, and also of the uni-
versity and gymnasium affiliated with the Academy.
Thus, during the initial period of its existence, the
Academy of Sciences (AS) was simultaneously a
research and educational institution.

Chemical research in Russia was initiated by
M.V. Lomonosov (1711�1765), who was elected an
academician in 1745. His scientific activities were
rather diverse, but his main attention was focused on
the development of chemistry and physics. By the
scientist’s initiative, the first Russia’s chemical
research laboratory was created in St. Petersburg in
1748. This laboratory existed till 1793. In 1748 to
1757, Lomonosov carried out at this laboratory, nearly
without any assistants, a great number of various
studies. The scientist’s achievements in the design
of colored glasses, which served as a basis for the

famous mosaics, and glasses with different refractive
indices are outstanding. A glass factory was built by
his design near St. Petersburg (1752). In 1752�1754,
Lomonosov delivered the first world’s course of lec-
tures on physical chemistry to students of the Acad-
emy University. After Lomonosov’s death, the Acad-
emy University started to die away and was abolished
in 1767, having served to training of first domestic
scientists.

Lomonosov made an invaluable contribution to the
development of chemistry and chemical technology,
which were the same science at that time. After Lomo-
nosov, studies of Russian chemists of the second half
of the XVIII century were mainly aimed to solve prac-
tical problems with relatively narrow scope. Academi-
cian I.G. Leman (1719�1767) was mainly engaged in
analyses of ores and minerals, and wrote the first
manual of assaying. E.G. Laksman (1737�1796) was
known for the development of a new technique for
manufacture of glass with the use of dehydrated sodi-
um sulfate instead of potash. T.E. Lovits (1757�1804,
academician since 1793) discovered the phenomenon
of impurity adsorption from various solutions by
charcoal. He also was the first to obtain glacial acetic
acid, suggested a number of cooling mixtures,
improved methods for chemical analysis, and was a
many-sided chemist. V.M. Severgin (1765�1826) was
elected an academician in mineralogy, but was also
known for his studies in chemistry and technology
of mineral salts and in assaying.

At the turn of the XIX century, the nature of activi-
ties of the AS changed, it ceased to execute educa-
tional functions; simultaneously increased the number
of corresponding members and honorary members of
the AS, who not necessarily lived in St. Petersburg.
Many scientists, when elected to the AS, continued
working at higher-school institutions. Thus, St. Peters-
burg, remaining the largest scientific center of Russia,
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took an opportunity to coordinate research in other
cities of the country. This part had been played by
St. Petersburg at least till the mid 1930s.

Honorary member of the AS (since 1796) A.A. Mu-
sin-Pushkin (1760�1809), vice president of the Berg-
Kollegiya, carried out the first Russia’s investigations
in the field of chemistry and technology of platinum-
group metals and suggested a method for purification
of raw platinum to remove iron and iridium impuri-
ties. After the discovery of extremely rich platinum
deposits in the Urals (1824�1825), the Joint labora-
tory of the Department of Mining and Salt Affairs,
Gornyi Kadetskii Korpus (Military Mining College;
later, Mining Institute), and Gornaya Apteka (Mining
Repository) commenced industrial refining of plati-
num, which was then converted into a forgeable form.
The latter procedure laid foundation of a new tech-
nology, powder metallurgy. From 1841 till 1867, pla-
tinum was refined by St. Petersburg mint. To the most
important events related to studies and manufacture of
platinum metals in Russia belongs the discovery of
ruthenium in insoluble residues of the Ural platinum
ore by C.E. Claus (1796�1864), professor of Kazan
university and corresponding member of the St. Pe-

tersburg AS since 1861. Claus is one of founders
of the chemistry of platinum and associated metals
in Russia.

In 1808, Academician A.I. Sherer (1772�1824),
professor at a number of higher-school institutions of
St. Petersburg, wrote the first original textbook on
chemistry in Russian, Rukovodstvo k prepodavaniyu
khimii (Chemistry Teacher’s Manual), in which the
oxygen theory of H. Lavoisier (1743�1794) was popu-
larized and much attention was given to development
of the Russian chemical nomenclature. Later achieve-
ments in the field of chemistry were reflected in a
textbook Osnovaniya chistoi khimii (Foundations of
Pure Chemistry, 1831), by Academician G.H. Hess
(1802�1850). The book was approved by the AS and
ran through seven editions in 18 years. In the 1830s�
1840s, the book served as the main textbook on chem-
istry and much affected the scientific concepts of the
following generations of Russian chemists, among
whom were N.N. Zinin (1812�1880), N.N. Beketov
(1827�1911), A.M. Butlerov (1826�1886), and
D.I. Mendeleev (1834�1907).

In 1831, the St. Petersburg Applied Technological
Institute was opened in order to �train people who
would possess theoretical and practical knowledge
sufficient for managing factories or parts of these� [1].
This was the first educational institution of this kind
in Russia. The training course covered three years.
Hess accepted an invitation to take the position of in-
spector of classes (deputy director) at this institute. He
composed the curricula and invited the best specialists
from other civilian and military educational institu-
tions of St. Petersburg for teaching the basic disci-
plines. In accordance with Hess’s recommendations,
a chemical laboratory was organized at the Tech-
nological Institute.

In 1832, Hess was elected professor of chemistry
and technology at the Chief Pedagogical Institute, he
also taught at the Military Institute of Means of Com-
munication and Mikhail Artillery College. Particular
intensive were his activities at the Mining Institute
(1832�1849). He created there a chemical laboratory,
introduced practical studies in chemistry for students,
and paid much attention to training students in ex-
perimental work. Mainly owing to Hess’s efforts, the
chemical laboratory of the Mining Institute became
a prominent research and pedagogical center in
Russia. Such outstanding scientists as K.I. Lisenko
(1836�1903), V.F. Alekseev (1852�1919), D.P. Ko-
novalov (1856�1929), I.F. Shreder (1858�1918) and
N.S. Kurnakov (1860�1941) received education and
started scientific activities at this laboratory. A many-
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sided scientist, one of creators of modern thermo-
chemistry, Hess made a major contribution to training
of highly skilled chemists in Russia in the first half of
the XIX century.

Much was done in teaching chemistry at the Uni-
versity and other higher-school institutions of St. Pe-
tersburg and creating scientific schools in the field of
chemistry by A.A. Voskresenkii (1809�1880, Corre-
sponding Member of the AS since 1864). He gradu-
ated from the Chief Pedagogical Institute, where he
attended Hess’s lectures, in 1836. In his turn, Voskre-
senskii taught chemistry to Mendeleev, who entered
this institute in 1850.

A prominent role was played in the development of
applied electrochemistry in Russia by a St. Petersburg
scientist, academician in physics, B.S. Jacobi (1801�
1874). A broadly educated scientist, he made a major
contribution to the development of electrical engineer-
ing and science of electromagnetic phenomena. Simul-
taneously, he was inventor of electroforming and did
much for improvement of chemical power sources
of that time. As noted by A.N. Frumkin [2], the dis-
covery of electroforming, studies of chemical power
sources, and development of techniques for measuring
electrochemical parameters place Jacobi in one of the
first places in the electrochemical science of the XIX
century.

In the second half of the XIX century, chemistry in
St. Petersburg flourished. The Academy of Sciences,
St. Petersburg University, Mining Institute, Mikhail
Artillery Academy, Technological Institute, and
Agricultural (Forestry) Institute constituted the St. Pe-
tersburg scientific center, which exerted profound
influence on the development of not only domestic,
but also world science [3]. A school of chemists,
characterized by one or another direction of research,
formed at each of the above institutions. The scientific
force accumulated in St. Petersburg constituted the
basis of the scientific potential of the country. Among
those who worked in St. Petersburg were Zinin,
founder of the domestic school of organic chemists;
Butlerov, creator of the theory of chemical structure of
substances; Mendeleev, discoverer of the periodic law
of chemical elements; Beketov, the first Russian
physical chemist.

In the initial period of his scientific activities, Zinin
worked at Kazan University. However, already in
1847, he was elected a professor at the chair of chem-
istry and physics of St. Petersburg Military Medical-
Surgical Academy (Military Medical Academy since
1881); in 1865, he was elected ordinary academician

N. S. Kurnakov

of the St. Petersburg AS. A prominent place among
Zinin’s works is occupied by synthesis of primary
aromatic amines (aniline, aminonaphthalene, benzi-
dine, etc.), which are exceedingly important for syn-
thesis of organic dyes, by reduction of nitro com-
pounds. The reaction for synthesis of amines, which is
of general character, became history as the Zinin reac-
tion. The new method, its simplicity, and low cost
of raw materials ensured manufacture of aniline in
enormous quantities. Already several years after Zi-
nin’s works, a new large branch of chemical industry,
manufacture of dyes, was created. In 1871, Butlerov
wrote in an article �On Practical Importance of Scien-
tific Studies in Chemistry�: �Manufacture of aniline
paints grew monthly, rather than yearly, and managed
to occupy a prominent place in very few years. At
present, this is a matter of extensive factory indus-
try...� [3]. Zinin was among those who initiated the
organization of Russian Chemical Society and was
elected its first president at the organizational meeting
held on December 5, 1868.

Butlerov, a graduate from Kazan University, was a
professor there and became a professor of St. Peters-
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burg University in 1869, and an academician in 1874.
Together with creating the theory of chemical struc-
ture of organic compounds and writing a classical
work �Introduction to Comprehensive Studies of
Organic Chemistry� (1864�1866), Butlerov carried
out a great number of experimental investigations,
including synthesis of tertiary alcohols and studies of
polymerization involving unsaturated compounds. The
school of organic chemists founded by Butlerov and
his scientific ideas exerted a profound influence on
the development of organic chemistry in various cities
of Russia. For example, Butlerov’s disciples and fol-
lowers include known chemists, founders of chemical
directions of research in their own regions: V.V. Mar-
kovnikov (1837�1904), professor of Moscow Uni-
versity; A.M. Zaitsev (1841�1910), professor of
Kazan University and corresponding member of the
AS; F.M. Flavinskii (1848�1917), professor of the
same university; S.N. Reformatskii (1860�1932),
Professor of Kiev University, corresponding member
of the AS since 1928, and founder of the Kiev school
of organic chemists.

In 1869, Mendeleev discovered the periodic law of
chemical elements and substantiated it experimentally
and theoretically in the nearest two or three years.
This greatest discovery was based on the entire body
of evidence concerning the properties of elements, ob-
tained by the middle of the XIX century, and es-
tablished relationships between elements. Already in
1870, the structure of the periodic system acquired
the most perfect form. The fundamental Mendeleev’s
work Osnovy khimii (Foundations of Chemistry) ran

through eight editions during his life (1st in 1868�
1871, 8th in 1906). The periodic law exerted profound
influence on the development of research in the field
of structure of substance both by physicists and by
chemists. In addition to the periodic law, Mendeleev
was interested during his entire scientific life in the
problem of solutions. In the late 1880s, he put forward
and substantiated the concept of existence of �singular
points� in the curves describing the composition
dependence of the solution density. In its final form,
this concept was formulated by the scientist in the
monograph Issledovanie vodnykh rastvorov po udel’-
nomu vesu (Study of Aqueous Solutions by Analysis
of Their Density) (1887). Mendeleev’s ideas in the
field of variable-composition phases were further
developed by two scientific schools founded in St. Pe-
tersburg by Kurnakov (physicochemical analysis) and
Konovalov (thermodynamic theory of solutions).
Mendeleev was engaged in pedagogical activities at
St. Petersburg University (1857�1890) and, simultane-
ously, for several years, at the Technological Institute
(1864�1872). A rather comprehensive characteristic
was given to Mendeleev by L.A. Tschugaeff (1873�
1922), a known chemist: �Genius chemist; first-rate
physicist; fruitful researcher in the field of hydro-
dynamics, meteorology, geology, various branches of
chemical engineering (explosives, oil, theory of fuels,
etc.), and other disciplines adjacent to chemistry and
physics; expert in chemical industry in general, and
Russian chemical industry, in particular; original
thinker in the field of domestic economy...� [4].
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Mendeleev was more than once elected president
of the Russian Chemical Society.

A.A. Fadeev (1810�1898), head of the chair of
chemistry of Mikhail Academy, was founder of the
school of chemists concerned with explosives. His
disciple L.N. Shishkov (1830�1908) created there
in 1860 one of the best Russia’s chemical laboratories
of that time. Among graduates from this educational
institution were A.N. Engel’gardt (1832�1893), a
professor of the St. Petersburg Agricultural Institute
(1866�1870) and publisher, together with N.N. Soko-
lov (1826�1877), of the first Russian chemical journal
(1859�1877); V.N. Ipat’ev (1867�1952, academician
since 1916), one of the most outstanding chemists of
the first half of the XX century.

A.A. Letnii (1848�1883), a lecture at the Tech-
nological Institute, was the first to discover decompo-
sition of heavy oil residues at above 300�C, which
served as a basis for the development of the cracking
process and for production of divinyl from oil. Ben-
zene, toluene, xylene, anthracene (1877), and butadi-
ene (1878) were isolated by pyrolytic decomposition
of Caucasus oils, and fundamental aspects of oil py-
rolysis were established.

Of great importance for the development of physi-
cal chemistry, theory of solutions, and resolution of
applied problems were investigations of D.P. Konova-
lov, a disciple and closest Mendeleev’s associate and
academician since 1923. As far back as 1884, he es-
tablished in his classical work �On Vapor Pressure of
Solutions� important relationships named Konova-
lov’s laws. Further scientist’s investigations were
devoted to the development of Mendeleev’s concepts
of interaction between solute and solvent. In 1907�
1915, Konovalov held important positions in the Rus-
sian government. To Konovalov’s disciples belong, in
particular, A.A. Baikov (1870�1946, academician
since 1932) and M.S. Vrevskii (1871�1929, corre-
sponding member of the AS since 1929).

In February 1899, Emperor Nicholas II approved
the report by the minister of finance S.Yu. Witte on
organization of the Polytechnic Institute in St. Peters-
burg. Mentioning the deficiency of specialists with
higher technical education in a number of industries in
Russia, Witte, in particular, wrote: �...with the devel-
opment of those branches of industry in which chemi-
cal technology occupies the most important place,
a necessity for specialization of applied science is in-
creasingly manifested, which is exemplified by elec-
trochemistry and metallurgy.� Studies began already
on October 2, 1902. The central place in the curricula
of the metallurgical department, which also included

V. N. Ipat’ev

an electrochemical subdepartment, was occupied by
chemical disciplines. The curricula were composed
with participation of such known chemists as Mende-
leev, P.I. Walden (1863�1957, academician since
1910), and D.K. Chernov (1839�1921), a prominent
metallurgist. A spacious chemical building housed
excellently equipped laboratories of general chemistry,
analytical and organic chemistry, physical chemistry
and theoretical electrochemistry, technical electro-
chemistry and mineral technology, mineralogy and
geology, and also laboratories and cabinets of metal-
lurgical profile [5]. As the first dean of the metallurgi-
cal department was appointed, and then elected,
N.A. Menshutkin (1842�1907), a prominent scientist
in the field of organic and analytical chemistry, who
had been a lecturer at St. Petersburg University
(1865�1901, professor since 1869). His major success
was invitation to the Polytechnic Institute, for teach-
ing the basic disciplines, of quite a number of the
already well-known specialists. Later, the leading
professors of the department, Baikov, F.Yu. Levinson-
Lessing, V.A. Kistyakovskii, N.S. Kurnakov, and
M.A. Pavlov became academicians, and V.E. Grum-
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Grzhimailo and P.P. Fedot’ev, corresponding member
of the AS. Among young lecturers, who later became
known scientists, were S.P. Gvozdev, S.F. Zhem-
chuzhnyi, B.N. Menshutkin, D.N. Monastyrskii, and
L.A. Rotinyants.

The opening of the Polytechnic Institute with its
modern laboratories allowed training of highest-skill
specialists. By Kurnakov’s initiative, students of the
metallurgical department were entitled, for the first
time in the practice of Russia’s higher-school techni-
cal institutions, to defend their experimental studies to
be qualified as engineer-metallurgists. From the very
first years of existence, the Polytechnic Institute
became one of the best higher-school institutions of
not only Russia, but also Europe.

In the early XX century, training of specialists in
applied electrochemistry was commenced by the ini-
tiative of professor A.A. Krakau (1855�1909) and
N.A. Pushin (1875�1947) at the St. Petersburg Elec-
trotechnical Institute.

The chemical laboratories of the Mining, Polytech-
nic, and Electrotechnical institutes served as experi-

mental base for creation by Kurnakov (academician
since 1913) of the Russian school of inorganic chem-
ists. His closest associates at these institutes were
N.I. Stepanov (1879�1938, corresponding member of
the AS since 1929), Zhemchuzhnyi (1873�1929), and
Pushin. A great number of investigations of metallic
and other systems served as a basis for formulation of
general principles of physicochemical analysis (1913),
a branch of general chemistry that studies by physical
and geometric methods various equilibrium systems
formed by two or more components. The physico-
chemical analysis is very important, in scientific and
applied regard, for the development of chemical tech-
nology, halurgy, and metallurgy.

At the turn of the XX century, work in the field
of organic chemistry were successfully developing in
St. Petersburg. Of outstanding importance were in-
vestigations by representatives of Butlerov’s school,
A.E. Favorskii (1860�1945, academician since 1929)
and V.N. Ipat’ev. Butlerov’s own disciple, Favorskii
(a professor of St. Petersburg University since 1896)
was among those who created the chemistry of acetyl-
ene compounds, discovered and studied a great
number of isomerization processes in series of un-
saturated hydrocarbons, and founded his scientific
school of organic chemists. V.N. Ipat’ev commenced
studies of isomerization of unsaturated hydrocarbons
on Favorskii’s advice. In 1896�1897, when working
in Munich at the laboratory of A. Bayer (1835�1917),
V.N. Ipat’ev concluded studies of the isoprene struc-
ture and synthesized this monomer unit of natural
caoutchouc. In autumn of 1900, the scientist started
experimental studies of catalytic organic synthesis.
Rather fruitful was the period of time from 1900
till 1914, which yielded original results [6, 7].
V.N. Ipat’ev was the first to apply high pressure (up
to 1000 atm) and temperature (up to 700�C) in per-
forming heterogeneous catalytic processes and to in-
troduce into laboratory and technological practice
a great number of previously unused catalysts. In
1909, the scientist made a major discovery: He dem-
onstrated that use of mixed catalysts increases
dramatically the possibilities of heterogeneous cataly-
sis and allows directed variation of the properties of
solid catalysts. V.N. Ipat’ev’s studies served as a basis
for a great number of industrial process, many of
which are used now.

The discovery of the phenomenon of radioactivity
(H. Becquerel, 1896) and radioactive elements (Pierre
and Marie Curie, 1898) gave birth to a new chemical
discipline, radiochemistry. Prominent Russian scient-
ists, including V.I. Vernadsky (1863�1945, academi-
cian since 1912), a geochemist and mineralogist,
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understood the importance of these discoveries.
Already in 1910, the Radium committee was created
in the AS. Making a report at the annual meeting of
the AS in 1910, Vernadsky said: �The radioactivity
phenomena open up new sources of atomic energy,
which are millions of times more powerful than any
sources of energy that could be imagined by the
mankind... We cannot be indifferent toward how the
radium ores will be studied. They should be studied
by us, Russian scientists� [8]. Vernadsky organized
and supervised prospecting for radioactive minerals
and headed this important field of research till the end
of his life.

Despite the successes of chemical science and
foundation of scientific schools, World War I revealed
the technological and economic backwardness of
Russia and weakness of its chemical industry. Russia
possessed abundant mineral wealth, but mining and
processing of mineral resources were undeveloped. In
1907�1914, Russia’s material production increased
rapidly, but, on the whole, it remained low and the
country was unready for a long war. Already in the
first months of war, it was found that nitric and sulfur-
ic acids were in short supply for satisfying the dramat-
ically increased demand for powders and explosives,
and neither benzene nor toluene were available in suf-
ficient amounts. When the Germans started to use
chemical warfare, it was found that means of protec-
tion were totally lacking and adequate means of attack
were in acute deficiency. Also in short supply were
pharmaceutical preparations, fuels, and lubricants.
During this difficult period of time, general-lieutenant
V.N. Ipat’ev, professor of the Artillery Academy,
manifested his superior qualities as organizer, scient-
ist, and technologist who supervised reforms, in the
shortest time, and organization of the military chemi-
cal industry in Russia [6, 7]. V.N. Ipat’ev was ap-
pointed chairman of the committee for provision of
explosives in February 1915, and head of the Chemi-
cal committee at the Main Artillery Commission, in
April 1916. The committee, which comprised five
departments and had numerous regional bureaus, in-
cluded leading chemists of Petrograd: Academician
Kurnakov, professors Favorskii, Tschugaeff, Ti-
shchenko, G.V. Khlopin, and A.A. Yakovkin, and a
number of scientists from other regions of the country.
In [6, 9] were reported data characterizing the fast rise
in manufacture of explosives and war gases and other
important chemical products already by the end
of 1916.

G.V. Khlopin (1863�1929), professor of the Clini-
cal Institute in Petrograd, headed a special commis-

sion for problems associated with manufacture of a
gas mask. Petrograd scientists headed by professor
N.D. Zelinsky (1861�1953, academician since 1929)
developed the schematic of a gas mask and methods
for manufacture of activated carbon. A major contri-
bution to studies of adsorption of war gases by carbon
and analysis of the protective action of the gas mask
was made by Professor N.A. Shilov (1872�1930),
a physical chemist from Moscow. During V.N. Ipat’-
ev’s work at the Chemical committee of the Main
Artillery Commission, more than 15 million gas
masks were delivered to the front lines [6]. The activi-
ties of the Chemical committee were described by
V.N. Ipat’ev in 1921 [10].

Vernadsky, a prominent public figure and member
of the State Council, initiated, with the support of
a number of other leading scientists, organization by
the AS in 1915 of the Permanent commission for in-
vestigation of natural productive forces of Russia
(CNPF). Vernadsky was elected its chairman, and
A.E. Fersman (1883�1945, academician since 1919),
its secretary. The principal goals of the commission
were to study the natural wealth and its industrial use.
In the first place, it was necessary to organize through-
out the country a precise and, to the maximum pos-
sible extent, comprehensive and systematic accounting
of the natural resources of Russia. Already in 1916,
CNPF organized 14 special expeditions to various
regions of the country [11]. Relationships were es-
tablished with a number of important State institutions
whose activities satisfied the needs of the military
industry. In addition, the Military-Chemical com-
mittee was organized in Petrograd at the Russian
Physicochemical Society to �unite efforts of Russian
chemists for joint and systematic work on problems
associated with the needs of State defense� [12].
Kurnakov was elected the chairman, Tishchenko
(1861�1941, academician since 1935), the deputy
chairman, and Professor Tschugaeff, the secretary of
the committee.

In 1918�1920, CNPF initiated organization in
Petrograd, despite the general devastation in the
country, a number of scientific institutions, which
later served as a basis for prominent research centers.
Kurnakov supervised organization of the Institute of
Physicochemical Analysis, in which studies concerned
with the theory of physicochemical analysis, salt-con-
taining and organic systems, natural salts, and metallic
alloys were carried out. It was necessary to resolve
urgent problems associated with manufacture of new
metals and alloys in the country and use of the min-
eral wealth of our salt lakes.
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Simultaneously, in 1918, the Institute of Platinum
and Other Noble Metals was organized. The institute
was headed by Tschugaeff (1873�1922), a professor
of Petrograd University and author of fundamental
studies in the field of chemistry of coordination com-
pounds. One of the main tasks of the institute was to
improve methods for refining of platinum-group met-
als. Such known scientists as A.A. Grinberg (1898�
1966, academician since 1958), I.I. Chernyaev (1893�
1966, academician since 1943), and V.V. Lebedinskii
(1888�1956, corresponding member of the AS since
1946) started their scientific careers under Tschuga-
eff’s supervision. After the untimely death of Tschu-
gaeff in September 1922, Kurnakov was elected di-
rector of the institute. The level of investigations of
platinum-group metals, achieved in scientific institu-
tions of Petrograd, enabled industrial-scale refining of
the Ural platinum at a plant in Yekaterinburg. This
involved direct participation of a Kurnakov’s disciple,
N.N. Baraboshkin (1880�1935), subsequently a pro-
fessor of the Ural Polytechnic Institute. Later, scient-
ists from Leningrad took part in the development of
a technology for obtaining platinum-group metals
from sulfide ores of the Norilsk deposit.

In 1918, a decision was made to organize a pilot
plant for recovery of radium from the ore mined at the
Tyuya-Muyun deposit in Central Asia. Owing to ef-
forts of Petrograd chemists I.Ya. Bashilov (1892�1953)
and V.G. Khlopin (1890�1950, academician since

1939) already in December 1921, the first Russia’s
high-activity radium preparations were obtained from
domestic raw materials [6, 13]. In January 1922, the
State Radium Institute was created in Petrograd, with
a pilot plant included. Vernadsky was approved as
director of the institute and held this position till 1938.

To solve the most important tasks of the national
economy in the field of chemistry and chemical tech-
nology, the State Optical Institute (1918), Russian
Institute of Applied Chemistry (1919; later, GIPKh,
State Institute of Applied Chemistry; now, Priklad-
naya Khimiya Russian Scientific Center), and other
industrial institutes were founded in Petrograd [14].

The necessity for producing aluminum from do-
mestic ores was stated by Vernadsky and Kurnakov as
far back as 1915. By that time, Pushin at the Electro-
technical Institute and Fedot’ev (1864�1934, corre-
sponding member of the AS since 1933) performed,
together with V.P. Il’inskii (1885�1964), investiga-
tions into production of aluminum by electrolysis
of melts. In 1916, a bauxite deposit was discovered
near Tikhvin (now, Leningrad oblast). A geological
survey carried out by 1923 demonstrated that the
deposit can satisfy the nearest demand of the country
for aluminum; also, mention was made of the low cost
of bauxite mining. However, the bauxites are low-
grade because of the high content of silica (up to 18%)
and required development of a new technology for
their processing. Several scientific institutions of
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Leningrad started a search for the most feasible flow-
sheet. The industrial procedure for recovery of alu-
mina from high-silica bauxites was developed at
GIPKh under supervision of Yakovkin (1860�1936,
corresponding member of the AS since 1925). Raw
materials were processed by the pilot plant, and first
aluminum was obtained in June 1929. Already a year
later, construction of the first Russia’s aluminum plant
was commenced on banks of the Volkhov river, and
the plant was put into service on May 14, 1932.

In June 1933, production of aluminum was com-
menced by the Dnieper aluminum plant. Alumina raw
materials for this plant were manufactured from Tikh-
vin bauxites by a procedure developed by staff mem-
bers of the Mining institute in Leningrad, A.N. Kuz-
netsov (1877�1946) and E.I. Zhukovskii (1892�1965).
Further, major contribution to studies in the field of
production of alumina, aluminum, magnesium, and
titanium and to plant designing was made by staff
members of the All-Union Research Institute of Alu-
minum, Magnesium, and Electrode Industry (VAMI),
founded in Leningrad in September 1931 [15, 16].
In particular, an efficient technology for integrated
processing of nepheline concentrates to produce alu-
mina, soda, potash, and portland cement was devel-
oped for the first time in the world practice. Of par-
ticular importance for extension of the raw material
resources of the aluminum industry were works of
VAMI on development and implementation of a tech-
nology for processing of alunites into alumina, sulfur-
ic acid, and potassium sulfate. In 1998, the output of
the metal by the Russian aluminum industry exceeded
three million tons. Russia is second only to the United
States in production of primary aluminum and oc-
cupies the first place in the export of this metal.

As far back as 1917, analysis of preliminary sam-
ples of brine led Kurnakov to a conclusion that the
Verkhnekamskoe deposit of potassium salts is of in-
dustrial interest and detailed geological and chemical
studies are necessary for determining the limits and
conditions of occurrence of salts. In 1925, an ex-
pedition headed by Leningrad geologist, Professor
P.I. Preobrazhenskii (1874�1944) discovered the
world’s largest deposit of potassium and magnesium
salts. In November 1927, in Solikamsk of Perm oblast
was laid foundation of a potassium mine, and utiliza-
tion of the natural wealth of upper flows of the Kama
River commenced. At the beginning of 1934, con-
struction of the potassium combine was complete, and
fields started to receive a valuable fertilizer, potassium
chloride [17]. In the following years, processing of
carnallite and manufacture of a number of other

chemical products were organized with active par-
ticipation of Leningrad chemists. The problem of
integrated use of potassium salts, sylvinite and carnal-
lite, from the Verkhnekanskoe deposit was resolved
during a rather short time.

The process of magnesium manufacture from car-
nallite was developed at GIPKh under supervision of
P.F. Antipin (1860�1960, corresponding member of
the AS since 1939). The magnesium plant constructed
in Solikamsk produced first batches of metal in March
1936. One of the oldest cities of the Urals became
a prominent center of chemical industry.

In 1931, the All-Union Research and Design Insti-
tute of Halurgy (VNIIG) was created in Leningrad.
The results obtained by the institute served as a basis
for organization of the industry of potassium salts
in the Soviet Union and also plants for mining and
processing of rock salt, sodium sulfate, phosphorites,
and other halurgic and mining-and-chemical raw
materials.

Kurnakov and co-workers also paid uninterrupted
attention to the unique salt field, Kara-Bogaz-Gol,
containing vast resources of sea-type salts in its brines
and deposits. After quite a number of expeditions,
industrial mining of the Karabogaz sodium sulfate,
a highly important raw material for chemical industry,
commenced in 1924.

Geological surveys of the Kola Peninsula had been
carried out under supervision of Fersman, one of the
closest Vernadsky’s associates, beginning in 1920
[18]. In the 1930s, quite a number of scientific institu-
tions from Leningrad took part in the development of
apatite�nepheline deposits of the Khibiny massif,
deposits of copper�nickel ores in Monche-tundra, and
ores of rare metals in Lovozero tundras.

An event of worldwide importance was the devel-
opment in the Soviet Union of an industrial tech-
nology for manufacture of synthetic rubber. S.V. Le-
bedev (1874�1934, academician since 1932), Favor-
skii’s disciple, came, as far back as 1913, to a conclu-
sion that the ability to polymerize is a general prop-
erty of hydrocarbons possessing a conjugated system
of double bonds. He also formulated general concepts
concerning the nature, rate, and mechanism of poly-
merization processes. At the beginning of 1926, the
Supreme Council of the National Economy of the
USSR announced an international competition for the
best process for industrial manufacture of synthetic
rubber. By the end of 1927, Lebedev’s group compris-
ing seven chemists developed procedures for obtain-
ing divinyl directly from ethanol and for polymeriza-
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tion of divinyl, having chosen appropriate catalysts
and process modes. The Lebedev method for produc-
tion of synthetic rubber was recognized as the best.
A Pilot plant was constructed in Leningrad, together
with some laboratories. On February 15, 1931, the
plant produced by the Lebedev technique a first block
of synthetic rubber, weighing 260 kg. In basic param-
eters, the rubber obtained compared well with the
natural product. In 1932�1933, plants for manufacture
of sodium-butadiene rubber were constructed in Voro-
nezh, Yaroslavl, and Efremov (Tula oblast). The Pilot
plant in Leningrad was transformed into the Academi-
cian Lebedev All-Union Research Institute of Synthet-
ic Rubber (VNIISK). In subsequent years, a major
contribution to the development of various methods
for manufacture of synthetic rubber was made by
Leningrad scientists, Academician B.A. Dolgoplosk
(1905�1994) and Corresponding Member of the
Academy of Sciences A.A. Korotkov (1910�1967).

The achievements in the field of chemical kinetics
are associated with activities of Academician N.N. Se-
menov and co-workers, first at the Physicotechnical
Institute of the AS, and then at the Institute of Chemi-
cal Physics, organized in Leningrad in 1931. They
developed a rigorous theory of branched chain reac-
tions, which was one of the most outstanding achieve-
ments of theoretical chemistry in the first half of the
XX century. For his works in the field of chain reac-
tions, Semenov was awarded, together with a British

physical chemist C. Hinshelwood (1897�1967), the
1956 Nobel Prize in chemistry.

In 1902�1904, V.A. Kistyakovskii (1865�1952,
academician since 1929) created at the Polytechnic In-
stitute the first Russia’s laboratory of physical chemis-
try and electrochemistry, which was excellently
equipped by the standards of that time. Among numer-
ous directions of research conducted by Kistyakovskii,
the central position was held by studies of the electro-
chemical behavior of metals in aqueous media [19].
By 1925, the concepts concerning the film theory of
passivity and its relationship with corrosion processes
had formed conclusively. The scientist regarded as
the reason for the onset of the passive state the forma-
tion of an amorphous or glassy oxide film densely
coating the metal surface. In 1930, Kistyakovskii
organized in Leningrad the Colloid-Electrochemical
laboratory, affiliated with the AS (now, Institute of
Physical Chemistry, Russian Academy of
Sciences, in Moscow). A major contribution to the
understanding of corrosion and passivation phenom-
ena was made by Leningrad scientists A.I. Shultin
(1898�1978), Ya.V. Durdin (1900�1980), V.V. Skor-
chelletti (1902�1982), and A.M. Sukhotin (1928�
2002).

In 1926, by V.N. Ipat’ev’s initiative, the Labora-
tory of high pressures was created at the Institute of
Applied Chemistry. The laboratory soon became an
independent scientific institution. It served as a basis
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for the organization, in 1927, of the Institute of High
Pressures, at which organic catalysis, ammonia syn-
thesis, and displacement of metals from salts were
studied. Of young V.N. Ipat’ev’s co-workers, B.N.
Dolgov, V.V. Ipat’ev, B.L. Moldavskii, M.S. Nem-
tsov, A.D. Petrov, G.A. Razuvaev, A.V. Frost, and
others became known scientists.

An exceedingly strong influence on the develop-
ment of chemistry after World War II was exerted by
the necessity for studying the chemical aspects of
nuclear power engineering and creating structural
materials for new technology. Somewhat later, it also
became necessary to develop techniques for obtaining
substances in high-purity state, synthesize materials
with various valuable physical and chemical proper-
ties for radioelectronics and other purposes. The staff
of research institutes and educational institutions
of Leningrad made a major contribution to the solu-
tion of these problems.

Under the general supervision of Academician
V.G. Khlopin, a technology for recovery of plutonium
from irradiated uranium was under development at the
Radium Institute of the AS. The following Leningrad
scientists took part in the industrial implementation of
the process at the first Russia’s radiochemical plant:
B.P. Nikol’skii (1900�1990, academician since 1968)
and Corresponding Members of the Academy of Sci-
ences B.A. Nikitin (1906�1952), I.E. Starik (1902�
1964), and V.M. Vdovenko (1907�1978) [20].
B.P. Nikol’skii, a professor of the Leningrad Univer-
sity, was a representative of M.S. Vrevskii’s school
and an outstanding physical chemist and radiochemist.

In the late 1940s, investigations in the field of
macromolecular compounds became much more ex-
tensive. In 1948, the Institute of Macromolecular
Compounds, Academy of Sciences of the USSR, was
organized by the initiative of Corresponding Member
of the Academy of Sciences S.N. Ushakov (1893�
1964) and other scientists. At this institute worked,
in particular, such known scientists as P.P. Kobeko
(1897�1954), a corresponding member of the AS and
a specialist in the physics of amorphous substances;
S.N. Danilov (1889�1978), a corresponding member
of the AS, who studied both natural and synthetic
macromolecular compounds, cellulose ethers and es-
ters, and viscose; N.I. Nikitin (1890�1975), a corre-
sponding member of the AS, specialist in chemistry of
wood. The fundamental and applied studies carried
out at the institute enabled synthesis a large number of
polymeric products.

A major contribution to the organization of indus-
trial manufacture of polyethylene, polystyrene, and

other important materials was made by the Plastpoli-
mer Research and Production Association.

In 1948, the Institute of Silicate Chemistry was
founded in Leningrad with active participation of
Academician I.V. Grebenshchikov (1887�1953). The
institute’s scientists carried out extensive studies in
the field of structure, chemistry, and thermodynamics
of glass-forming melts and glasses and created new
multipurpose corrosion-protective materials. In 1953�
1968, the institute was headed by N.A. Toropov
(1908�1968), a corresponding member of the AS and
a prominent scientist in the field of inorganic materi-
als science and technology of silicate systems. During
1948�1961, N.N. Kachalov (1883�1961), one of those
who organized the domestic manufacture of optical
glass, the author of fundamental works in the field
of glass-making and grinding and polishing of glasses,
worked at the institute. In 1930, the scientist founded
at the Technological Institute the chair of glass tech-
nology and headed this chair till the end of his life.

In the postwar period, quite a number of tasks of
primary importance, mainly associated with defense,
were assigned to staff members of GIPKh. To accom-
plish them successfully, it was, in fact, necessary
to create a scientific institution of a new type, includ-
ing a research complex, a designing unit, and pilot
plants. In this way, GIPKh became the largest chemi-
cal institute of the country, with a number of branches
and unique technological base. Mention can be made
here of only some of the most important develop-
ments. Based on the institute research and designs, an
industry for manufacture of fluorine and fluorine-
containing compounds was created in the country.
Wide application was enjoyed by organofluorine
polymers, Freons, and surfactants. GIPKh took active
part in the development of propellants and structural
materials for rocket engines. In creating the propel-
lants, facilities for large-scale manufacture of hydro-
gen peroxide, hydrazine and its derivatives, ammoni-
um perchlorate, various oxidizing agents, corrosion
inhibitors, catalysts, and other products were set up,
and conditions were determined under which these
substances can be stored and safely used. The results
obtained were important not only for defense purposes
but also for the national economy.

To the important scientific and technological
achievements of GIPKh belong industrial synthesis
of a great number of chemical compounds with mole-
cules containing radioactive or certain stable isotopes
and manufacture of a wide variety of luminophores
for various purposes.

In all periods of its development, chemistry always



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 5 2003

688 MORACHEVSKII, SHPAK

has been solving the main problem of how to obtain
substances and materials with valuable properties.
Decades and centuries passed by, systems of state
organization and generations of scientists changed,
research techniques were improved, requirements to
the final product became increasingly stringent, but
the basic concept remained as before. We made an
attempt to reflect in a brief essay the contribution
made by St. Petersburg scientists to the solution of
problems encountered by chemistry and chemical
technology in the XVIII�XX centuries, to demonstrate
the succession of scientific schools, and to make the
reader recall some most important scientific events.
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Abstract�Possibilities of simulation and subsequent synthesis of fullerene-containing chalcogenide glasses
are considered, and some characteristics of this class of semiconducting disordered materials are analyzed.

Fullerenes and fullerene-containing materials have
been extensively studied recently [1�15]. The 1991
discovery of nanotubes (or tubelenes) composed of
two halves of a fullerene molecule and a cylinder of
hexagons in the form of a rolled-up graphite layer
aroused to even greater extent the interest in carbon
materials with varied hierarchy of structures [16�21].
A powerful stimulus to studies of fullerenes was the
discovery of the ability of their compounds with some
metals (fullerenides) to undergo, on being cooled to a
certain threshold temperature Tc, a superconducting
transition characteristic of other substances of varied
chemical nature [22�29].

However, despite the great, and increasing, number
of publications concerned with fullerenes and their
derivatives, studies devoted to development of a fun-
damental general theoretical approach to creation
of fullerene-based materials and, in particular, to
determining their place (niche) among other materials
exhibiting high-temperature superconductivity (HTSC)
are virtually lacking. It is known that the efficiency of
application of various materials and, in particular,
those possessing HTSC is determined both by what,
and to what extent, is known about particular sub-
stances and by the existence of a general conceptual
approach, unified theory, and general criteria for a
broad class of materials [30]. Development of such an
approach will make it possible not only to consider
and analyze from a common standpoint single-type or
closely similar classes of known materials with dif-
ferent compositions, but also to determine the strategy
of a search for new materials. However, most of
studies and reviews on fullerenes and their derivatives
and also materials exhibiting HTSC are, as a rule,
devoted to investigation of separate properties or
groups of objects and generalization of the results
obtained. In this case, a �physical� or �chemical�
trend in analysis and presentation of data can be clear-
ly observed.

In the chemical part of investigations concerned
with fullerenes and their derivatives, the following
sections can be distinguished [1�22, 29�38]: endo-
hedral complexes of fullerenes, chemical properties of
fullerenes and their derivatives, reactions of fullerenes
with metals, oxidation of fullerenes, their reactions
with Lewis acids, reactions of fullerenes with free
radicals, behavior of fullerenes as ligands, nanotubes
(or tubelenes), etc.

Separate publications have been devoted to reaction
of radical cations of the type C+

60, C2+
60, and C3+

60 with
water, alcohols, ethers, and esters; dissolution of ful-
lerenes in organic solvents; adsorption properties of
fullerene-containing materials; host�guest complexes
with fullerenes; etc. [39�45].

A large group of studies have been concerned with
synthesis of fullerenes and fullerene-containing mate-
rials [20, 21, 31, 46�52].

On the whole, analysis of papers reporting on
physicochemical studies of fullerenes and their deriva-
tives shows that they are mainly concerned with reac-
tions of fullerenes with a limited set of metals or with
organic substances of varied composition. No general
approach to fullerene-containing materials, including
those exhibiting HTSC, has been developed; although
noticeable success has been achieved in separate direc-
tions [20, 21].

At present, investigations in the field of noncrys-
talline materials occupy one of central positions in
physics and chemistry of solids. The interest in these
materials is due to their inherent specific properties
(variable composition, efficient production and proc-
essing, stability in various media, etc.), which favor
their wide practical application, and to importance
of studying these materials for the development of
fundamental science. The progress in this field is
promoted, in particular, by physicochemical studies of
glasses, which belong to noncrystalline materials.
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To elucidate the nature of the glassy state, it is
necessary to determine the extent to which the concept
that any substance except helium can be, in principle,
obtained in glassy state is correct [53]. Of particular
importance for experimental verification of this hypo-
thesis are data on synthesis of glasses containing some
unconventional components. To these belong, in par-
ticular, fullerenes.

Chalcogen- and chalcogenide-based glassy mate-
rials have been known for a rather long time [54�59].
Data on existence of a glassy material based on ful-
lerene C60 are also available [60]. Since new materials
based on chalcogenide glasses and fullerenes show
promise for diverse applications, in particular, as
matrices for creation of high-temperature supercon-
ducting materials, it was of scientific and practical
interest to study the possibility of obtaining fullerene-
containing chalcogenide materials and to establish
a correlation between the superconductivity and com-
position of substances [61].

Any basic property of a substance is ultimately
determined by the electronic structure of its constit-
uent atoms and nature of their chemical interaction.
On determining how these characteristics, which are
related to the composition of a compound, vary with
the charge of the nucleus of an averaged atom (

�
Z ) or

with some other reliably established numerical value,
e.g., number of electrons in a substance (Ne), the
above question can be resolved.

In [62�65], it was established that an expression
of the type

GT = �n
�
K /

�
Z (1)

can characterize the glass-forming ability of a molten
substance in its spontaneous cooling.

In Eq. (1), GT is the glass-forming ability of a
melt; �n and

�
Z are, respectively, the contributions of

the principal quantum numbers of valence electrons
and charge numbers of nuclei of melt components;

�
K,

the mean rigidity of the electronic skeleton of chemi-
cal bonds (ESCB). In the general case, the overall

�
K

value is constituted by several components [66]. Fur-
ther investigations demonstrated that this qualitative
approach is promising for assessing the possibility
of obtaining a number of new compositions of glassy
materials after performing preliminary calculations
of their glass-forming ability [64�67].

A relation similar to Eq. (1):

S = �ns
�
Ks /

�
Zs, (2)

where the parameters �ns,
�
Ks, and

�
Zs refer to substances

capable of a superconducting transition above a cer-
tain temperature Tc, and S is the ability of a substance
to undergo a superconducting transition, was used to
analyze the main materials under study, with widely
differing compositions (metals, intermetallic com-
pounds, oxides, chalcogenides, fullerenides), which
can pass into the superconducting state at tempera-
tures close to 0 K or at higher temperatures (Table 1).

In calculating the numerical values, account was
only taken of the main contributions to the ESCB
rigidity, since all other contributions in these super-
conductors are zero [61, 68].

Further, it was necessary to determine the depen-
dence of the S-function on the total number of elec-
trons (Ne) in atoms of a substance AxByCz..., where
A, B, C are symbols denoting chemical elements and
x, y, z are their indices in a substance. With this
dependence established, it becomes possible to per-
form a purposeful search for new substances that can
undergo a superconducting transition both at low and
at high temperatures. Figure 1 plots such a depen-
dence, whence it can be seen that virtually all sub-
stances considered in this paper fall, as regards their
glass-forming ability, on a single smooth curve. Com-
parison of this curve with a similar plot describing the
glass-forming ability of melts [62, 64] shows that the
latter lies lower than the curve for substances capable
of a superconducting transition. This leads to the
following suggestions.

(1) Most of substances that can pass into the
glassy state in spontaneous cooling (cooling rate
<100 K s�1) cannot be superconductors. A possible
exception are simple bodies and chemical compounds
of constant and variable composition for which the
charge number of an �averaged� atom (calculated
from mole fraction) is within the range Z = 20�30.
It should be noted that the possibility of superconduc-
tion in chalcogenide glasses was mentioned in [69].

(2) Most of substances capable of a superconduct-
ing transition cannot solidify as a glass on cooling
their melts at cooling rate <100 K s�1. The only ex-
ception are superconductors with averaged-atom
charge

�
Z = 20�30.

(3) Analysis of the data in Table 1 and Fig. 1
shows that the most appropriate chalcogenide glassy
matrices for introduction of fullerenes are selenium,
systems on its base, and also ternary and more com-
plex systems based on Se, S, P, As, and some metals,
in which the charge number of averaged atom is close
to the range 20�30.
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Table 1. Calculated characteristics of substances capable of a superconducting transition on being cooled to a super-
conducting transition temperature Tc, K
������������������������������������������������������������������������������������

Composition � �Ks � �ns � �Zs � S � Tc
������������������������������������������������������������������������������������

Pb � 1.198 � 6.0 � 82 � 0.088 � 7.2
W � 1.183 � 6.0 � 74 � 0.096 � 0.01
Ta � 1.737 � 6.0 � 73 � 0.143 � 4.5
Re2Si � 1.572 � 4.333 � 54.667 � 0.125 � 3.8
Sn � 1.141 � 5.0 � 50 � 0.114 � 3.7
Nb3Sn � 1.503 � 4.25 � 43.25 � 0.148 � 18.0
Pb1.14Se1.14Nb2Se4 � 1.335 � 4.396 � 42.300 � 0.139 � 3.4
GeTe � 1.144 � 4.5 � 42 � 0.123 � 0.17
URu2Si2 � 1.33 � 4.367 � 41.6 � 0.140 � 1.3
Nb � 1.099 � 5 � 41.0 � 0.134 � 9.25
Pb1.14Nb3Se7.14 � 1.348 � 4.355 � 40.713 � 0.144 � 4.8
Nb3Ge � 1.225 � 4.75 � 38.75 � 0.150 � 23
LaMo6Se8 � 1.265 � 4.133 � 38.733 � 0.135 � 11
(Nb3Al)4Nb3Ge � 1.070 � 4.55 � 34.95 � 0.139 � 20
PbMo5.1S6 � 1.202 � 4.091 � 32.413 � 0.152 � 15
Tl2Ag8Ba2Ca2Cu3O10 � 1.160 � 3.859 � 31.741 � 0.141 � 117
UNi2Al3 � 1.661 � 3.333 � 31.167 � 0.178 � 1
PbMo6S8 � 1.152 � 3.975 � 30.8 � 0.149 � 14
Zn � 1.069 � 4 � 30 � 0.143 � 0.88
Ba0.6K0.4BiO3 � 1.508 � 3.44 � 29.64 � 0.178 � 105
CeCu2Si2 � 1.714 � 3.4 � 28.8 � 0.202 � 0.6
BiBa0.6K0.4BiO3 � 1.247 � 3.867 � 28.355 � 0.170 � 32
Tl2CaBa2Cu2O8 � 1.387 � 3.467 � 27.733 � 0.173 � 107.11
Bi2Sr1.3Ca0.7CuO6.2 � 1.398 � 3.351 � 27.5 � 0.170 � 87
TlBa1.6La2.4Cu2O9 � 1.335 � 3.218 � 27.338 � 0.157 � 42
La2Ni5C3 � 1.397 � 3.8 � 27.2 � 0.195 � 1.8
Bi3Sr2Ca2Cu3O7 � 1.344 � 3.647 � 26.588 � 0.184 � 110.5
Bi1.4Pb0.6Ca2Sr2Cu3O7 � 1.255 � 3.500 � 26.525 � 0.166 � 110
Sm1.83Cl0.17CuO4 � 1.238 � 3.429 � 26.331 � 0.161 � 20
Nd2CuO3.8F0.2 � 1.202 � 3.619 � 25.886 � 0.168 � 27
Nd1.86Ce0.14CuO4 � 1.234 � 3.429 � 25.8 � 0.164 � 20
Bi2Sr2CaCu2O8 � 1.378 � 3.333 � 25.6 � 0.179 � 80
Bi1.5Pb0.5Sr2CaCu2O8 � 1.440 � 3.297 � 25.567 � 0.186 � 85
Bi1.6Pb0.4Sr2Ca2Cu3O8 � 1.295 � 3.412 � 25.447 � 0.174 � 113
Bi2Sr2CaCu2O8.16 � 1.379 � 3.310 � 25.414 � 0.179 � 91
Bi1.85Pb0.15Sr2CaCu2O8.18 � 1.357 � 3.303 � 25.381 � 0.177 � 88
Tl2Ba2Ca2Cu3O10 � 1.373 � 3.318 � 25.316 � 0.183 � 121
V3Ga � 1.067 � 4.0 � 25.000 � 0.171 � 14.5
La1.88Sr0.12CuO4 � 1.523 � 3.314 � 24.674 � 0.205 � 20
La1.8Sr0.12CuO4 � 1.234 � 3.301 � 24.457 � 0.167 � 32
NdBa2Cu3O7 � 1.329 � 3.604 � 4.231 � 0.198 � 92
Bi2Sr2Ca2Cu3O10 � 1.359 � 3.263 � 23.632 � 0.188 � 109.5
Bi1.6Pb0.4Sr2Ca2Cu3O10 � 1.360 � 3.253 � 23.53 � 0.187 � 108
Bi1.5Pb0.5Sr2Ca2Cu3O10 � 1.361 � 3.462 � 23.605 � 0.200 � 108
Y0.7Ca0.3Ba2Cu3O6.02 � 1.351 � 3.370 � 23.333 � 0.195 � 35
Tl0.5Pb0.5Sr2Ca0.8Er0.2Cu2O7 � 1.4 � 3.198 � 23.161 � 0.193 � 115
YBa2(Cu0.99Fe0.01)3O6.55 � 1.379 � 3.316 � 23.132 � 0.198 � 60
YBa2Cu3O6.6 � 1.380 � 3.315 � 23.079 � 0.198 � 53
Tl0.5Pb0.5Sr2Ca0.8Y0.2Cu2O7 � 1.399 � 3.203 � 22.715 � 0.197 � 107
YBa2Cu2.82Ga0.18O7 � 1.411 � 3.255 � 22.643 � 0.203 � 70
YBa2Cu2.7Zn0.3O7 � 1.420 � 3.234 � 22.638 � 0.203 � 79

������������������������������������������������������������������������������������
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Table 1. (Contd.)
������������������������������������������������������������������������������������

Composition � �Ks � �ns � �Zs � S � Tc
������������������������������������������������������������������������������������

YBa2Cu2.85Zn0.15O7 � 1.403 � 3.249 � 22.627 � 0.202 � 59
YBa2Cu2.86Zn0.14O7 � 1.401 � 3.249 � 22.620 � 0.201 � 68
YBa2Cu3O7 � 1.418 � 3.349 � 22.615 � 0.204 � 77
YBa2Cu2.7Fe0.3O6.9 � 1.397 � 3.249 � 22.608 � 0.201 � 90
Y0.7Ca0.3Ba2Cu3O6.85 � 1.39 � 3.258 � 22.342 � 0.202 � 88
YBa2Cu3O6.5 � 1.337 � 3.333 � 22.279 � 0.200 � 54
NbS3 � 1.405 � 3.25 � 22.25 � 0.205 � 2
YBa2Cu2.7Al0.3O7.07 � 1.334 � 3.225 � 22.246 � 0.206 � 98
YBa2Cu4O8 � 1.354 � 3.215 � 22.067 � 0.197 � 75
Tl0.5Pb0.5Sr0.8Ba0.2CaCu2O7 � 1.410 � 3.055 � 21.425 � 0.201 � 90
La1.87Ca1.13Cu2O6 � 1.274 � 3.099 � 21.381 � 0.185 � 50
Tl0.5Pb0.5Sr0.5Ba0.5Ca2Cu3O9 � 1.387 � 3.025 � 20.469 � 0.205 � 110
YBaCu2.94Co0.06O7 � 1.290 � 2.975 � 19.823 � 0.194 � 67
SrTiO3 � 1.45 � 2.9 � 16.8 � 0.250 � 0.4
Cu[N(CN)2]Br � 1.486 � 2.5 � 13.857 � 0.268 � 11.7
Al � 1.508 � 3 � 13 � 0.348 � 1.2
K3Tl45C60 � 2.005 � 2.356 � 11.578 � 0.408 � 17.6
Rb3C60 � 1.487 � 2.143 � 7.476 � 0.570 � 28
Cu1.5C60 � 2.036 � 2.037 � 6.561 � 0.632 � �

������������������������������������������������������������������������������������

(4) Evaluation calculations of S also demonstrated
that, to obtain glassy compositions, the amount of ful-
lerenes in chalcogenide matrices cannot be high. In
this case, the rate of melt cooling should exceed
100 K s�1. The available, by that time, experimental
data on introduction of preliminarily treated shungites
into chalcogenide glasses confirmed to a certain extent
the suggestions made [29, 70, 71].

On the basis of the aforesaid, selenium [72] and
glassy compounds of the systems P�Se, As�P�Se, and
Ag�As�Se were chosen for studying the possibility
of fullerene introduction into chalcogenide glasses
serving as reference substrate (matrix). The choice of
a procedure and mode of synthesis was determined by

S � 103

Fig. 1. Capacity S of a substance for a superconducting
transition in relation to the total number of electrons in
an �averaged� atom (Ne).

several factors specified below. It is known that the
classical procedure for preparing a glass consists
in nonequilibrium cooling of a melt preliminarily
brought into thermodynamic equilibrium at a suf-
ficiently high synthesis temperature Ts. Determining
the temperature Ts and the minimum time of keeping
the melt at a given temperature is an important experi-
mental task [57]. However, there exist glasses which
cannot, in principle, be obtained by the classical
method, and these are not only glassy crystals for
which the glass phase is obtained by cooling of the
corresponding crystal [60]. It is the necessity for
bringing a melt into the state of thermodynamic equi-
librium that precludes synthesis of some glassy mate-
rials. In particular, such a situation is characteristic of
fullerene-containing glassy materials, first synthesized
in 1993 [29].

Fullerenes are big spherical molecules composed of
carbon atoms. The most stable of these is the C60
molecule, a spherical molecular formation in the form
of a truncated icosahedron. The C60 molecule, which
resembles in its shape the surface of a soccer ball,
is composed of edge-linked pentagons and hexagons,
with each pentagon surrounded by hexagons only. The
diameter of the C60 molecule is 7.2 �. Fullerenes can
be, in particular, obtained in evaporation of graphite
by a special procedure [3, 73]. Naturally, such exotic
molecules as C60 and C70 constitute only a minor
fraction in graphite vapor mainly composed of small
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clusters, mostly C2. This is not surprising, since spon-
taneous formation of rather complex C60 and C70
molecules is unlikely, and their decomposition is, as
a rule, irreversible. In view of this circumstance, melts
containing a noticeable fraction of fullerenes are
commonly thermodynamically unstable.

Since fullerenes can survive in thermodynamically
unstable melts only at relatively low temperatures,
it is hoped that fullerene-containing glassy materials
can be obtained by relatively rapid cooling of such
melts. Compared with glasses prepared by the clas-
sical technique of fast cooling of an equilibrium melt
[56, 57], the given materials are characterized by
lower configuration entropy [74]. Since the mutual
position of atomic nuclei ultimately determines most
of properties of any condensed system, the following
questions are of primary importance. How are the
structure R and parameters of a transition to the super-
conducting state related? Is it possible to increase
the critical temperature Tc (R) of a superconducting
phase transition by varying the structure R of a system
at its invariable chemical composition? What is the
structure Rmax to which corresponds the absolute
maximum

T c
max � TcR

(max) = maxTc(R) (3)
{R}

of the function Tc(R)? These issues were considered in
detail in [74�77].

It was shown in these publications that specific
ensembles of structures with decreased configuration
entropy can be distinguished in condensed systems.
Systems with structures composed of these ensembles
can be named systems with decreased configuration
entropy. Here is meant the a priori (before obtaining
any of the systems under consideration) configuration
entropy, determined by probabilities of occurrence of
the structure, which characterize a certain statistical
ensemble of structures.

To systems with decreased configuration entropy
belong, in particular, disordered microscopically
heterogeneous materials with relatively large hetero-
geneity lengths � [74]. For example, the � value for
glasses containing shungites with additions of ful-
lerenes and fullerenides exceeds 100 � [29, 74]. As
established in [72, 74], the structurally inhomogene-
ous materials considered contain superconducting
fragments for which Tc lies within the range 70�
100 K (depending on composition).

Within the approach being developed, it becomes
clear why the high-temperature superconductivity has

Fig. 2. A variant of the structure of a structurally inhomo-
geneous superconductor: (1) superconducting fragments and
(2) fragments of the atomic network.

been discovered just in structurally inhomogeneous
materials, specifically, metal oxide ceramics. In all
probability, the following hypothesis is valid. Most
of high-temperature superconductors are structurally
inhomogeneous materials with decreased configura-
tion entropy and relatively large heterogeneity length
�(R) (Fig. 2).

It is due to the existence of heterogeneities that the
critical temperature Tc can be raised. The microscopic
mechanisms responsible for this increase vary. For
example, if heterogeneities are created (Fig. 2), the
frequencies of atomic vibrations within them become
higher. This leads [78] to an increase in the Tc values
corresponding to these heterogeneities. In addition,
it has been shown that, when the concentration of
a certain kind of heterogeneities is raised, it may be
hoped that the Tc values will increase [29, 72, 74].

It follows from the aforesaid that fullerenes of the
types C60, C70, etc. must lead to a decrease in the
structural disorder in the whole fullerene-containing
system, i.e., to lowering of the configuration entropy.
Naturally, preserving fullerenes in a melt in the course
of synthesis requires that not only temperatures should
be comparatively low, but also the chemical interac-
tion with other components should be nondestructive.
Unfortunately, the chemistry of fullerenes has not
been studied sufficiently completely. Most of the
presently known chemical reactions involve only
chemical bonds separating two neighboring hexagons
[1�15]. As a rule, mixtures of products are obtained,
since multiple additions are possible. The last fact
indicates that fullerene fragments are incorporated
in condensed matrices by alternative mechanisms.

According to quantum-mechanical calculations, the
energy of the whole system is lowered upon addition
of one or two electrons to a C60 molecule by, respec-
tively, 0.92 and 3.6 eV [3], and, therefore, many
metals and their salts can serve as electron donors for
fullerenes. For example, electron transfer from alkali
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metal atoms to C60 occurs easily. Rubidium, potas-
sium, and cesium fullerenides M3C60 have metallic
conductivity and exhibit superconductivity at low
temperatures. The conductivity decreases when the
composition deviates from M3C60 to both higher and
lower content of the alkali metal [79].

Being acceptors, C60 molecules form with electron
donors, depending on their strength, either charge-
transfer complexes or radical ion salts. Some of these
show ferromagnetism or superconductivity [80].
A specific feature of the C60 molecule as an acceptor
is its spherical shape and comparatively high negative
reduction potentials. This circumstance predetermines
the relatively low stability of fullerenes in air.

The criteria to be used in choosing donors for the
C60 molecule have not been determined conclusively.
It is believed [80] that the configuration flexibility is
an important structural characteristic of a donor mole-
cule as a component of a charge-transfer complex.
Donors capable of changing their configuration,
adjusting it to the rather rigid spherical shape of the
C60 molecule, seem to be preferable for formation of
sufficiently stable charge-transfer complexes. To such
donors, in particular, belong molecules of chalcogens,
e.g., sulfur molecule S8. A complex C60 �2S8 has been
prepared [80]. It may be stated that sulfur is a suf-
ficiently versatile donor for fullerenes.

It seems reasonable to assume that not only sulfur,
but also other chalcogens (selenium, tellurium) can
form charge-transfer complexes with C60, and, there-
fore, fullerenes can, up to their certain concentrations,
be incorporated in the network (structure) of some
chalcogenide glasses. This is indicated by the data
in Fig. 1.

Glassy fullerene-containing materials were syn-
thesized using as a basis the temperature mode of syn-
thesis developed for obtaining glasses containing
Karelian shungites [29, 81]. The synthesis was carried
out in preliminarily washed and dried (at 150�C)
quartz ampules evacuated to a residual pressure of
10�5 torr. Ampules containing 2 g of the starting
materials were kept in a furnace at 800�C for 2�3 h.
For better homogenization of the melts in synthesis,
they were agitated by rotating the ampules. Several
parallel meltings were carried out for each composi-
tion. All measurements were done on no less than two
samples from parallel meltings. As criteria of the
glassy state served the shell-like fracture, absence
of lines in powder X-ray diffraction patterns, and
lack of heterogeneities on samples inspected using
an MIK-1 IR microscope.

Fullerene-containing glassy materials were syn-
thesized on the basis of the systems Se�C60, P�Se�
C60, As�P�S�C60, and Ag�As�S�C60. It should be
noted that as one of the main criteria for selecting
chalcogenide matrices for introduction of fullerenes
served the ability of the matrices to be donors for ful-
lerenes, and also the configuration flexibility and
diversity of structural formations. For example, glassy
selenium has a rather labile polymeric skeleton based
on covalently bonded structural units SeSe2/2, which
can adjust to the rigid structure of fullerenes. Matrices
based on P�S and P�Se not only can be donors for
fullerenes, but are also characterized by a wide divers-
ity of structural groups, which facilitates incorporation
of fullerenes in the structural network (matrix) of
the glassy alloy. The choice of metals contained in
glassy matrices was governed by the ability of such
systems to form structurally inhomogeneous glasses.

As starting fullerenes served a mixture of 96 wt %
C60 and 4 wt % C70. In all of the systems studied,
introduction of up to 2 wt % fullerenes preserved the
glassy state of the initial matrices, and introduction of
more than 2 wt % yielded glassy crystals.

To confirm the survival of fullerenes after syn-
thesis, the mass spectra of the glassy samples obtained
were measured. The mass-spectrometric studies were
carried out with a time-of-flight mass spectrometer of
the mass-reflectron type with resolution of 5000 at
half-maximum of a peak at mass number of 500 amu
[82]. Typical results of a mass-spectrometric study
of fullerene-containing chalcogenide glassy materials
are presented in Fig. 3. The presence of lines corre-
sponding to fullerenes in the mass spectra clearly in-
dicates that the fullerene structure is preserved in
the synthesis mode used.

Some physicochemical parameters of the glassy
materials obtained are listed in Table 2. The density �
of the samples was measured by hydrostatic weighing
in toluene, and their microhardness was determined
on a PMT-3 device. The electrical conductivity of
the samples was measured by the two-probe method
at temperatures in the range 20�100�C, with the error
in determining log	 not exceeding 0.1 order of mag-
nitude. The glass transition temperature Tg was found
from the bend in the temperature dependence of the
electrical conductivity under condition of constant
sample compression between the electrodes.

Analysis of the results obtained shows that the
most pronounced changes in the structure and proper-
ties of a glass after introduction of fullerenes are
observed for selenium-based samples. This is also
indicated by the data listed in Table 3.
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(a)

(b)

I +, arb. units

I +, arb. units

M, amu

M, amu

Fig. 3. Mass spectra of fullerene-containing glassy compositions: (a) Se + 2% C60, Tev = 200�C, Uel = 50 eV; (b) Ag3AsS3 + 2%
C60, Tev = 350�C, Uel = 30 eV.

The results of examining with a metallographic
microscope the polished surfaces of the alloys syn-
thesized show that selenium-based samples are the
most homogeneous. They also exhibit an increase in
microhardness and a pronounced rise in glass-transi-
tion temperature. Probably, chemical interaction
of carbon clusters with selenium, which leads to

Table 2. Physicochemical characteristics of fullerene-containing glassy materials
������������������������������������������������������������������������������������

System
� Composition of � C60 content, � �, � H, � �log�0, �

Type of conduction� the initial matrix � wt % � g cm�3 � kg mm�2 � [��1 cm�1] �
������������������������������������������������������������������������������������
Se�C60 � Se � 0.9 � 4.27 � 42 � 12.7 � Electronic

� Se � 2.0 � 4.21 � 45 � 10.8 � �

P�Se�C60 � P2Se5 � 2.0 � 3.80 � 56 � >12 � �

� P2Se5 + 0.1Fe � 2.0 � 3.63 � 51 � >12 � �

As�P�Se�C60 � AsP3S10 � 2.0 � 4.09 � 76 � >12 � �

Ag�As�S�C60� Ag3AsS3 � 2.0 � 5.75 � 62 � 6�7 � Hole
������������������������������������������������������������������������������������

Table 3. Parameters of selenium-based glassy materials
������������������������������������������������������������������������������������

Composition � Tg, K � �log�20 � �log�Tg � E0, eV � log�0 � Notes
������������������������������������������������������������������������������������
Se � 314 � 13.8 � 11.0 � 0.90 � 4.0 �Data of [15]
Se + 0.9 wt % C60 � 333 � 12.7 � 10.4 � 0.95 � 3.7 �T < Tg

� � � � 0.50 � 3.2 �T > Tg
Se + 2.0 wt % C60 � 338 � 10.8 � 10.7 � 1.15 � 6.8 �T < Tg
������������������������������������������������������������������������������������

strengthening of the alloy structure, is manifested to
the greatest extent. The temperature dependence of
electrical conductivity shows clearly pronounced ex-
ponential behavior both at T < Tg and in the glass-
forming region (Fig. 4). The observed differences in
the activation energy before and after Tg indicate that
structural transformations occur in the glass network.
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104/T, K�1

Tg

�log� [��1 cm�1]

Fig. 4. Electrical conductivity of glassy selenium contain-
ing 2 wt % C60 vs. temperature T.

Fig. 5. Fullerene-containing selenium�carbon matrices:
(1) fullerene molecule, (2) graphite fragment, (3) chain of
selenium atoms, and (4) impurity atoms.

It should be noted that two characteristic regions with
different activation energies of conductivity have also
been observed in C60-based films [83].

As already noted, the problem of glass formation in
the system Se�C60 and other chalcogenide systems
with fullerenes is far from being trivial. On the one
hand, glassy selenium is a classical glass obtained
by rapid cooling of an equilibrium melt [57], and
on the other, the glassy phase of C60 is an example
of a nonclassical glass obtained by nonequilibrium
cooling of a C60 crystal from 300 to 15 K [60], with
the corresponding glass transition temperature Tg
equal to 90 K.

Thus, the preparation procedure is not the only
factor governing the nature of the glassy state. There-
fore, it is of prime importance to understand on the
microscopic level the common features of all the
above-considered cases (in particular, formation of Se
and C60 glasses). This consideration can be based, to
certain extent, on data in [76, 84�86]. Let us briefly
discuss some conclusions following from these works.

Depending on the thermal history of a glass syn-

thesized, the system �falls� into different potential
wells. In other words, virtually infinite number of dif-
ferent glasses can be, in principle, obtained at fixed
chemical composition. Being close in structure, most
of these glasses have close properties.

The properties of the classical glasses are deter-
mined by potential wells which coincide with, or are
close to those characteristic of a melt. However, there
also exist an exponentially large number of potential
wells grouped around the potential well of the ideal
crystal. A rather great number of stationary quantum
states are localized within these wells. A quantity 
cr,
which is similar to 
g, can be introduced for the
ensemble of these states [87]. For a C60 crystal, a
temperature of about 90 K corresponds to the energy

cr. In other words, if the energy of a crystal exceeds

cr, then transitions between different states of the
ensemble under consideration occur rather rapidly,
with the result that an equilibrium is attained. If the
energy is lower than 
cr, such transitions are frozen.

Thus, the microscopic mechanisms of glass forma-
tion in Se and C60 are similar. The only difference
consists in that these mechanisms operate in dissimilar
ensembles of stationary quantum states, which differ
fundamentally from one another.

Naturally, the exponentially large number of poten-
tial wells includes those to which correspond hetero-
geneous structures. In all probability, fullerenes are
arranged within matrices of chalcogenide glasses
statistically nonuniformly. Fullerene molecules form
a kind of clusters (Fig. 5). This is confirmed by the
presence of the above-mentioned superconducting
fragments and absence of through superconductivity
(Fig. 2). Surely, the clusters are much smaller in size
(on the order of 10�3 cm) than the initial particles in
a weighed portion. If these latter were preserved in
the alloys synthesized, they would be observable
under an IR microscope.

Quantitatively, the degree of heterogeneity of a
system can be characterized by the value of �(	) [88].
The length �(	) is equal to the diameter of a sphere
with minimum dimensions (Fig. 5), which isolates, ir-
respective of its position within a macroscopic sam-
ple, similar (to within relative fluctuation 	) regions.
The similarity not necessarily means identity, it suf-
fices that a number of integral characteristics of the
regions, such as dipole moment, polarizability, overall
chemical composition, etc., are close. In other words,
even though regions of diameter �(	) differ, as a rule,
from one another in how the constituent fragments are
linked, they are, nevertheless, closely similar.
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The order of magnitude of �(	) can be evaluated
using a simple formula [88]:

�(	) 
 D/(	2/3 min ni
1/3), (4)

i

where D is the diameter of a sphere whose volume is
equal to the average volume per atom in the system,
and ni is the relative concentration of atoms of ith
kind.

According to Eq. (4), the values of �(0.01) for the
alloys synthesized are on the order of 100 �. It is frag-
ments of this diameter that contain information about
most of the properties of the materials considered.
This, apparently, cannot be said about fragments with
dimensions not exceeding 10 �, since the diameter of
a fullerene molecule is on the order of 10 �.

Studies concerned with fullerene-containing glasses
and with fullerenes themselves are still in the initial
stage. In view of this circumstance, it is difficult to
make any prognoses, but, in the author’s opinion,
these studies are of not only scientific, but also prac-
tical importance. In this context, it suffices to recall
that the already investigated compositions of dis-
ordered materials with fullerenes possess a number
of nontrivial properties, including high-temperature
superconductivity [29, 72, 89]. Rather promising for
studying this phenomenon in such materials is the
method of microwave absorption in zero magnetic
field [90]. This technique was used by the author
in a study of selenium with addition of shungite
(Fig. 6). A certain information about specific struc-
tural-chemical features of these materials can also be
furnished by ESR spectroscopy (Fig. 7).

The main result obtained is that the possibility in
principle of preparing fullerene-containing glasses by
cooling the corresponding melts is established. In this
case, the extent to which fullerenes interact with
matrices of different compositions varies, which is, in
particular, indicated by the dissimilar degrees of
microheterogeneity of the compositions obtained. This
is also favored by cluster formation. The fragments
containing information about most of the properties
of the materials under consideration have the size on
the order of 100 � and more.

It follows from the presented data on the chemical
properties of fullerenes and glasses of the systems
Se�C60, P�Se�C60, As�P�S�C60, and Ag�As�S�C60
that the class of fullerene-containing chalcogenide
glasses may be rather broad.

The microscopic mechanism by which widely
diverse glasses, including glassy crystals, are obtained

I, arb. units I � 101

T, K

Fig. 6. Intensity of microwave absorption vs. temperature
T: (1) glassy shungite in paraffin, (2) glassy selenium with
0.9 wt % shungite, and (3) glassy-crystalline selenium with
9 wt % shungite.

(a) (b)

5.6 K
4.7 K

1 cm = 7 G
1 cm = 5 G

Fig. 7. ESR spectra of (a) amorphous shungite and (b) glas-
sy selenium with 0.9 wt % shungite.

is the same. It consists in transitions between quasi-
stationary quantum states with markedly different
lifetimes.

The preservation of the fullerene structure in chal-
cogenide glass matrices also opens up new opportuni-
ties for preparation on their base of new disordered
materials exhibiting high-temperature superconduc-
tivity.
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Abstract�Main features of nonhydrothermal synthesis of saponite-like materials containing Zn(II) and Mg(II)
cations in octahedral networks were studied. Optimal conditions for the synthesis were determined. The in-
fluence exerted by the double-charged structure-forming cation on the rate of structure formation in the syn-
thesized materials and also on their pore structure and thermal stability was studied.

Unique catalytic and adsorption properties of na-
tural clay minerals are known and are a subject of
numerous papers [1]. However, nonuniformity of the
chemical composition and pore structure and a con-
siderable content of impurities considerably limit their
application in catalysis [2]. At the same time, syn-
thetic clays have homogenous composition and struc-
ture, and their physicochemical properties can be con-
trolled already in the stage of their preparation [2�4].
This fact, and also the possibility for the directional
synthesis of materials having no natural analogs open
new prospects for catalytic applications [5�8].

Synthetic clays are usually prepared under hydro-
thermal conditions (5�17 MPa, 423�773 K) [9] using
special expensive autoclaves, which considerably
limits applications of these materials. Therefore, it is
urgent to develop alternative procedures for their
preparation, among which the nonhydrothermal syn-
thesis (synthesis under normal pressure) is the most
promising [5]. The applicability of this procedure to
obtaining saponite-like materials was shown in [5�8].
The key moment in the process is the use of urea as
a hydrolyzing agent; its thermally initiated decom-
position makes it possible to smoothly vary pH of
the reaction medium [10] and thus to control the
hydrolysis rate and hence the formation of the target
material [5�7]. However, detailed information on
the features of the nonhydrothermal preparation of
synthetic clays is lacking.

Clay minerals included in the group of natural
layered aluminosilicates are formed mainly from two
structural fragments, namely, the networks of silicon�

oxygen tetrahedra SiO4 (T-network) and of alumi-
num�oxygen octahedra Al(O, OH)6 (O-network) [11].
These networks are joined through O2� ions into
layers, which form the basis of the unit cell of the
minerals. The structure of smectites, including sapo-
nite, is formed by layers separated by interlayer inter-
vals, in which two T-networks are joined with an
O-network lying between them (T�O�T minerals).
The isomorphous substitutions, e.g., Al(III)�Si(IV),
in the T-networks give rise to an excessive negative
charge which is compensated by either positive
charges localized in the O-networks or charges of
cations arranged in interlayer spaces [1, 2, 11]. The
idealized formula of saponite is Mz+

x/z [Mg6](Si8�xAlx) �
O20(OH)4 �nH2O, where M are exchange (interlayer)
cations; cations in the composition of the O-network
are given in brackets; ions in tetrahedral networks are
given in parentheses; x = 1.2 [11]. This mineral is of
considerable interest for heterogeneous acid catalysis
[2, 5, 6], because its surface has enhanced acidity
owing to the isomorphism Al(III) � Si(IV) in the
T-networks.

The aim of this work was to reveal the main fea-
tures of the synthesis of Zn- and Mg-containing syn-
thetic analogs of natural saponite under nonhydro-
thermal conditions and to study their physicochemical
properties.

EXPERIMENTAL

The objects of this study were synthesized by a
procedure close to that described in [5�8]. We used
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Na2SiO3 �9H2O (27 wt % SiO2), Al(NO3)3 �9H2O,
Mg(NO3)2 �6H2O, or Zn(NO3)2 �6H2O as sources of
Si(IV), Al(III), and double-charged cations.

The synthesis procedure is described for a sample
with the atomic ratio Si(IV)/Al(III) = 12 as example.
An Al(OH)�4 sol was prepared by dissolution of 4.22 g
(11.25 mmol) of Al(NO3)3 �9H2O in 2 M NaOH
(28 cm3). Then this sol was added in portions with
vigorous stirring to a solution of Na2SiO3 �9H2O
(30.0 g, 0.135 mol) in 75 cm3 of demineralized water.
The resulting gel was kept at room temperature for 1 h
without stirring, suspended with stirring in 600 cm3

of H2O, and heated to 363 K. Then 500 cm3 of a
separately prepared aqueous solution containing
32.60 g (0.109 mol) of Zn(NO3)2 �6H2O [or 28.1 g of
Mg(NO3)2 �6H2O (0.109 mol)] and CO(NH2)2 (0.15�
0.80 mol) was added to the heated gel suspension.
The addition rate was selected so that the temperature
of the reaction mixture did not decrease by more than
10 K. This mixture was heated at 363 K for 3�72 h
with continuous stirring. The resulting solid phase
was separated by filtration, washed with five portions
of distilled water, and dried for 12 h at 383 K. The
samples containing Zn(II) and Mg(II) cations in octa-
hedral networks are denoted as Zn-SP and Mg-SP,
respectively.

The pH of the reaction medium was monitored
with a CG804 (Schott�Gerade) pH-meter with auto-
matic data recording. The 27Al NMR spectra were
obtained in the magic angle spinning mode on a
Bruker AMX 300 WB spectrometer (standard ZrO2
rotor, magnetic field frequency 78.20 MHz). The
27Al chemical shift was determined relative to
[Al(H2O)6]3+. The X-ray diffraction (XRD) patterns
of the synthesized materials were taken on DRON-3
and Philips 1170 diffractometers (CuK� radiation, � =
0.154178 nm, Ni filter). The adsorption�desorption
isotherms of nitrogen (77 K) were obtained on an
ASAP 2010 (Micromeritics) adsorption installation
using samples preliminarily evacuated for 5 h at
473 K and a pressure of 10�2 Pa. The IR spectra of
samples prepared as pellets in thoroughly dried KBr
(1 : 60) were recorded on Specord-M80 and FTIR
Perkin�Elmer 2000 spectrophotometers.

The content of Mg(II), Zn(II), and Al(III) cations
was determined by atomic absorption spectroscopy
(Perkin�Elmer PE 3030 spectrophotometer). The
cation-exchange capacity (CEC) of the synthesized
materials was determined according to [12] by adsorp-
tion of a copper(II) ethylenediamine complex at pH 7.

The experimental dependences of pH of the medi-
um on the synthesis time (Fig. 1) have no pronounced

(a) (b)

�, h �, h

Fig. 1. Variation with synthesis time � of pH of the reaction
medium at various urea concentrations. Sample: (a) Zn-SP
and (b) Mg-SP; the same for Fig. 3. CO(NH2)2 concentra-
tion, M: (1) 0.15, (2) 0.45, and (3) 0.80.

extrema, which suggests smooth nucleation and
growth of particles of the synthesized materials. It is
most probable that the decrease in pH observed in
the initial moment of the reaction is due to the forma-
tion of Zn(OH)2 and Mg(OH)2 phases. A considerable
difference in the initial pH values during the syntheses
of Zn-SP and Mg-SP may be due to different solubil-
ity of these hydroxides, which is much higher in the
case of Mg(OH)2.

The 27Al NMR spectra of the starting gels used
for the synthesis of Zn-SP and Mg-SP contain a
resonance of tetrahedrally coordinated Al(III) cations
[Al(III)(tetr.)] with a chemical shift � about 54 ppm
(Fig. 2). At the reaction time of 3 h, a signal of octa-
hedrally coordinated Al(III) (� = 10 ppm) and a
shoulder with � = 64 ppm assignable to Al(III)(tetr.)
are observed in the spectrum of Zn-SP. The latter
signal is characteristic of Al(III) cations localized in
tetrahedral networks of smectites (Al�O�Si bonds)
[13]. When the syntheses time increases to 12, and
especially to 24 h, the intensity of this resonance con-
siderably increases, which is accompanied by the dis-
appearance of the signal with � = 24 ppm (Fig. 2a). In
this case, the change in the urea concentration within
these limits affects the parameters of the 27Al NMR
spectra only slightly. Nevertheless, the strongest
signal of Al(III)(tetr.) was observed for a sample pre-
pared in the presence of 0.45 mol of CO(NH2)2. The
data obtained suggest that the incorporation of Al(III)
cations into the crystal lattice of Zn-SP is practically
complete within approximately 24 h. In the case of
Mg-SP, this process is much slower, and a weak sig-
nal of Al(III)(tetr.) with � about 64 ppm was detected
only at the reaction time of 30 h. Its intensity con-
siderably increases as the synthesis time is increased
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(a)

(b)

(c)

�, ppm

Fig. 2. 27Al NMR spectra of synthesized materials.
(�) Chemical shift. Sample: (a) Zn-SP and (b, c) Mg-SP;
the same for Fig. 4. Synthesis time � (h): (a) (1) 0.5, (2) 3.0,
(3) 12, and (4) 24; (b) (1) 30 and (2) 36; (c) (1, 2) 36.
CO(NH2)2 concentration, M: (a, b) 0.45 and (c) 0.80.

(a)

(b)

2�, deg
Fig. 3. Diffraction patterns of materials prepared at various
synthesis times. (2�) Bragg’s angle. Synthesis time �, h:
(a) (1) 3.0, (2) 12, and (3) 24; (b) (1) 5.0; (2) 36, and
(3) natural saponite (Ballarat).

to 36 h (Fig. 2b). In this case, the amount of urea and
hence the pH value crucially affect the course of
Al(III) incorporation into the tetrahedral network of
the synthesized material (Fig. 2c).

The increase in the Si(IV)/Al(III) atomic ratio in
the reaction gel from 5 to 12 results in an appreciable
decrease in the content of octahedrally coordinated

Al(III)., with the content of Al(III)(tetr.) remaining
virtually unchanged. Therefore, we can conclude that
saponite-like materials with preferential Al(III) locali-
zation in the tetrahedral networks (a characteristic fea-
ture of this smectite [3, 5]) can be obtained under non-
hydrothermal conditions only at Si(IV)/Al(III) � 12.
Therefore, further experiments were performed using
samples with the Si(IV)/Al(III) atomic ratio of 12 and
Mg-containing materials synthesized in the presence
of 0.80 mol of urea.

The X-ray diffraction analysis has shown that, in
the case of Zn-SP, a certain amount of a saponite-like
phase is formed within 3.0�3.5 h. As the synthesis
time is increased to 12 h, its amount and the crystal-
linity of the resulting material increase (Fig. 3a), as
indicated by the growth of the intensity of the long-
range order basal reflections (020/110) and (113)
[4, 6]. At the reaction time increased to 24 h, the
X-ray peaks become narrower, and the intensity of the
first basal reflection [d(001)] considerably increases.
At the synthesis time of 36 hm the shape of X-ray dif-
fraction patterns undergoes no significant changes,
suggesting that the crystallization of Zn-SP is com-
plete within 24 h. The macrostructure of this material
is formed by crystallites with fairly large particles
connected to each other predominantly by a plane�
plane motif, as indicated by considerable intensity and
symmetry of basal reflections [4, 5, 14, 15].

The X-ray diffraction patterns of Mg-saponite ob-
tained at various synthesis times are given in Fig. 3b.
They show that the structure of this material is formed
much more slowly than that of Zn-SP. At a reaction
time of 5 h only weakly pronounced reflections (060)
and (201) are detected. The diffraction pattern of
Mg-SP synthesized in 36 h contains all the basal re-
flections characteristic of saponite [4, 14]. However,
the corresponding peaks remain fairly broad, with the
value of d(001) being greater than for Zn-SP (Fig. 3b).
Further prolongation of the synthesis (to 72 h) only
slightly affects the intensity and width of the X-ray
peaks. It should be noted that it is almost impossible
to obtain X-ray patterns for Mg-SP using nonoriented
samples. This fact suggests that the macrostructure of
this material is formed by small particles, the majority
of which are connected to each other by a plane�facet
or facet�facet motif [4]. Such a structure is called
�house of cards� or delaminated [2, 16]; its formation
was noted earlier in the case of low-temperature
syntheses of others trioctahedral Mg-containing
clays [15].

The capability to swell in polar media, in particular,
in ethylene glycol vapor, is a characteristic feature
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Pore structure parameters, elemental composition, and exchange capacity of synthetic saponite-like materials
������������������������������������������������������������������������������������

Sample
�

�,* h
� SBET, � Vlim � Vmicro � SiO2 � Al2O3 � M2+O �

CEC,� � ��������������������������������������������������
� � m2 g�1

� cm3 g�1 � wt % � mg-equiv g�1

������������������������������������������������������������������������������������
Zn-SP � 12 � 142.24 � 0.162 � 0.003 � 35.30 � 2.45 � 38.96 � 0.97

� 24 � 218.72 � 0.183 � 0.004 � 35.25 � 2.49 � 38.86 � 1.20
� � � � � � � �Mg-SP � 24 � 599.50 � 0.625 � 0.150 � 48.24 � 3.40 � 26.33 � 0.82
� 36 � 592.14 � 0.323 � 0.280 � 48.20 � 3.43 � 25.10 � 1.25

������������������������������������������������������������������������������������
* (�) Synthesis time.

of smectites [1]. We found that Zn-SP samples syn-
thesized in 3 or 24 h have this property, as seen from
an increase in the size of their interlayer space 	d; in
the sample prepared in 24 h, this effect is more pro-
nounced. Among the Mg-SP materials, the swelling
was detected only for samples synthesized in more
than 30 h. These observations agree with the assump-
tion that the crystallization of Zn-containing saponite
is practically complete in 24 h, whereas the formation
of the Mg-SP structure requires a longer time. Further-
more, the nature of the structure-forming double-
charged cation appreciably affects the value of 	d. In
the case of Mg-SP samples, it is greater by 0.3�
0.4 nm than that in their Zn-containing analogs. This
may be due to the effect of a smaller size of Mg-SP
crystallites and also to weaker electrostatic interaction
of its silicate layers [14]. In view of these facts, we
further studied the Zn-SP samples synthesized in 12
and 24 h and the Mg-SP samples synthesized in 24,
36, and 72 h.

The isotherms of N2 adsorption�desorption for the
Zn-containing materials (Fig. 4a) can be assigned to
type IV according to the IUPAC classification [17].
This is indicative of the predominantly mesoporous
structure [18]. The observed shape of the hysteresis
loop (mixed type H4 + H2 [17�19]) is indicative of
the presence of slit- and bottle-like pores [19]. The
increase in the synthesis time from 12 to 24 h only
slightly affects the shape of the isotherms and the
parameters of the pore structure of Zn-SP samples
(see table; Fig. 4a). In the case of Mg-containing
materials, these parameters, as well as the shape of the
isotherms of nitrogen adsorption, strongly depend on
the synthesis time (see table; Fig. 4b). The sample
obtained in 24 h is mainly mesoporous (type IIb iso-
therm [15]). Taking into consideration the NMR and
XRD data, we can explain this fact by the presence
of an amorphous phase. For materials prepared in a
longer time (36�72 h), the adsorption isotherms differ
insignificantly, and they can be assigned to distorted

type I [20], which is characteristic of microporous
substances [18�20]. A narrow hysteresis loop (Fig. 4b)
close to the H4 type [18] points to the presence of slit-
like pores. Similar isotherms were obtained for syn-
thetic laponite, a mineral with a delaminated structure
[20]. Therefore, we can suggest that the macrostruc-
tures of Mg-SP and laponite are similar to each other,
which also agrees with the above-given XRD data.
Thus, we can conclude that the formation of the pore
structure of Mg-containing saponite is complete
in 36 h.

The nature of double-charged cations strongly af-
fects the size and volume of pores and the specific
surface area of the synthesized clays (see table). Sam-

A, cm3 (n.c.) g�1

A, cm3 (n.c.) g�1

A, cm3 (n.c.) g�1

(b)

(c)

(a)

Fig. 4. Nitrogen adsorption�desorption isotherms. (A) Sorbed
volume and (P /P0) relative pressure. Synthesis time �, h:
(a) (1) 12 and (2) 24; (b) 24; (c) (1) 36 and (2) 72.
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�, cm�1

Fig. 5. IR spectra of samples. (	) Wave number. Sample:
(1) Zn-SP, (2) Mg-SP, and (3) natural saponite (Ballarat).

(a)

(b)

2�, deg

�, ppm
Fig. 6. (a) Diffraction patterns and (b) 27Al NMR spectra of
calcined samples. (2�) Bragg’s angle and (�) chemical shift.
Sample: (a) (1, 2) Zn-SP and (3) Mg-SP; (b) (1) Zn-SP
and (2) Mg-SP. T, K: (a) (1) 673, (2) 773, and (3) 873;
(b) (1) 773 and (2) 873.

ples of Zn-SP are mainly mesoporous, whereas Mg-
containing saponite-like materials are microporous.

The IR spectra of Zn-SP and Mg-SP samples in the
region of lattice vibrations are given in Fig. 5. It is
seen that the nature of the structure-forming double-
charged cation affects the position of the maximum of
the strong band near 1020 cm�1 (Si�O�Al bending
vibrations [13, 21]). Less intensive absorption bands
at 915�920, 800�780, and 660�620 cm�1 are assign-
able to the Si(Al)�O, Si�O�Al, Al�OH�Mg, and Si�

O�Mg vibrations, respectively [11, 18]. The bands of
the Mg(Zn)�OH, Si�O�Mg, or Si�O�Zn vibrations
(550�527 and 460�440 cm�1) are also present in the
IR spectra [13, 22]. All these absorption bands are
characteristic of lattice vibrations of trioctahedral
smectites [21, 22], including natural saponite (see
spectrum of the reference sample). The chemical com-
positions of the synthesized materials and their cation�
exchange capacities (see table) also agree with the
corresponding published data for this clay mineral
[14, 22].

Summarizing the data obtained, we can conclude
that the optimal parameters of the Zn-SP synthesis are
the time of 24 h and the urea concentration in the reac-
tion mixture of 0.45 M, whereas for the synthesis of
its Mg-containing analog these are 36 h and 0.80 M,
respectively.

The thermal stability is one of the major character-
istics of heterogeneous catalysts [23]. As the sub-
stances studied in this work can be potentially used in
high-temperature catalytic reactions [4�8], it seemed
important to study the stability of their structure at
elevated temperatures. We heated the samples step-
wise in an air flow in the range 298�1073 K at a rate
of 5 deg min�1, with keeping at selected temperatures
for 18 h. The structural transformations were moni-
tored by XRD and 27Al NMR.

The results obtained are shown in Fig. 6. It is seen
from the X-ray patterns (Fig. 6a) that the calcination
of Zn-SP at 623 K makes its structure amorphous to a
considerable extent, and at 773 K its crystallinity is
virtually fully lost. The NMR spectrum appreciably
changes in the process (Fig. 6b). The signal at � =
64 ppm [Al(III)(tetr.)] becomes considerably less sym-
metric. The computer resolution of this signal has
shown that it is a superposition of two signals with
� 62 and 56 ppm. The latter signal is assignable to
the Al(III)(tetr.) resonance in an amorphous phase.
Simultaneously, a weak signal appears in the NMR
spectrum near 30 ppm, which is assignable to the
resonance of five-coordinate Al(III) [24]. In the case
of Mg-SP, the calcination at temperatures of up to
873 K does not make its structure amorphous to
a noticeable extent (Fig. 6a), and the shape of the
27Al NMR spectra does not change appreciably
(Fig. 6b). As the temperature is increased further to
973 K, the Al(III)(tetr.) signal becomes less sym-
metric, suggesting partial degradation of the crystal
structure. Thus, Mg-SP is more thermally stable than
its Zn-containing analog. This may be due to the
effect of the size of the double-charged cation forming
the octahedral networks of synthetic saponite. It was
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shown in the case of trioctahedral micas that the min-
erals containing structure-forming cations with large
ionic radii have a lower thermal stability [25].

It should be specially noted that the temperatures
at which the structures of the synthesized materials
degrade are higher than those known for natural
saponites. This fact once again demonstrates prospects
for using synthetic clays as heterogeneous catalysts.

CONCLUSIONS

(1) Experiments on optimization of the conditions
for preparing of Zn- and Mg-containing synthetic
analogs of natural trioctahedral smectite (saponite)
under conditions of nonhydrothermal synthesis
showed that the preferential localization of Al(III) cat-
ions in the tetrahedral networks of these materials is
possible only at the atomic ratios Si(IV)/Al(III) �12.

(2) The rate of formation of the structure of M(II)-
containing synthetic saponites [the process is complete
in 24 h for Zn(II) and 36 h for Mg(II)], the parameters
of their pore structure, and the macrostructure and
thermal stability depend on the nature of the structure-
forming cation [Zn(II) or Mg(II)]. Synthetic Mg-sapo-
nite has a large specific surface area (650 m2 g�1) and
a high thermal stability (up to 973 K).
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Abstract�The burning velocity of sodium chlorate based formulations with polyethylene and kerogen under
atmospheric conditions was studied in relation to composition, i.e., oxygen excess factor.

The increasing prospects for use of high-energy
explosive formulations (blends) in various branches of
the national economy: mining, building, metal work-
ing, and manufacture of construction materials, re-
quired enhanced safety measures (including environ-
mental safety) in use of these formulations. A neces-
sity has arisen for development of a procedure for cal-
culating charges of these formulations with account of
specific properties of a medium to be destroyed.

This study was devoted to development and analy-
sis of formulations based on some widely used oxidiz-
ing agents and low-cost and readily available com-
bustibles whose burning occurs in the deflagration
mode.

In the first stage, we chose a formulation based on
sodium chlorate (SC) and hydrocarbons. The kinetics
of burning of SC-based formulations with polyethyl-
ene (PE) or kerogene (KE) was analyzed on a labora-
tory setup. Our goal was to search for and develop
new materials for mining of block stone (for building
industry), with sparing approach to natural and artifi-
cial objects. The studies in this direction, e.g., those
concerned with pastelike hydrogen peroxide [1, 2],
have been limited to separate tests and are hindered
now by difficulties encountered in the development
of a formulation that would be stable in prolonged
storage. As for blended explosives based on liquid
oxygen and formulations with liquid hydrogen per-
oxide, their use is problematic, except in special cases,
because handling them in field conditions is com-
plicated and dangerous. Use of standard explosives
based on chlorates and perchlorates [3] is undesirable
because of the detonation mode of their physicochemi-
cal conversion [4]. Detonation leads to cracking and
microcracking both in a block being separated and in
the solid rock, which makes the yield of the finished
product lower, and the time during which a deposit

can be in service, shorter [4]. According to prelimi-
nary data, the necessary requirements can be satisfied
by a formulation based on SC and hydrocarbons,
placed in a special gas generator [5, 6]. In energy-
related parameters, the formulations proposed are
somewhat inferior (by 5�15%) to those based on hy-
drogen peroxide. The environmental impact of formu-
lations of this kind exceeds that of peroxide formula-
tions only slightly.

The aim of this study was to determine the burning
rate of formulations based on SC (which is the most
accessible and cheap among chlorates and perchlo-
rates) and hydrocarbons under atmospheric conditions
as a preliminary stage of works necessary for their
industrial implementation.

EXPERIMENTAL

In an experimental study of the burning of an SC
formulation with combustibles, the rates of burning
and weight change were determined in order to ana-
lyze the manner in which the solid residue of burning
products moves away from the flame zone. The com-
bustion time of a formulation was measured on a setup
similar to that described previously in [1], between
two reference points spaced by l = 55 mm (determined
when mounting the contacts). In this case, the measur-
ing system included two electric circuits with a single
dc power source (V = 5 V) connected to an electrically
conducting casing. Each circuit had an electric contact
introduced through an insulating ceramic channel to
within the casing. The instants of time at which the
combustion surface passed through the reference
points were recorded as successive closures of con-
tacts in two electric circuits connected to an S9-8
digital storage oscilloscope. Another setup was used
to determine qualitatively how the formulation weight
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changes in the course of burning: whether the burning
rate varies with time and, if so, whether it decreases or
increases as the formulation burns out. The setup was
constituted by VLK-500 g electromechanical balance
with an inductive displacement sensor attached to the
balance beam. The tests were performed under atmos-
pheric pressure at ambient temperature. The com-
bustible formulation included SC oxidant of 50�
150-�m fraction (50% 25�65-�m fraction) and PE of
10�180-�m fraction (71% 15�65-� fraction) or KE of
20�150-�m fraction. Several experiments were per-
formed with addition of Al powder of 10�25-�m frac-
tion to make higher the energy released in the process.
In each run, the SC weight was varied within the
range 57�82 g. A preliminarily interspersed mixture
of SC and PE (KE) of required (as regards the oxidant
excess factor) composition was charged to a height of
80 mm into the experimental vessel (l = 30 mm) made
of Cr18Ni9Ti steel, and the weights of the vessel and
charge were measured. The scatter in bulk density did
not exceed 7% for the oxidant excess factor equal to
unity, and 4% otherwise. The fuel formulation was
ignited in both setups with a 1-g weighed portion of
the PTT paste, using a Nichrome coil (V = 12 V, R =
1 �). To obtain more reliable results, all the tests
were replicated at least twice. The linear burning
velocity (mm s�1) was determined as

U = l /tb,

where l is the distance between the reference points
(mm), and tb is the time of burning of a formulation
between the reference points (s).

The overall relative error in measuring the linear
velocity did not exceed �10%.

The specific mass velocity of burning, Um
(g cm�2 s�1), was calculated by the formula

Um = mhr/(hftb),

where m is the total charge of a formulation in the cas-
ing (g); hr, the distance between the reference points,
55 mm; h, the total height (m) to which the casing is
charged with a weighed portion m of a formulation;
f = 0.785d2, the area of the internal cross section of
the casing (mm2).

The main results obtained in studying the influence
exerted by the excess of the oxidant on the linear
velocity U (mm s�1) of burning of a formulation are
shown in Fig. 1a. The lines represent regression equa-
tions derived by polynomial processing of experi-
mental data by the least-squares method. For formula-

(a)U, mm s�1

(b)Um, g cm�2 s�1

Fig. 1. (a) Linear burning velocity U and (b) Um in relation
to composition (oxidant excess factor x). Formulation:
(1) no. 1 (SC + PE) and (2) no. 2 (SC + KE); (3, 4) approxi-
mations for formulation nos. 1 and 2, respectively.

tion no. 1 (SC + PE), the following regression equa-
tion is obtained with a correlation factor R2 = 0.950:

U = 0.554x3
� 2.983x2 + 3.797x � 0.004.

Consequently, the maximum linear burning veloc-
ity of the given formulation is 1.41�0.01 mm s�1

at the oxidant excess factor x = 0.827.

For formulation no. 2 (SC + KE), the regression
equation has the following form (R2 = 0.939):

U = �1.206x2 + 2.506x + 0.095.

The maximum linear burning velocity is 1.43�
0.01 mm s�1 at the oxidant excess factor x = 1.039.

Analysis of the data obtained shows that the maxi-
mum linear burning velocity of formulation no. 2 vir-
tually coincides with the velocity for the stoichio-
metric composition, whereas for formulation no. 2 the
maximum in velocity is shifted toward an excess of
the combustible. Introduction into the formulations
of 3 g of powdered aluminum (oxidant excess factor
x = 0.93) leads to an increase in the linear burning
velocity to (3.77�4.09)�0.01 mm s�1 for formulation
no. 1 and to 2.17�0.01 mm s�1 for formulation no. 2.
The effect of aluminum on the burning velocity is par-
ticularly pronounced for formulation no. 1. Figure 1b
shows the main results obtained in studying how the
formulation composition (oxidant excess) affects the
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m, arb. units

t, s

Fig. 2. Variation of the weight m of a formulation in the
course of its burning-out. (t) Time. Points, experimental
data; straight line, approximation.

specific mass velocity of burning, Um (g cm�2 s�1).
The interest in this parameter can be accounted for
by the fact that the rate of pressure build-up in the
volume is determined just by the mass of substance
burnt-out in unit time, whereas the linear burning
velocity is only necessary for assessment of the mode
of conversion, by deflagration or detonation. Similar
processing yields the following results. For formula-
tion no. 1 (R2 = 0.956)

Um = 0.036x3
� 0.466x2 + 0.761x � 0.001.

The maximum specific mass burning velocity,
which is achieved at oxidant excess factor x = 0.913,
is 0.33�0.01 g cm�2 s�1. For formulation no. 2 (R2 =
0.821), the following dependence was obtained:

Um = �0.203x2 + 0.485x + 0.009.

In this case, the maximum specific burning veloc-
ity, equal to 0.30�0.01 g cm�2 s�1, is achieved
at oxidant excess factor x = 1.195. Addition of
aluminum to the formulations also increased the
specific mass burning velocities: to (0.59�0.64)�
0.01 g cm�2 s�1 for formulation no. 1 and to 0.34�
0.01 g cm�2 s�1 for formulation no. 2. Analysis of
the dependences obtained shows that the maxima of
specific mass burning velocities are shifted to higher
oxidant excess factors, compared to the maxima of
linear burning velocities.

Among the experimental results not represented in
the plots, the following are worth mentioning. Accord-
ing to preliminary thermodynamic calculations, the
burning products of the formulations under considera-
tion contain a substantial amount of NaCl with the
melting point of 1073 K and boiling point of 1713 K.
For the oxidant excess factors in the interval of in-

terest, the process temperature falls within the range
2370�3470 K. Thus, NaCl is in the gaseous state at
the combustion front. Away from the front, the salt
condenses, because of heat losses, either at a large
distance from the front, within the flow, or at casing
walls. This is manifested both in the manner in which
the burning products outflow from the cylinder and in
salt deposits on the inner surface of the cylinder. For
example, at oxidant excess factor less than unity
(0.4 < x < 0.75) the salt was carried by flame away
from the reaction zone, the casing was heated to bright
red, and no salt deposits were found on the inner sur-
face of the cylinder after burning terminated. With the
oxidant concentration increasing further, up to unity,
the casing color changed, despite that the process
temperature reached a maximum (3470 K), to dull
cherry, instead of the expected bright white, and a
0.5�1.5-mm-thick salt deposit appeared on the inner
surface of the cylinder. Larger, than before, drops
of molten salt were observed in the flame trail. At
oxidant excess factor of 1.5, the casing ceased to glow
during burning, the salt layer became as thick as 2�
8 mm, and molten salt was ejected from the cylinder
as lava from a volcanic pipe (in the form of large con-
glomerates). In view of these specific features of the
burning process under study, we studied the manner
in which the weight of a formulation charged into the
cylinder changes during burning. Figure 2 shows how
the formulation weight (in arbitrary units) varies with
time. Analysis of this dependence shows that the for-
mulation burns out at a virtually constant rate, with
the exception of transient processes at the beginning
and end of burning. Only slight fluctuations of the
burning rate are observed near the mean value which
can be determined from the process equation (correla-
tion factor R2 = 0.989):

Y = �4.734t + 536,

where Y is weight (arb. units), and t is time (s).

Seemingly, when using the given technique, ac-
count should be taken of the influence exerted by
the reactive force created by gases outflowing from
the reaction zone. This force is proportional to the
dynamic pressure created by the outflowing gases and
to the flow cross-section area. However, since the
dynamic pressure does not exceed 90 mm Hg even for
mercury fulminate Hg(CNO)2 �1/2H2O (mass burning
velocity 5.9 g cm�2 s�1 according to data obtained
by A.F. Belyaev), the influence of the reactive force
can be neglected for the formulations studied.

Full-scale tests of the formulations under study
(SC + PE) under the standard conditions demonstrated
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complete absence of detonation and improvement of
the quality of stone blocks.

CONCLUSIONS

(1) The dependence of the burning velocity of
formulations based on sodium chlorate and polyethyl-
ene or kerogen under atmospheric conditions was
analyzed in the preliminary stage of the study in rela-
tion to the oxidant-to-combustible ratio at oxidant
excess factor varying from 0.37 to 1.5.

(2) The burning velocity depends on the composi-
tion of the formulations studied and reaches a maxi-
mum at nearly stoichiometric compositions at an ex-
cess of the combustible for sodium chlorate with poly-
ethylene, and at an excess of oxidant for sodium
chlorate with kerogen.

(3) The maximum burning velocities (linear and
mass), which are virtually the same for the for-
mulations studied, do not exceed 1.5 mm s�1 and
0.4 g cm�2 s�1, respectively.

(4) In the composition range studied, the formula-
tions burn out at a constant rate.

(5) Introduction of 3�5% aluminum into a com-

bustible formulation raises the burning velocity by
approximately a factor of 2 for the formulation com-
posed of sodium chlorate and polyethylene and
by about 12�20% for the formulation with sodium
chlorate and kerogen.

(6) Full-scale tests carried out in block stone
mining show that the formulations proposed are ef-
ficient and promising.
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Abstract�The activities of components in the bulk and surface layer of melts of chloride�fluoride ternary
mutual systems were calculated in the framework of the regular solution model using surface tension values
and considering the surface layer is a separate phase.

Study of the surface tension of chloride�fluoride
melts is of theoretical and practical significance,
because they can be used in electroslag remelting as
flux and for welding of nonferrous metals. Determina-
tion of the activity of melt components is of great
importance for thermodynamic calculations of salt
systems [1]. The most widely used method in study-
ing the metallurgical systems is the model of regular
solutions.

A calculation of the component activity for mutual
melts from experimental surface tension values has
been described previously [2]. For the exchange reac-
tion MA + NB = NA + MB, the diagonal MA�NB is
stable at �G0

T >0. The mole fractions x and (1 � x) of
substances MA and NB in the initial mixture become
(x � y) and (1 � x � y) in the equilibrium mixture, i.e.,
become lower by the value of y equal to the mole frac-
tion of the reaction products. Within the framework
of the regular solution model [3, 4], we can write

ln �1 = A(1 � x � y)2/RT, (1)

ln �2 = A(x � y)2/RT, (2)

where �1 and �2 are the activity coefficients of com-
ponents MA and NB belonging to the stable diagonal;
A is the interaction parameter determined from
comparison of the experimental and calculated phase
diagrams [4].

Because the concentration of the components
belonging to the unstable diagonal did not exceed
6 mol %, their activities aNA and aMB were assumed
equal to the mole fraction y. The latter was derived
from the equation for the equilibrium constant of
exchange reaction:

Ka = y2{(x � y) exp [A(1 � x � y)2/RT](1 � x � y)

� exp [A(x � y)2/RT]}�1. (3)

The interaction parameter A was determined from
experimental data on the surface tension described by
the Burylev equation [5] for regular solutions

� = �1x1 + �2x2 + Cx1x2, (4)

where x1 and x2 are the mole fractions of components
MA and NB (x1 = x, x2 = 1 � x), and �1 and �2 are
the surface tensions of these components comprising
a mixture, the calculated surface tension of which �
was compared with the experimental value for the
mutual system.

The constant C includes the mutual exchange
energy [5] and is related to the interaction parameter
A from Eqs. (1) and (2). To find A, it is sufficient to
multiply C by the molar surface area:

A = C�, (5)

where � = Vm
2/3 N1/3, and N is the Avogadro number.

To a first approximation, the molar volume of the
mixture is calculated by the additivity equation Vm =
xVMA + (1 � x)VNB, and more exactly it is calculated
from the equation

Vm = (x � y)VMA + (1 � x � y)VNB + yVNA + yVMB.

The necessary data on the density of components
involved in the exchange were taken from [6].

Comparison of the component activities in LiF�
NaCl and LiF�KCl systems, calculated by the Fellner
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procedure [4] and by the method proposed, showed
that the maximal difference is 0.008 at the mole frac-
tion x = 0.5 and does not exceed 2%, i.e., both meth-
ods yield the similar values. Consequently, the pro-
posed calculation method using surface tension gives
reliable data on the component activity in ternary
mutual systems.

From the condition [7] for equilibrium of a com-
ponent in solution surface layer and bulk,

�i
� � �i = ��i, (6)

we obtain the expression for the binary solution at the
equal molar surface areas:

RT RT
� = �1 + ��� ln (a1

�/a1) = �2 + ��� ln (a2
�/a2). (7)

� �

This equation yields the component activities in the
surface layer of mutual melts:

� � �1
ln a1

� = ������ + ln a1, (8)
RT

� � �2
ln a2

� = ������ + ln a2. (9)
RT

The component activities a1 and a2 of the systems
studied have been reported elsewhere [2, 8, 9]. As-
sumption is made that the melt surface layer, like
bulk, is a regular solution. For regular solutions, the
activity coefficients of components belonging to the
stable diagonal in the surface layer are as follows:

ln �1
� = A(a2

�)2/[RT(�2
�)2], (10)

�2
� = exp {A(a1

�)2/[RT(�1
�)2]}, (11)

where A is the interaction parameter determined from
the experimental data on the surface tension described
by the Burylev equation [5].

Substitution in Eq. (10) of the expression for the
activity coefficient of the second component in the
surface layer gives

A (a2
�)2

ln �1
� = �������������������������. (12)

RT {exp [A(a1
�)2] � exp [RT(�1

�)2]}2

Thus, the activity coefficients in the surface layer
of the components belonging to the stable diagonal
are calculated by Eqs. (10) and (12), and the mole
fractions, by the equations

x1
� = a1

�/�1
�, x2

� = a2
�/�2

�. (13)

Table 1. Activity of components in the surface layer of the
LiF (1)�CsCl (2), NaF (1)�CsCl (2), and KF (1)�CsCl (2)
systems
����������������������������������������
x1 � a�1 � a�2 � ��1 � ��2 � x�1 � x�2
����������������������������������������

LiF�CsCl, 1173 K

0.1 �0.0022 �0.8876 �0.0755 �0.9972 �0.0296 � 0.8901
0.2 �0.0082 �0.7152 �0.1845 �0.9936 �0.0444 � 0.7198
0.3 �0.0210 �0.5511 �0.3634 �0.9892 �0.0577 � 0.5571
0.4 �0.0441 �0.3891 �0.5997 �0.9825 �0.0735 � 0.3960
0.5 �0.0839 �0.2584 �0.7911 �0.9640 �0.1060 � 0.2681
0.6 �0.1362 �0.1464 �0.9225 �0.9313 �0.1477 � 0.1572
0.7 �0.2102 �0.0759 �0.9749 �0.8593 �0.2156 � 0.0883
0.8 �0.3347 �0.0364 �0.9909 �0.6892 �0.3378 � 0.0529
0.9 �0.4430 �0.0106 �0.9987 �0.5263 �0.4436 � 0.0201

NaF�CsCl, 1100 K

0.1 �0.0027 �0.8692 �0.184 �0.9995 �0.0147 � 0.8696
0.2 �0.0094 �0.7214 �0.3104 �0.9979 �0.0303 � 0.7229
0.3 �0.0211 �0.5739 �0.4753 �0.9956 �0.0444 � 0.5764
0.4 �0.0402 �0.4427 �0.6398 �0.9912 �0.0628 � 0.4466
0.5 �0.0674 �0.3161 �0.7937 �0.9840 �0.0849 � 0.3212
0.6 �0.1163 �0.2323 �0.8775 �0.9614 �0.1325 � 0.2416
0.7 �0.1936 �0.1568 �0.9355 �0.9086 �0.2069 � 0.1726
0.8 �0.3275 �0.0939 �0.9675 �0.7738 �0.3385 � 0.1214
0.9 �0.5428 �0.0371 �0.9882 �0.5089 �0.5493 � 0.0728

KF�CsCl, 1073 K

0.1 �0.0137 �0.9072 �0.5127 �0.9994 �0.0266 � 0.9077
0.2 �0.0428 �0.7903 �0.6001 �0.9959 �0.0713 � 0.7936
0.3 �0.0828 �0.6581 �0.6983 �0.9888 �0.1180 � 0.6656
0.4 �0.1400 �0.5642 �0.7614 �0.973 �0.1839 � 0.5799
0.5 �0.2023 �0.4358 �0.8445 �0.9545 �0.2395 � 0.4566
0.6 �0.2926 �0.3368 �0.8964 �0.9172 �0.3264 � 0.3672
0.7 �0.3958 �0.2300 �0.9446 �0.8673 �0.4190 � 0.2652
0.8 �0.5080 �0.1278 �0.9797 �0.8041 �0.5185 � 0.1589
0.9 �0.7383 �0.0516 �0.9947 �0.6398 �0.7422 � 0.0807
����������������������������������������

First, systems comprising cesium chloride and
lithium, sodium, and potassium fluorides are con-
sidered. Their characteristics (Gibbs energy of ex-
change reaction, constant of the Burylev equation,
molar surface area, and interaction parameter) are
presented below:

System
T, �G0

T, �C, �, �A,
K J mJ m�2 m2 mol�1 J mol�1

LiF�CsCl 1173 87 391 370 85 998 31 810
NaF�CsCl 1100 52 375 185 110 431 20 474
KF�CsCl 1073 30 208 65.7 110 102 7233

The calculated component activities in the surface
layer of the melts are listed in Table 1.
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Fig. 1. (1) Activity a� and (2) mole fraction x� of com-
ponents in the surface layer vs. their mole fraction in the
KF�CsCl melt.

Table 2. Activity of components in the surface layer of the
LiF (1)�NaCl (2), LiF (1)�KCl (2), and NaF (1)�KCl (2)
systems
����������������������������������������
x1 � a�1 � a�2 � ��1 � ��2 � x�1 � x�2
����������������������������������������

LiF�NaCl, 1123 K

0.1 �0.0254 �0.8864 �0.5605 �0.9985 �0.0452 � 0.8877
0.2 �0.0607 �0.7743 �0.6400 �0.9934 �0.0949 � 0.7795
0.3 �0.1069 �0.669 �0.7119 �0.9836 �0.1501 � 0.6802
0.4 �0.1660 �0.5671 �0.7768 �0.967 �0.2137 � 0.5864
0.5 �0.2407 �0.4667 �0.8346 �0.9407 �0.2884 � 0.4961
0.6 �0.3341 �0.3677 �0.8848 �0.9006 �0.3776 � 0.4083
0.7 �0.4499 �0.2702 �0.9270 �0.8411 �0.4853 � 0.3212
0.8 �0.5943 �0.1752 �0.9612 �0.7552 �0.6183 � 0.2320
0.9 �0.7724 �0.0831 �0.9876 �0.6381 �0.7821 � 0.1302

LiF�KCl, 1123 K

0.1 �0.0077 �0.9023 �0.1988 �0.9971 �0.0385 � 0.9049
0.2 �0.0229 �0.7956 �0.2773 �0.9867 �0.0824 � 0.8064
0.3 �0.0474 �0.6444 �0.4229 �0.9755 �0.1120 � 0.6605
0.4 �0.0834 �0.4906 �0.5989 �0.9624 �0.1393 � 0.5098
0.5 �0.1328 �0.3506 �0.7608 �0.9417 �0.1745 � 0.3723
0.6 �0.1992 �0.2363 �0.8735 �0.9025 �0.2281 � 0.2618
0.7 �0.2835 �0.1453 �0.9422 �0.8365 �0.3009 � 0.1737
0.8 �0.3743 �0.0750 �0.9805 �0.7501 �0.3818 � 0.1000
0.9 �0.5432 �0.0321 �0.9934 �0.5544 �0.5469 � 0.0580

NaF�KCl, 1173 K

0.1 �0.0103 �0.8621 �0.4729 �0.9995 �0.0217 � 0.8625
0.2 �0.0301 �0.7497 �0.5660 �0.9972 �0.0532 � 0.7518
0.3 �0.0600 �0.6442 �0.6538 �0.9916 �0.0918 � 0.6497
0.4 �0.1029 �0.5425 �0.7347 �0.9804 �0.1401 � 0.5533
0.5 �0.1621 �0.4413 �0.8084 �0.9603 �0.2005 � 0.4596
0.6 �0.2433 �0.3418 �0.8714 �0.9245 �0.2792 � 0.3697
0.7 �0.3534 �0.2439 �0.9227 �0.8627 �0.3830 � 0.2827
0.8 �0.4985 �0.1495 �0.9621 �0.7631 �0.5181 � 0.1959
0.9 �0.7061 �0.0625 �0.9891 �0.5986 �0.7139 � 0.1044
����������������������������������������

The data obtained on the component activity should
be discussed taking into account the Gibbs energy of
the exchange reactions. In the series of the KF�CsCl,
NaF�CsCl, and LiF�CsCl systems, with increasing
Gibbs energy, a eutectic phase diagram of the stable
diagonal changes to a singular phase diagram with
separation [8, 9]. In this series of systems comprising
different fluorides and the same chloride, the cesium
chloride surface activity increased simultaneously.
It is noteworthy that the cesium chloride activity in
the surface layer of the systems studied appeared to be
equal to the mole fraction: a2

� � x2
�. This is clearly

illustrated by the a2
� = f (x2) and x2

� = f (x2) plots for
the KF�CsCl system in which the difference between
the activities and mole fractions was the largest
(Fig. 1). The activity of lithium, sodium, and potassi-
um fluorides was also equal to the mole fraction, but
at a high mole fraction of fluorides (higher than 0.5).
At a lower content of fluorides, the difference between
the activity and mole fraction in the surface layer
ranged from 0.02 to 0.04.

The second group of chloride�fluoride mutual sys-
tems included the LiF�NaCl, LiF�KCl, and NaF�KCl
systems characterized by the following values of
the Gibbs energy, constant of the Burylev equation,
molar surface area, and interaction parameter:

System
T, �G0

T, �C, �, �A,
K J mJ m�2 m2 mol�1 J mol�1

LiF�NaCl 1123 52 109 95 72 189 6858
LiF�KCl 1123 65 392 212 86 877 18 418
NaF�KCl 1173 24 933 113 86 896 9819

With respect to the Gibbs energy, the systems of
this group can be presented as a series LiF�NaCl,
LiF�KCl, LiF�CsCl, with the same fluoride (LiF) and
different chlorides. However, the LiF�CsCl system
was considered within the first group. Replacement of
this system by the system NaF�KCl should not affect
the eutectic phase diagrams of the stable diagonal
[10]. The calculated component activities in the sur-
face layer of the melts are presented in Table 2.

As seen, the general conclusions made for the sys-
tems of the first group are also true for the systems
of the second group. For example, the activity of
chlorides in the surface layer is virtually equal to the
mole fraction. The activity of fluorides is equal to
the mole fraction when their content x1

� is higher
than 0.6, with the activity coefficient �1

� of fluorides
exceeding 0.9.

Consequently, Eq. (7) for the surface-active com-
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ponents, i.e., chlorides, takes the form

RT
� = �2 + ��� ln (x2

�/a2). (14)
�

For the surface-inactive components, i.e., fluorides,
in the concentration range x1 = 0.5�1, this equation
becomes

RT
� = �1 + ��� ln (x1

�/a1). (15)
�

CONCLUSION

The equations were obtained for calculating the
surface tension of mutual chloride�fluoride systems
as a function of the concentration of fluorides and
chlorides in the surface layer.
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Abstract�The temperature dependences of the saturated vapor pressure, the enthalpies of vaporization,
standard boiling points, enthalpies, entropies, Gibbs energies, and component activities were calculated for
liquid alloys of the copper�zinc system from the measured boiling points at various pressures. The calculation
results were compared with the previous data obtained for this system by other methods.

Data on the copper�zinc system are important for
production of copper�nickel alloys. It was of interest
to compare the thermodynamic characteristics ob-
tained by different methods. Data on thermodynamic
properties of solutions can be obtained directly from
the generalized Raoult equation if data on the vapor
phase composition are available. One of versions of
this method is the method of boiling points, which
allows all thermodynamic functions of binary systems
to be obtained for a wide range of temperatures and
concentrations [1].

Based on reference data [2] and on the enthalpies
and entropies of vaporization, we obtained the depen-
dences of the saturated vapor pressure P0

i (Pa) of
a pure liquid component i (i = Zn or Cu) on tempera-
ture T (K):

log P0
Zn = �(6024 /T) + 10.114, (1)

log P0
Cu = �(15 760 /T) + 10.601. (2)

The similar dependences can be obtained from
experimental data of [3, 4]:

log P0
Zn = �(5962 /T) + 10.074, (3)

log P0
Cu = � (15 870 /T) + 10.445. (4)

The results of calculation of the saturated vapor
pressure P0

i (kPa) for a pure component i (i = Zn, Cu)
by Eqs. (1)�(4) at various temperatures T (K) are
given in Table 1.

The saturated vapor pressure of zinc calculated by
Eqs. (1) and (3) are virtually the same, whereas those

for copper differ appreciably. However, this is of
no importance, because, according to [2], the ideal
separation coefficient

� = P0
Zn /P0

Cu (5)

in the temperature range 1323�1523 K varies from
7.5�106 to 0.8�106, i.e., zinc vaporizes from copper�
zinc alloys predominantly.

The saturated vapor pressures of copper calculated
from data of [4�13] for a wider temperature range
(up to 1973 K) are presented in Table 2.

It is seen that the vapor pressures calculated from
data in [6] and, to a lesser extent, from data in [5, 7]
exceed the values calculated from data in the other
works. At the same time, all data unambiguously
show that the saturated vapor pressure of zinc exceeds
that of copper by several orders of magnitude.

The boiling points in the Cu�Zn system at different

Table 1. Calculated saturated vapor pressure P0
i of Cu and

Zn at various temperatures
����������������������������������������

Tem-
� Pi

0 calculated by Eqs. (1)�(4), kPa
����������������������������������perature,� P0

Zn � P0
Cu�103 � P0

Zn � P0
Cu�103

K � (1) � (2) � (3) � (4)
����������������������������������������

1323 � 363.7 � 0.049 � 369.5 � 0.028
1373 � 532.8 � 0.133 � 539.1 � 0.077
1423 � 759.8 � 0.281 � 766.0 � 0.196
1473 � 1057.8 � 0.798 � 1062.9 � 0.469
1523 � 1440.9 � 1.791 � 1443.3 � 1.261

����������������������������������������
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Table 2. Saturated vapor pressure of copper P0
Cu at various temperatures, as calculated from data of [4�13]

������������������������������������������������������������������������������������
P0

Cu, Pa, at indicated temperature, K �
References������������������������������������������������������������������������

1356 � 1473 � 1573 � 1673 � 1773 � 1873 � 1973 �
������������������������������������������������������������������������������������

0.0529 � 0.556 � 3.147 � 14.475 � 56.048 � 187.817 � 556.761 � [5]
0.127 � 1.099 � 5.395 � 21.896 � 75.876 � 230.258 � 624.387 � [6]
0.0934 � 0.836 � 4.202 � 17.414 � 61.481 � 189.705 � 522.169 � [7]
0.0551 � 0.469 � 1.015 � 9.100 � 31.194 � 93.748 � 252.006 � [4]
0.0676 � 0.589 � 2.901 � 11.816 � 41.072 � 124.985 � 339.766 � [8]
0.0654 � 0.589 � 2.976 � 12.389 � 43.908 � 135.951 � 375.378 � [9]
0.0561 � 0.514 � 2.626 � 11.040 � 39.480 � 123.221 � 342.675 � [10]
0.0421 � 0.405 � 2.133 � 9.170 � 33.305 � 105.015 � 293.777 � [11]
0.0500 � 0.455 � 2.391 � 10.315 � 37.060 � 112.301 � 290.448 � [12]
0.0325 � 0.316 � 1.679 � 7.271 � 26.577 � 84.278 � 236.882 � [13]

������������������������������������������������������������������������������������

pressures, as calculated from data of [14], are pre-
sented in Table 3.

The experimental data were treated by the least-
square method at the confidence level p = 0.95 using
the equation

a � �a
log P = ������ + b � �b, (6)

T

where P is the saturated vapor pressure (Pa), T is tem-
perature (K), a and b are the constants determined
from experimental data, and �a, �b, the confidence
intervals.

The experimental data of [14] and the results of
calculation by Eq. (6) are plotted in Fig. 1. The cal-
culated values of the constants are given in Table 4.

According to [2], the standard boiling point of zinc
is 1179.35 K. The value from Table 4 is 1178 K.
The enthalpy of vaporization of 115.31�0.42 kJ mol�1

[2] is higher by 1.4% than that in Table 4.

Using data of Table 4 and in accordance with the
generalized Raoult equation, we determined the zinc
activities:

aZn = PZn /P0
Zn (7)

or

log aZn = log PZn � log P0
Zn. (8)

For different compositions we obtained the equa-
tion

log aZn = �A /T + B, (9)

Table 3. Pressure P and boiling point T of the copper�zinc
system at various mole fractions of zinc xZn [composi-
tions (1)�(9)]
�������������������	��������������������

P, kPa � T, K 
 P, kPa � T, K
����������������������������������������

xZn = 1.000 (1) 
 xZn = 0.681 (4)

411.38 � 1337 
 224.43 � 1323

563.37 � 1380 
 576.54 � 1454
714.34 � 1414 
 733.59 � 1493
830.86 � 1436 
 xZn = 0.589 (5)

1158.14 � 1487.5 
 226.97 � 1356
xZn = 0.900 (2) 
 227.98 � 1359

436.71 � 1360.5 
 302.96 � 1395
618.08 � 1411 
 425.56 � 1444
876.46 � 1461.5 
 426.58 � 1447

xZn = 0.7955 (3) 
 607.95 � 1500
255.84 � 1311.5 
 xZn = 0.502 (6)
466.10 � 1391 
 135.27 � 1341
806.55 � 1474 
 135.78 � 1341

1093.30 � 1523 
 135.78 � 1342.5
162.12 � 1365 
 xZn = 0.278 (8)
274.59 � 1434.5 
 60.49 � 1402
274.59 � 1435 
 93.32 � 1457
338.42 � 1467 
 101.32 � 1467.5
340.45 � 1469 
 102.84 � 1470
398.21 � 1492 
 135.27 � 1508

xZn = 0.384 (7) 
 143.88 � 1519
101.32 � 1377 
 xZn = 0.1825 (9)
101.32 � 1378 
 42.25 � 1446
101.32 � 1378 
 52.79 � 1472
179.34 � 1452 
 78.73 � 1533
179.34 � 1353 
 101.32 � 1565
185.42 � 1458 
 101.32 � 1565
243.18 � 1497 
 �
243.18 � 1500 
 �

����������������������������������������
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Table 4. Constants a and b in Eq. (6), enthalpies �Hvap and entropies �Svap of vaporization, and standard boiling points
Tsb at various concentrations of zinc xZn
������������������������������������������������������������������������������������

xZn, �
a

�
��a

�
b

�
��b

� �Hvap, � �Svap, �
Tsb, K

�
T, K

mole fraction � � � � � kJ mol�1 � J mol�1 K�1 � �
������������������������������������������������������������������������������������

1.000 � 5943 � 33 � 10.051 � 0.019 � 113.75 � 96.57 � 1178 � 1337�1488
0.900 � 5953 � 329 � 10.014 � 0.233 � 113.94 � 95.86 � 1189 � 1360�1462
0.7955 � 5947 � 28 � 9.942 � 0.020 � 113.82 � 94.48 � 1205 � 1313�1523
0.681 � 5988 � 82 � 9.877 � 0.058 � 114.61 � 93.24 � 1229 � 1323�1493
0.589 � 6096 � 69 � 9.847 � 0.048 � 116.68 � 92.68 � 1259 � 1356�1500
0.502 � 6236 � 28 � 9.781 � 0.020 � 119.36 � 91.40 � 1306 � 1341�1492
0.384 � 6519 � 47 � 9.739 � 0.033 � 124.74 � 90.60 � 1377 � 1377�1500
0.278 � 6891 � 71 � 9.699 � 0.048 � 131.89 � 89.83 � 1468 � 1402�1519
0.1825 � 7109 � 217 � 9.544 � 0.143 � 136.07 � 86.86 � 1566 � 1446�1565

������������������������������������������������������������������������������������

with the values of A and B given below:

xZn, mol. % A �B

0.9 10 0.037
0.7955 4 0.109
0.681 45 0.174
0.589 153 0.204
0.502 293 0.270
0.384 576 0.312
0.278 948 0.353
0.1825 1166 0.507

The enthalpy of vaporization �Hvap calculated by
the equation from [15], and also the entropy of vapori-
zation �Svap and the standard boiling point Tsb
determined from relations (10)�(12) are given in
Table 4.

logP [Pa]

103/T, K�1

Fig. 1. Logarithm of the saturated vapor pressure P vs.
reciprocal temperature 1/T for various compositions of the
Cu�Zn system. (1�9) Calculation by Eq. (6) (line nos. are
system nos. in Table 3); (points) experimental data [14].

�Hvap = 19.14a, (10)

�Svap = 19.14(b � 5.006), (11)

Tsb = a / (b � 5.006). (12)

The partial molar enthalpy of mixing of zinc �
�
HZn

was determined from the expression

�
�HZn = �H0

Zn ��H s
Zn, (13)

where �H0
Zn is the enthalpy of vaporization of pure

zinc and �Hs
Zn, the enthalpy of zinc vaporization

from a solution of a given composition.

The values of �
�
HZn (J mol�1) at 1450 K, obtained

using data of Table 4, are as follows:

xZn, mol % ��
�HZn xZn, mol % ��

�HZn

0.900 190 0.502 5610
0.7955 140 0.384 10 990
0.681 860 0.278 18 140
0.589 2930 0.1825 22 320

By integrating the Gibbs�Duhem equation, we can
determine the partial molar enthalpy of mixing of
copper �

�
HCu and then the enthalpy of mixing

�Hm = �
�HZnxZn + �

�HCuxCu. (14)

At the same time, the concentration dependence
of �

�
HZn can be fitted by an interpolating polynomial

[15]
�
�HZn

���������� = a + b(1 � xZn) + c(1 � xZn)2, (15)
(1 � xZn)2

in which a = 15.117, b = �14.105, and c = 56.523.

The results of the comparison are shown in Fig. 2.
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Since an increase in the number of terms in inter-
polating polynomial (15) does not improve fitting to
experimental data, we use the binomial equations
given in [16] and taking into account the energy non-
additivity in a binary solution:

�
�H1 = (Q1 � Q2)(1 � x1)2 + 2Q2(1 � x1)3, (16)

�
�H2 = (Q1 + 2Q2)(1 � x2)2 + 2Q2(1 � x2 )3. (17)

It follows from the dependence of �
�
HZn/(1 � xZn)2

on (1 � xZn) (Fig. 3) that

�
�HZn = 5000(1 � xZn)2

� 55 000(1 � xZn), (18)

Q1 = �50 000 and Q2 = 27 500 J mol�1.

The results of the calculations by formulas (15) and
(18) are plotted in Fig. 2.

For the enthalpy of mixing, we obtain the expres-
sion

�Hm = Q1x1x2 + Q2x1x2
2 = �50 000xCuxZn + 27 500 xCux2

Zn.

(19)

Below we present the concentration dependence of
the enthalpy of mixing �Hm (J mol�1):

xZn ��Hm xZn ��Hm

0.1 4252 0.6 8040
0.2 7120 0.7 6458
0.3 8768 0.8 4920
0.4 9360 0.9 2273
0.5 9062

The data presented show the dependence to be
asymmetrical, with the extremum at xZn = 0.435. The
negative asymmetric deviations in this system were
also observed in [17].

From data of Table 4 and the equation

�
�SZn = �S0

Zn � �Ss
Zn, (20)

the partial molar entropy of mixing of zinc �
�
SZn

(J mol�1 K�1) at 1450 K was found for various com-
positions as the difference between the entropies of
vaporization of pure zinc, �S0

Zn, and of zinc from a
solution, �Ss

Zn:

xZn �
�SZn xZn �

�SZn

0.90 0.037 0.502 0.2702
0.7955 0.1086 0.384 0.3123
0.681 0.1739 0.278 0.3525
0.589 0.2043 0.1825 0.5066

The results obtained can be approximated at

Fig. 2. Partial molar enthalpy of mixing of zinc �HZn vs.
zinc mole fraction xZn: (1) experimental data and (2, 3) cal-
culations by Eqs. (15) and (18), respectively.

Fig. 3. Plot of �
�HZn/(1 � xZn)2 vs. (1 � xZn) at 1450 K.

(Points) experimental data.

Fig. 4. Partial molar entropy of mixing of zinc �
�SZn vs.

zinc mole fraction xZn: (1) experimental data and (2) cal-
culation by Eq. (21).

1450 K by the equation

�
�SZn������� = 4.7071 � 11.8240(1 � xZn) + 8.6535(1 � xZn)2.

(1 � xZn)2

(21)

The results are compared in Fig. 4.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 5 2003

718 KOKLYANOV et al.

The Gibbs energy can be determined from the rela-
tionship

�Gex = �Hm � T�Sex. (22)

From the experimental data of [18], an expression
for the activity coefficient of zinc fZn at 1200 K can
be derived:

ln fZn������� = (5.25�0.57)(1 � xZn) + (1.33�0.28). (23)
(1 � xZn)2

It is recommended in a review [19] to determine
fZn from the equation

RT ln fZn = Q(1 � xZn)2, (24)

where Q = �27 000 J mol�1, in good agreement with
the results of [3].

The negative deviations from ideality were shown
in [20, 21]. In [22, 23], the Krupkowski equation was
used to describe the concentration dependence of the
activity, and negative deviations from ideal solutions
in the given system were observed.
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Abstract�The influence exerted by the temperature of boehmite calcination in air within the range
450�600�C on the adsorption properties of the resulting �-Al2O3 with respect to chlorobenzene was studied.

�-Al2O3 is frequently used as support for catalysts
for deep oxidation of chlorobenzene [1�4]. The con-
centration of surface OH groups, which largely deter-
mines the sorption properties of a support, may vary
widely with synthesis and working temperatures of
these catalysts (these temperatures are limited to the
existence range of the � phase, up to 900�C [5, 6]).
The influence exerted by the concentration of surface
OH groups on the sorption characteristics of oxide
supports has been studied extensively [7�12]. For
example, it is known that step-by-step removal of
chemisorbed water from the Al2O3 surface leads to
an increase in its hydrophilicity [11]. By contrast, it
has been established for the example of ZnO that the
heat of adsorption of benzene, toluene, and chloro-
benzene decreases with decreasing number of surface
OH groups [12]. A similar pattern has been observed
for silica gel [13]. Presumably, such a behavior will
be observed for aromatic compounds on oxides of
other elements (Al, Ti). Kiselev and Lygin [3] attri-
buted this to a decrease in the number of surface OH
groups interacting with the aromatic ring. Nagao et al.
[10, 12] pointed to a decreasing probability of two-
center adsorption of chlorobenzene on the dehydroxy-
lated surface of oxides.

Less unambiguous is the influence exerted on the
sorption capacity of oxide supports by dehydration.
This is so because the calcination conditions affect not
only the content of structural water, but also the
support texture. However, a general pattern can be
revealed in this case also. For example, it was shown
in [9, 10] that the fraction of aromatic compounds
irreversibly sorbed on TiO2 and ZnO is the lowest for
hydrated oxides and increases for dehydrated oxides.
A detailed study of the influence exerted by condi-
tions of thermal treatment of aluminum hydroxides on

the texture characteristics of the oxides obtained was
reported in [14].

Thus, some aspects of the influence of calcination
temperature Tcal on the adsorption properties of alu-
minum oxide can be predicted qualitatively. It is of
interest to evaluate the extent of this influence on
the chlorobenzene adsorption. The present study is
concerned with chlorobenzene adsorption on �-Al2O3
samples obtained by calcination of boehmite at 450
(OA1) and 600�C (OA2) in air for 5 h.

EXPERIMENTAL

The boehmite used to obtain aluminum oxide was
synthesized by a procedure described in [15]. The
phase composition of the samples was determined by
X-ray phase analysis on a DRON-2 diffractometer.
Adsorption isotherms were measured chromatographi-
cally [13] in the temperature range 190�300�C; the
apparatus used and experimental conditions were
described in [15]. The same equipment was used to
determine by the method of frontal chromatography
the sorption capacity of the samples for chlorobenzene
at 50 and 100�C. The working gas-and-vapor mixture
was prepared by saturating the carrier gas (nitrogen,
flow rate 25 cm3 min�1) with chlorobenzene vapor in a
glass saturator with constant evaporation area at room
temperature (vapor concentration 43�46 �g cm�3).
The dead time was determined for methane. The
specific surface area Ssp of the samples was found by
the method of thermal desorption of nitrogen, and the
content of structural water, by calcination at 1000�C
of samples preliminarily dried at 300�C. The pore
volume Vp was found from the weight gain of samples
after their saturation with benzene vapor in a desic-
cator at room temperature. The characteristics of the
samples are listed in Table 1.
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Table 1. Characteristics of �-Al2O3 samples
����������������������������������������

Sample
� Tcal, � Ssp, � Vp, �

n� � � �� �C � m2 g�1 � cm3 g�1 �
����������������������������������������

OA1 � 450 � 160 � 1.07 � 0.18
OA2 � 600 � 150 � 0.86 � 0.10

����������������������������������������
* (n) Number of water molecules per Al2O3 formula unit.

Table 2. Sorption capacity of �-Al2O3 samples
����������������������������������������

Sample

� T = 50�C � T = 100�C
���������������������������������
� SC, � SC�, �

�
� SC, � SC�, �

�� g g�1 � g m�2 � � g g�1 � g m�2 �
����������������������������������������

OA1 � 0.086 �0.00054 � 1.3 � 0.028 �0.00018� 0.45
OA2 � 0.079 �0.00053 � 1.3 � 0.022 �0.00015� 0.36

����������������������������������������

Both samples studied give similar X-ray diffraction
patterns, which are characteristic of �-Al2O3. The
specific surface areas of the samples are about the
same, in agreement with the data of [14]; a more pro-
nounced difference is observed in the pore volumes.
The samples differ strongly in the content of structural
water. If it is assumed that the whole amount of water
is present on the surface as OH groups (as demon-
strated by recent measurements by Simonova et al.
[16], no more than 5% of OH groups in �-Al2O3 cal-
cined at 600�C belong to intraglobular water), then
the density of surface OH groups is 13.2 and 7.8 OH
groups per 1 nm2 for samples OA1 and OA2, respec-
tively.

Table 2 lists the values of static sorption capacity
per unit weight (SC) and unit surface area (SC�) of

ln p [Pa]

ln� [mol m�2]

Fig. 1. Isotherms of chlorobenzene adsorption on OA2
sample. (�) Adsorption and (p) partial pressure of adsor-
bate. Adsorption temperature (�C): (1) 190, (2) 200, (3) 220,
(4) 240, (5) 260, and (6) 300. Error in determining � and
p does not exceed 7%.

the samples. The isotherms of chlorobenzene adsorp-
tion on sample OA1 were presented in [15], and those
for sample OA2 are shown in Fig. 1. In all cases,
the experimental data are described satisfactorily by
Freundlich’s adsorption isotherm equation (correlation
coefficient �0.998).

The isotherms of chlorobenzene adsorption on
sample OA1 lie above those for sample OA2, with the
curves converging with increasing temperature. The
difference in specific sorption activity between the
samples at low surface fillings (� � 10�4�10�3) results
from the difference in the concentration and, possibly,
features of the surface OH groups. In the saturation
region, these differences become insignificant, since
the entire surface is involved in the adsorption process
in this case. This is also confirmed by the fact that
the specific surface sorption capacities are close for
both samples at 50�C (� > 1). At 100�C the fraction
of 	working
 surface area is lower (� < 0.5), and SC�
is somewhat higher for sample OA1.

The isosteric heats of chlorobenzene adsorption,
qst (Fig. 2), were calculated from the equilibrium
adsorption data obtained by the known method (by
plotting adsorption isosteres) [13].

The isosteric heats of adsorption of both benzene
and chlorobenzene on OA2 are somewhat lower than
the respective values for OA1. Apparently, this is
due to lower degree of hydration of sample OA2;
a similar effect was observed on Si and Zn oxides.
Commonly, it is attributed to lower probability of
formation of a hydrogen bond between protons of OH
groups and the aromatic molecule on a dehydrated
oxide. Estimation of the upper limit of the number
of OH groups per molecular area of chlorobenzene
(0.465 nm2 [10]) gives 6 and 3�4 OH groups for
samples OA1 and OA2, respectively. Thus, multi-
center adsorption is possible on the hydrated oxide.
The involvement of several OH groups in benzene
adsorption on silica gel was reported by Kiselev and
Lygin [8]. A strong two-center interaction of chloro-
benzene with the surface of hydrated Ti and Zn oxides
through formation of hydrogen bonds OH���� electrons
of the aromatic ring and OH���Cl was observed in
[9, 10, 12]. The lower concentration of surface OH
groups on OA2 decreases the probability of two-
center adsorption and makes unlikely fixation of a
chlorobenzene molecule on more than two surface
centers. It is also known for the example of silica gel
that, in the first place, calcination removes closely
arranged OH groups, i.e., potential centers of multi-
center adsorption are destroyed.

The centers present on the surface of aluminum
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oxide include, in addition to OH groups (Brønsted
centers), also Lewis acid and base centers, Al3+

cations and O2� anions of varied coordination, which
belong to the crystal lattice of the oxide [5, 17]. These
centers will also take part in the formation of the
common electrostatic field of the surface; however,
their contribution to nonspecific adsorption interaction
will be insignificant, since they are shielded by sur-
face OH groups and the energy of nonspecific interac-
tion falls rapidly with increasing distance. Moreover,
it may be assumed by analogy with silica gel [8] that
the contribution of nonspecific interactions to the heat
of adsorption will be the same on samples with dif-
ferent degrees of hydroxylation.

As for specific interactions of chlorobenzene with
surface Lewis centers, the contribution of these inter-
actions to the heat of adsorption must also be not too
great because of the shielding effect of surface OH
groups [18]. Thus, the difference between the heats of
chlorobenzene adsorption on samples OA1 and OA2
is mainly associated with the difference in the degrees
of surface hydroxylation.

With a knowledge of qst, the differential entropy
change in adsorption can be readily calculated:

�
�Ss = � qst/Tam,

where Tam is the arithmetic mean temperature of the
interval studied (Tam = 235�C).

The model of ideal two-dimensional gas can be
used to calculate the theoretical decrease in entropy in
adsorption, 
�Ss

theor. The procedure for calculating

�Ss

theor in the case of adsorption described by Freund-
lich’s isotherm equation was presented in [15]. Com-
parison of 
�Ss and 
�Ss

theor with the use of the function
D = �
�Ss� ��
�Ss

theor� gives certain information about
the mobility of molecules in the adsorption layer [19].
The D�� dependences are plotted in Fig. 3, whence it
can be seen that the curves describing the D�� func-
tions for the samples run virtually in parallel and are
similar to the corresponding qst�� dependences.
As expected, the D�� function is a descending func-
tion, since molecules adsorbed in the initial stage are
less mobile than those adsorbed from the subsequent
portions of the adsorbate. At the same time, there is
no strict localization of chlorobenzene molecules on
the sample surface. Indeed, a calculation of the de-
crease in entropy in adsorption on the assumption of
three translational degrees of freedom and absence of
vibrations perpendicular to the surface [20] gives for
both samples a value of about 180 J mol�1 K�1, which
is independent of � within the experimental error.

qst, kJ mol�1

� � 109, mol m�2

Fig. 2. Isosteric heat of chlorobenzene adsorption, qst, vs.
adsorption � for samples (1) OA1 and (2) OA2. The error
in determining qst does not exceed 3 kJ mol�1.

D, J mol�1 K�1

� � 109, mol m�2

Fig. 3. Function D vs. adsorption � for samples (1) OA1
and (2) OA2. The error in calculating D is 7 J mol�1 K�1.

With increasing �, the observed �
�Ss� steadily de-
creases within the range of partial adsorbate pressures
studied from 127 to 114 J mol�1 K�1 for sample OA1
and from 106 to 95 J mol�1 K�1 for sample OA2,
which is much lower than the above value.

Chlorobenzene molecules are more mobile on
sample OA2. With increasing �, the adsorption layer
on this sample becomes virtually similar to the ideal
two-dimensional gas, which is not surprising in view
of the high adsorption temperature.

CONCLUSION

The calcination temperature affects the adsorption
properties of �-Al2O3 with respect to chlorobenzene
primarily by changing the concentration of surface
OH groups. Under the adsorbent preparation condi-
tions considered, oxides are formed with a hydroxide
coating largely shielding Lewis acid centers on the
surface. In this case, an increase in the calcination
temperature, lowering the degree of surface hydroxyla-
tion, leads to a decrease in the isosteric heat of chloro-
benzene adsorption and to an increase in its mobility
in the adsorption layer.
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Abstract�Experimental data on the dynamics of carbon monoxide adsorption on oxidized activated lignin
carbon are presented.

Flue gases of industrial installations and exhaust
gases of vehicles are mostly rendered harmless by
catalytic afterburning [1]. The adsorption-catalytic
method is commonly regarded in recent years as an
alternative means for rendering harmless low-tempera-
ture discharges [2]. In [3, 4], the possibility of using
this technique for purification of wastes to remove
carbon monoxide CO was demonstrated, and the direc-
tion of its modification, a search for new catalytically
active materials with increased adsorption and chemi-
cal activity, was determined. As a material of this
kind was proposed mordenite modified with manga-
nese or cobalt oxide. It should, however, be noted that
the results of [4] are best applicable to the case of
detoxication of relatively highly concentrated wastes
(CO concentration 1.25�7.50 g m�3) taken in small
amounts. This can be judged from the low linear
velocity of the gas flow in the free cross section of
the adsorption-catalytic reactor (0.03 m s�1), which
is lower than that in adsorbers (0.15�0.25 m s�1) or
catalytic reactors (0.5�1.0 m s�1).

Considerable amounts of gases discharged into the
atmosphere have relatively low CO concentrations
(20�100 mg m�3) and large flow rates [>(10�60)�
103 m3 h�1]. These mainly include ventilation gases
discharged by installations for plasma cutting of met-
als, oxygen bleaching of cellulose, and electric smelt
furnaces, air from compressors, etc.

Deeper understanding of the adsorption-catalytic
conversion of CO in detoxication of such gases could
enable wider use of the method as regards the con-
tamination sources and a search for new adsorbents-
catalysts. Of interest as adsorbents-catalysts are oxi-
dized activated lignin carbons prepared from wastes
of pulp-and-paper and hydrolysis plants.

It has been shown previously [5, 6] that additional

oxidation of the activated lignin carbon (ALC) en-
hances its chemisorption activity toward nitrogen
monoxide NO. It was shown in [7] that is possible, in
principle, to oxidize CO on ALC containing manga-
nese and copper oxides. To determine the feasibility
of practical application of oxidized ALC for treatment
of gases contaminated with CO, it is necessary to have
information about their properties in dynamic adsorp-
tion conditions.

Our goal was to analyze the equilibrium and
dynamics of CO adsorption on oxidized ALC, with
the aim to obtain data necessary for calculating an
adsorption-catalytic reactor.

Isotherms of CO adsorption were calculated on the
basis of the results of dynamic studies from full
output curves.

The dynamics of adsorption was studied on a flow-
through installation. As adsorber served a molybde-
num glass column with inner diameter of 1.4�10�2 m,
sealed in a column of diameter 2.6�10�2 m, within
which water from a thermostat was circulated. Carbon
monoxide was obtained in nitrogen [grade 1, GOST
(State Standard) 9293�74] as described in [8]. A
model gas mixture was prepared by evacuating a
cylinder to residual pressure of 3.5 Pa, introducing CO
with a calibrated syringe, and filling the cylinder with
nitrogen to a pressure of 4.5 kPa. Metered amounts of
the mixture of nitrogen and CO were introduced in an
air flow delivered to the adsorber. The CO concentra-
tion c0 in the air was 35.0�105.0 mg m�3. The CO
concentration was determined by gas chromatography
[8] with a Chrom-5 chromatograph (heat conductivity
detector) and AgNa� zeolite as concentrator.

An ALC sample on which the best kinetic param-
eters were obtained in studying CO chemisorption [7]
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a, mg g�1

c0, mg m�3

Fig. 1. CO adsorption isotherms. (a) Equilibrium adsorption
and (c0) CO concentration. Temperature (K): (1, 2) 293,
(3) 323, (4) 353, and (5) 423. Relative humidity of the gas
flow (%): (1, 3�5) 45.0 and (2) 5.0.

�, min
ln (c/c0)

Fig. 2. Output curves of CO adsorption. (c /c0) Relative
breakthrough concentration and (�) time of passing CO-
containing gas. Temperature (K): (1, 2) 293, (3) 323, and
(4) 353. Adsorbent bed height (m): (1) 0.05 and (2�4) 0.10.

was chosen as object of the study. Sample parameters:
content of manganese 4.11%, that of copper 6.97%,
specific surface area of mesopores 37.3 m2 g�1, and
extent of sample oxidation 0.498 mg-equiv g�1. It
should be noted that, before treating an ALC sample
with manganese and copper compounds, an air flow
was passed through it at 423 K.

The overall mass-transfer coefficient � was calcu-
lated from the output curves of adsorption, using the
expression [9]

� = �(ln cb /c0)�/L,

where � is the linear air flow velocity in the free sec-
tion of the adsorber (m s�1); L, sample bed height (m);
and cb, breakthrough concentration of CO (mg m�3).

The isotherms of CO adsorption on oxidized ALC
samples are shown in Fig. 1. The rise in the equilibri-
um CO adsorption a with increasing temperature
indicates the chemisorption nature of the process.
Figure 1 shows that the shape of the output curves de-
pends on the adsorption temperature, i.e., in all prob-
ability, the type and strength of CO binding to active
centers on the ALC surface change with temperature;
stronger chemisorption complexes are formed at
higher temperature. Figure 1 also shows that increas-
ing humidity of the gas flow does not exert any notice-
able influence on the adsorption activity of ALC.

Adsorption of CO on an ALC sample proceeds in
accordance with the commonly accepted concepts: At
low initial CO concentrations in the gas, the output
curves in Fig. 2 are straight lines over virtually the
entire range of relative breakthrough concentrations.
These lines can be considered parallel at different
sample bed heights, i.e., CO moves along the ALC
bed at the same velocity. It could be expected that,
with increasing temperature and with accumulation of
intermediates and carbon dioxide CO2 on the sorbent
surface, the process would pass to the non-steady-state
mode, previously observed in NO adsorption on oxi-
dized ALC [5]. However, in the case of CO adsorp-
tion on oxidized activated carbon, the process starts to
become non-steady-state only at high relative break-
through concentrations (c/c0 � 0.95). This is presum-
ably due to the fact that the chemical reaction of
adsorbed CO with the surface functional groups of the
active centers of carbon is not accompanied by CO2
accumulation at these centers, with CO2 adsorption
proceeding, in all probability, at other centers.

To assess the role of mass transfer in CO adsorp-
tion on a sample, the mass-transfer coefficients were
calculated (Table 1). Table 1 shows that raising the
temperature leads to an increase in the mass-transfer
coefficient, which decreases when the CO concentra-
tion becomes lower.

In CO adsorption on ALC containing manganese
and copper oxides, the coefficient � remains constant
in a wide range of relative breakthrough concentra-
tions. This fact suggests that, within the concentration
range studied (straight portions of the output curves),
the kinetics of adsorption is mainly determined by the
external mass-exchange, and to much lesser extent
by the longitudinal transfer.

The data presented in Table 1 and Fig. 1 were used
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Table 1. Mass-transfer coefficient � and duration �b of CO adsorption as influenced by the adsorption conditions. Relative
humidity 45%, � = 0.15 m s�1, cb/c0 = 0.05
������������������������������������������������������������������������������������

c0, mg m�3
�

L, m
�

T, K
�

�, s�1
� �b, min �

�,* %� � � ����������������������
� � � � calculated � found �

������������������������������������������������������������������������������������
70.0 � 0.10 � 293 � 18.9 � 15.7 � 18.8 � 12.8

� � 323 � 27.9 � 24.8 � 32.1 � 18.1
� � 353 � 35.7 � 29.4 � 36.7 � 15.6
� � 293 � 18.7 � 5.0 � 6.1 � 14.0
� � � � � �70.0 � 0.05 � 323 � 26.8 � 8.7 � 11.2 � 17.7
� � 353 � 35.1 � 12.5 � 14.1 � 8.5
� � 293 � 14.1 � 21.8 � 28.2 � 18.1
� � � � � �35.0 � 0.10 � 323 � 18.9 � 38.6 � 49.2 � 17.1
� � 353 � 31.8 � 54.0 � 65.1 � 13.2

������������������������������������������������������������������������������������
* (�) Relative error of calculation.

to calculate the duration of adsorption, �b, by the
equation derived by Dubinin and co-authors [9]:

�b = [1 � � ln (c0/cb)/�]�a/(c0�),

where � is a coefficient found from the output curve,
and a is the equilibrium adsorption (mg m�3).

Table 1 shows that the relative error 	 of calcula-
tion by the equation does not exceed 18.1%, which
allows it to be recommended for determining the dura-
tion of the stage of CO adsorption on oxidized ALC
in calculating the process of treatment of gases dis-
charged into the atmosphere.

Of primary importance for practical application of
oxidized ALC is the possibility of its regeneration,
which assumes removal of adsorbed CO from the sur-
face and restoration of the activity of the functional
groups. The regeneration was carried out by passing
an air flow through the ALC layer at 453 K, with the
linear flow velocity gradually raised from 0.10 to
0.30 m s�1. The regeneration efficiency was evaluated
by comparing the initial CO concentration c0 at the
adsorber inlet and the breakthrough CO concentration
cb in the purified gas at the adsorber outlet at constant
duration of the adsorption stage. The maximum ef-
ficiency (95%) is achieved after the first stage of ad-
sorption (before regeneration of the adsorbent). The
regeneration conditions and the change in the ALC
activity (at adsorption stage duration of 20 min),
evaluated by the efficiency of purification of the gas
flow, in the cyclic operation mode (adsorption�
regeneration�cooling) are listed in Table 2.

Table 2 shows that, under the experimental con-
ditions, stable and efficient operation of ALC is

achieved by the 3rd cycle at regeneration stage dura-
tion of 20 min. Under any particular conditions, ef-
ficient operation of ALC can be ensured by control-
ling the air flow rate and the temperature of ALC
treatment.

In analyzing the prospects for practical use of oxi-
dized ALC, the following can be noted. Comparison
of the above data with the results of [4] shows that,
under comparable conditions of CO adsorption (c0 =
1250 mg m�3, � = 0.03 m s�1, L = 0.026 m, relative
humidity of gas flow 5.0%), ALC is a material less
active toward CO: at 293 K the equilibrium adsorp-
tion a of CO on ALC is 2.98 mg ml�1; the amount

Table 2. Conditions of regeneration of oxidized carbon
in the cyclic operation mode.* Relative humidity 45%,
c0 = 70 mg m�3, T = 453 K, L = 0.1 m
����������������������������������������

Run no. � Cycle no. � �, min � �, %
����������������������������������������

1 � 1 � 5.0 � 75.3
� 3 � 5.0 � 70.1
� 5 � 5.0 � 69.0
� � �2 � 1 � 10.0 � 82.0
� 3 � 10.0 � 80.3
� 5 � 10.0 � 77.8
� � �3 � 1 � 15.0 � 85.4
� 3 � 15.0 � 83.8
� 5 � 15.0 � 81.9
� � �4 � 1 � 20.0 � 94.0
� 3 � 20.0 � 93.3
� 5 � 20.0 � 93.0

����������������������������������������
* (�) Duration of regeneration and (�) adsorption efficiency;

� = (1 � cb /c0)�100.
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of CO adsorbed on mordenite containing 16% MnO2
is 6.7 mg ml�1. However, at 323 K the sorption ac-
tivities of the materials become comparable (a =
5.88 mg ml�1 for ALC). It should be noted that the
sorption activity of ALC can be raised not only by
carrying out the purification process at higher tem-
peratures, but also by making higher the concentration
of active centers and using other oxidizing agents
(mixture of oxidants) that would be more active than
those contained in the ALC studied. Under real condi-
tions of application of oxidized ALC, its advantages
are lower energy expenditure for the regeneration
stage, which is carried out at lower temperatures (no
higher than 473 K) as compared to, e.g., mordenite
modified with MnO2 (623 K) [4], and also a weak
dependence of the ALC activity on the gas flow
humidity.

CONCLUSIONS

(1) Oxidized activated lignin carbon can be used
as adsorbent-catalyst in treatment of low-concentra-
tion discharges of various industries to remove carbon
monoxide at moderate temperatures (293�353 K).

(2) The main resistance to mass transfer in CO
adsorption on oxidized activated lignin carbon is con-
centrated in the gas phase.

(3) The duration of CO adsorption on oxidized
activated lignin carbon can be calculated using the
Dubinin equation.

(4) Effective regeneration of activated lignin car-

bon is ensured by passing through it an air flow with
a linear velocity of 0.15�0.30 m s�1 at 453�473 K.
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Abstract�Sorption of strontium(II) with soil components from model solutions was studied. Limiting sorp-
tion of strontium ions, their landing site area, and Langmuir constants were determined.

Previously, we studied the strontium(II) sorption
with soil components to substantiate, develop, and
optimize a process for decontamination of soils from
90Sr [1, 2]. To calculate the process parameters, the
thermodynamic characteristics of strontium desorption
from the surface of soil components into the washing
solution are required. At the equilibrium, they are
equal to the thermodynamic functions of sorption
with the opposite sign; therefore, we studied sorption
of Sr2+.

The strontium(II) sorption with soil was deter-
mined under static conditions from model strontium
chloride solutions. The solution was mixed with a
sample of an air-dry soil for 5�6 h to attain the equi-
librium [constant Sr(II) concentration in the solution],
as judged from the constancy of Sr(II) concentration
in time. The liquid volume to sample weight ratio was
10 cm3 g�1 at a sample weight of 3 g.

After sorption completion, the liquid was filtered
through a blue tape paper filter, the filtrate (2�10 ml
depending on Sr2+ content) was transferred into a
50-ml flask, and required pH 2.8�3.0 was adjusted
with acetate buffer (10 ml). Then, 25 ml of 60% ace-
tone in water and 1 ml of 0.1% nitroorthanil C (nitro-
chromazo) were added. The strontium(II) content in
the solution was determined by measuring the intens-
ity of the absorption band of the Sr(II) complex with
nitrochromazo at 650 nm. This method allows deter-
mination of 2 to 20 �g of Sr(II) in 25 ml of the solu-
tion [3]. Under these conditions, 100-fold excess of
Na+ and NH4

+, 30-fold excess of K+, 1.5-fold excess
of Ca2+, and 5-fold excess of Mg2+ do not interfere
with determination of the target cation. The Sr(II)
distribution coefficient between the solid and liquid
phases was calculated by the formula

(c0 � c
�

)Vd
Ds/l = ���������, (1)

c
�

m �Sr2+

where C0 and C� are the initial and equilibrium stron-
tium concentrations in the aqueous phase (M), respec-
tively; V, solution volume (m3); d, solution density
(kg m3); m, sample weight (kg); and �Sr2+, Sr(II)
activity coefficient in the initial solution calculated by
the Davies equation [4].

The composition and specific surface area Ssp of
the soil components studied are as follows [5]:

Sample Ssp, m2 g�1

Kaolinite Al4(OH)8[Si4O10] 5.2
Cambrian blue clay K2Al4[Al2Si6O20](OH, F)4 5.86
Oligoclase (Na0.9Ca0.1)[Al1.1Si2.9O8] 0.17
Albite Na[AlSi3O8] 0.20
Potassium feldspar K[AlSi3O8] 0.21
Dolomite Ca(Mg, Fe)[CO3]2 �

The distribution coefficients obtained are listed
in Table 1.

As seen, in accordance with a decrease in Ds/l and
Ssp, the minerals can be ranked in the following order:
Cambrian blue clay � kaolinite > potassium feldspar >

Table 1. Distribution coefficients of strontium ions
between SrCl2 solution and soil components
����������������������������������������

Mineral
�

pHinit
�

pHfin
� c

�
�104, �

Ds/l� � � mol kg�1 �
����������������������������������������
Cambrian blue � 6.3 � �7 � 3.0 � 26.5
clay � � � �
Kaolinite � 6.3 � �7 � 2.8 � 32.5
Dolomite � 6.3 � �7 � 5.5 � 10.4
Potassium feld-� 6.3 � �7 � 3.5 � 23.5
spar � � � �
Oligoclase � 3.0 � 4.85 � 8.2 � 2.8

� 6.4 � 7.5 � 8.9 � 1.6
Albite � 3.1 � 4.7 � 7.9 � 4.0
����������������������������������������
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Table 2. Characteristics of Sr2+ distribution between SrCl2
solution and clay
����������������������������������������
c0�104, �

pHeq
� c

�
�104, �

�Sr2+
� � �104, �

Ds/lM � � M � � mol kg�1 �
����������������������������������������

1.0 � 4.09 � 0.42 � 0.92 � 5.8 � 15.0
2.0 � 3.35 � 1.05 � 0.89 � 9.5 � 10.2
4.0 � 3.42 � 2.08 � 0.85 � 19.2 � 10.8
6.0 � 3.38 � 3.33 � 0.83 � 26.7 � 9.7
8.0 � 3.11 � 4.36 � 0.80 � 36.4 � 10.4

10 � 3.68 � 5.55 � 0.80 � 44.5 � 10.0
20 � 3.28 � 11.3 � 0.72 � 87 � 10.7
30 � 3.35 � 18.9 � 0.67 � 111 � 9.8
70 � 3.44 � 50 � 0.56 � 200 � 7.2
90 � 3.32 � 65 � 0.52 � 250 � 7.4

100 � 3.22 � 73 � 0.51 � 270 � 7.3
200 � 3.54 � 172 � 0.44 � 280 � 3.7
400 � 3.47 � 371 � 0.34 � 290 � 0.23

����������������������������������������

albite > oligoclase. Hence, we can conclude that in
contaminated soils 90Sr is fixed mainly on the surface
of clay minerals, which is in agreement with reference
data [6, 7]. Therefore, we studied the Sr(II) sorption
with clay more thoroughly.

The thermal analysis showed that Cambrian blue
clay belongs to hydromicaceous type. The sorption
isotherm was studied at the initial pH 3.0. The aver-
age equilibrium pH was 3.4�0.2. A small increase in
pH can be explained by substitution of anions of weak
acids with the anion of a strong acid, Cl�, on the min-
eral surface. The choice of pH value is governed
by two factors. First, the soil is decontaminated from
90Sr by washing with an iron(III) salt solution [1, 2].
Weakly acidic medium is required to avoid hydrolysis
of Fe3+ ions. Second, conversion of clay into the H
form allows stabilization of the mechanism of stronti-
um ion sorption. Therefore, clay was preliminarily
treated with 1 M HCl, washed with water to pH 3, and
dried to air-dry state. The SrCl2 solutions were also
acidified to pH 3. The clay sample weight was 3 g, and

c � 104, M

� � 104, mol kg�1

Fig. 1. Isotherm of Sr2+ sorption on clay: (�) sorption and
(c) strontium(II) concentration; the same for Fig. 2.

the l/s ratio was 10 cm3 g�1. The equilibrium was at-
tained in 5�6 h, but actually the contact time was no
less than 1 day. The data on Sr2+ distribution between
the model SrCl2 solution and clay are presented in
Table 2. The sorption isotherm constructed from these
data is shown in Fig. 1. The sorption � (mol kg�1)
was calculated by the formula

� = (c0 � c
�

)V/m.

At equilibrium pH 3.4�0.2, the distribution coef-
ficient of strontium(II) between the solid and liquid
phases is 10�1.8 (Table 2). A decrease in Ds/l at high
Sr2+ concentrations in the aqueous phase is caused by
saturation of the surface. When pH is increased to
7.0�7.5, the degree of dissociation of silanol groups,
negative charge of the surface, and Ds/l increase
(Table 1). A similar increase in the 137Cs distribution
coefficient between the model solution and kaolinite
was observed in [8].

The 90Sr distribution coefficients obtained in this
work are lower than those obtained in [7] for certain
minerals (1710 for montmorillonite and 180 for kaoli-
nite at pH �7). One of the probable reasons of this
disagreement is the presence in the samples studied in
[7] of the soil organic substance, which increases D.
Another reason is the dependence of D on the degree
of surface filling. In [8], the distribution coefficient
of 137Cs between montmorillonite and the solution
decreased from 7200 to 23 as the surface was filled,
since sorption primarily proceeds on crystal faces,
and, as they are filled, D decreases. In [7], sorption
was studied with trace amounts of 90Sr; this explains
high distribution coefficients. The D values obtained
in our study are related to conditions of thermody-
namic equilibrium with weighable amounts of Sr and
agree with the concept of high strontium(II) mobility
in grounds [6, 9, 10].

Sorption isotherms can be described by the Lang-
muir equation, as indicated by the linear dependence
of reciprocal sorption on reciprocal concentration:

1 1 1 1
��� = ��� + �������, (2)
� �

�
�
�

K c
�

where � and �� are equilibrium and limiting sorption
values (mol kg�1), K is the Langmuir constant, and
c� is the equilibrium concentration of strontium
cations in the aqueous phase (M).

The absolute term of Eq. (2) is equal to the recipro-
cal value of the limiting sorption, which amounts to
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0.034 mol kg�1 for Sr2+ and is consistent with the ��
value in the sorption isotherm. Since the substituting
ability of strontium cations with respect to hydroxoni-
um ions is high and clay initially was in the H form,
the exchange capacity of clay can be estimated as
68 mg-equiv kg�1. From data on sorption of methylene
blue on this clay sample we obtain 10.3 mg-equiv kg�1

[5] The underestimated value of the sorption capacity
can be explained by a large landing site area of
methylene blue.

The landing site area of Sr2+ ions found by the
formula

Ssp
SM = �����, (3)

�
�

NA

where NA is Avogadro number, is equal to 28.6 �
10�20 m2. Hence, the radius of sorbed Sraq

2+ cation is
302 pm. This value is close to the Stokes radius of
Sraq

2+, 309 pm. This shows that strontium ions are
sorbed in the hydrated state in the Stern layer on the
clay surface. The constant K, determined from the
slope, is 294.

In this work, we studied the thermodynamic phase
equilibrium under conditions of sorption of macro-
component ions from dilute solutions. Let us consider
the correlation between the Langmuir constant and
the equilibrium constant of sorption:

Sraq
2+ � Sr2+

ads. (4)

In contrast to the distribution coefficient, both
Langmuir and equilibrium constants should not de-
pend on the degree of filling of the mineral surface.
We obtain the following correlation between them:

K c
�

� = c
�
�Sr2+ Ds/l = �

�
������, (5)
1 + Kc

�

and find the distribution coefficient:

�
�

K
Ds/l = �����������. (6)

�Sr2+(1 + Kc
�

)

It follows from Eq. (6) that the distribution coeffi-
cient depends on the Sr(II) concentration in the equi-
librium solution and hence on the degree of surface
filling (Table 2). However, at infinite dilution Ds/l =
��K = 10.0, which coincides with the experimental
value (Table 2). For equilibrium (4), which character-
izes the sorption ability of strontium ions, we obtain

1/c, l mol�1

� � 104, mol kg�1

Fig. 2. Linearized form of the isotherm of Sr2+ adsorption
on clay.

the Gibbs energy �G0
298 = RT ln Ds/l = �5.7 kJ mol�1.

Taking �f�G0
298(Sraq

2+) = �563.9 kJ mol�1 [11], we
obtain the following Gibbs energy of formation of the
sorbed cation: �fG

0
298 = �569.6 kJ mol�1.

CONCLUSION

Sorption of Sr2+ ions with Cambrian blue clay is
described by Langmuir isotherm with the constant of
294 and limiting sorption of 0.034 mol kg�1. The
landing site area of Sr2+ is 28.6 	2. The radius of the
hydrated cation is 302 pm, which coincides with the
Stokes radius of 309 pm. The Sr2+ distribution coef-
ficient between the solid and liquid phases at pH
3.4�0.2 is 10, and the Gibbs energy of sorption is
�5.7 kJ mol�1.
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Abstract�Composite sorbents based on Zr(IV) phosphate�hydroxyethylidenediphosphonate with different
phosphate�phosphonate ratio were prepared. These sorbents were characterized by elemental analysis, X-ray
diffraction, and IR spectroscopy, and their ion-exchange sorption capacity for several transition metals and
strontium was studied. The sorption capacity of these sorbents increases with increasing pH.

Sorbents based on hydrated oxides and phosphates
of Group III and IV metals are widely used for sorp-
tion decontamination of various liquids from heavy
metals and radionuclides. These sorbents are char-
acterized by chemical, thermal, radiation, and micro-
biological stability; furthermore, they exhibit high
selectivity for several toxic metals. The selectivity of
such sorbents, in particular, those based on titanium
and zirconium phosphates, is governed by the struc-
ture of their matrix and the nature of the functional
groups located on the sorbent surface [1].

Different approaches were developed to improve
the sorbents under consideration. With this aim, addi-
tional agents are introduced into reaction mixture in
preparing these sorbents to form pores of a certain
size and shape in the sorbent matrix [2]. According to
another technique [3], the initially prepared sorbent is
treated with an appropriate chemical agent [3] to
modify the sorbent surface with the additional com-
plexing functional groups.

In this work, the initial sorbent (zirconium phos-
phate) was prepared by a gel�sol technique [4] based
on the reaction between a zirconium salt and phos-
phoric acid in an aqueous solution. It was found that
thermal treatment of the initial zirconium phosphate
increases its sorption capacity with respect to Sr2+ [2].
The reason is that the strontium cations are sorbed on
zirconium phosphate mainly by their exchange for
the protons of the hydrogen and dihydrogen phosphate
groups of the sorbent. The thermal treatment results
in condensation of the mono- and dihydrogen phos-
phate groups to form polymeric phosphate anions
which are stronger complexing agents for alkaline-
earth cations.

In order to increase the contribution of complex
formation to the total sorption capacity of zirconium
phosphate, the sorbent was modified with hydroxy-
ethylidenediphosphonic acid (HEDP). This acid was
chosen as a modifying agent because of its structural
similarity with phosphoric acid and its strong com-
plexation with various metal cations [6].

The synthesis of tin phosphate modified with ni-
trilotris(methylenetriphosphonic acid) was reported
in [7]. As compared to titanium and zirconium phos-
phates, this sorbent shows higher selectivity for alkali,
alkaline-earth, and some transition metals and exhibits
higher stability to hydrolysis in both strongly alkaline
and strongly acidic solutions. These features consider-
ably widen the areas of the sorbent application.

The complexation of zirconium with hydroxyethyl-
idenediphosphonic acid (HEDP)

HO� P� C� P�OH
�

��
HO OH

CH3
��

O

�
OH

O��
HO� P� C� P�OH

�

��
HO OH

CH3
��

O

�
OH

O��

was studied in [8, 9].

It is known [6] that HEDP forms very stable com-
plexes with alkali, alkaline-earth, and some transition
metals. Long-term application of HEDP in agriculture
(as a fertilizer component) and medicine (as a drug
component) showed that this compound is nontoxic
[6], which is important for future application of HEDP
for water treatment.

The aim of this work was to prepare ion exchangers
based on mixed Zr(IV) phosphate�phosphonate. The
procedures used in synthesis of these sorbents and
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KOH equivalents

Fig. 1. Curves of potentiometric titration of (1) H3PO4,
(2) HEDP, (3, 4) H3PO4�HEDP mixtures at (3) 1 : 1, and
(4) 1 : 0.1 H3PO4 : HEDP ratio. For these mixtures, the
KOH equivalent was recalculated to H3PO4.

their main physicochemical and sorption character-
istics are given below.

EXPERIMENTAL

All the chemicals used in our experiments were of
chemically pure or analytically pure grade. Aqueous
solutions of alkaline-earth and transition metal chlor-
ides and acetates and of potassium hydroxide were
prepared by dissolution of their weighed portions in
water.

Zirconium(IV) phosphate�phosphonates were pre-
pared by adding an aqueous solution containing a
mixture of phosphoric (3 M) and hydroxyethylidene-
diphosphonic (1.5 M) acids into an aqueous zirconium
oxychloride solution (2 M) with vigorous stirring.
This synthesis was carried out with varied ratios of
phosphoric and hydroxyethylidenediphosphonic acids.
In order to prolong the gelation process so as to obtain
the uniform product, an appropriate complexing agent
was added. The H3PO4 : HEDP ratio in the initial
solution, the gel time, and some characteristics of the
final sorbents are listed in the table. The Zr : P molar
ratio in all the prepared sorbents was 1.5. After mix-
ing, the reaction mixture gradually transformed into
a gel. As the gel time we took the time � after which
the reaction mixture loses fluidity on inclining the
reaction vessel (for 6�15 s). The gel was kept for
1 day, broken-down to small particles, washed with
distilled water, and air-dried at room temperature to
the moisture content of 20%. The resulting dried gel is
a mechanically strong, glass-like colorless material.

The X-ray diffraction phase analysis of the sorbents
was carried out on a DRON-3M diffractometer. The
IR spectra (KBr pellets or mulls in Vaseline oil) were
recorded in the range 400�4000 cm�1 on an M-80

(Carl Zeiss, Jena) IR spectrometer. The changes in
the sorbent structure result in appearence of broad
bands in the IR spectra in the range of the OH vibra-
tions. In order to improve the analysis of these spec-
troscopic effects, the baseline was built and the ab-
sorption intensity was measured relative to the H2O
bending vibration band at �1635 cm�1, insensitive to
structural changes in the sorbent matrix.

The carbon content in the sorbents was determined
after their dissolution in HF-containing solution. The
moisture content and the pore sorption volume Ws
(with respect to water and benzene) were determined
by the desiccator technique [10]. The pH was meas-
ured on an I-130.2M.1 ionometer. The initial and
equilibrium copper and cobalt content in the initial
solutions was determined photocolorimetrically. The
strontium content in the solutions was determined on
a C-115M-1 atomic-absorption spectrometer by a
standard procedure.

The sorption recovery of transition metals from
aqueous solutions with the sorbents prepared was
studied as follows. An MCl2 aqueous solution (M =
Cu2+, Co2+, or Sr2+) with the concentration of 1 �

10�3
�6 �10�2 M was stirred, using a magnetic stirrer,

with the sorbent sample at the solid to liquid phase
ratio s : l = 1 : 100 at room temperature for 1 day.
The sorption capacity of the sorbent with respect to
the individual ion A (mmol g�1) is expressed by
the equation

A = (ci � ce)V/m,

where ci and ce are the initial and equilibrium metal
concentrations in the solution (mM), m is the sorbent
sample weight, and V is the solution volume.

The Zr(IV) complexation with both phosphoric acid
and HEDP in aqueous solutions was studied in [8, 9]
by potentiometric titration. In these works, curves of
potentiometric titration of zirconium(IV) chloride,
phosphoric and hydroxyethylidenediphosphonic acids,
and complexes formed at various reactant ratios
were also obtained. Proceeding with these studies, we
prepared two series of metal-free solutions with the
H3PO4 : HEDP ratio of 1 : 1 and 1 : 0.1 and varied
their pH from 1 to 11 by adding aqueous KOH. We
found that, on standing for 3 days, pH first decreased
and then remained constant. Figure 1 shows the equi-
librium curves of potentiometric titration of aqueous
phosphoric acid, hydroxyethylidenediphosphonic acid,
and their mixtures. These curves show that, in going
from individual acid solutions to their mixtures,
pH decreases and the inflection point shifts toward
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Sorbent characteristics
������������������������������������������������������������������������������������

Sample no.
�

H3PO4 : HEDP ratio
�

�, s
� Ws, cm3 g�1 �

C, % in sorbent� � ��������������������������
� in the reaction mixture � � for C6H6 � for H2O �

������������������������������������������������������������������������������������
1 � 100 : 0 � 6�7 � 0.14 � 0.107 � 0
2 � 99 : 1 � 7 � 0.14 � 0.096 � 1.23
3 � 97 : 3 � 7 � 0.13 � � � 1.23
4 � 95 : 5 � 8 � 0.12 � 0.090 � 1.23
5 � 93 : 7 � 8 � 0.12 � � � 1.31
6 � 90 : 10 � 7�8 � 0.01 � 0.090 � 1.48
7 � 70 : 30 � 9�10 � 0.01 � 0.090 � 3.07
8 � 50 : 50 � 12 � 0.01 � 0.080 � 4.12
9 � 30 : 70 � 14 � 0.01 � 0.079 � 4.22

10 � 0 : 100 � 15 � 0.01 � 0.070 � 5.38
������������������������������������������������������������������������������������

higher pH. These results suggest that a common
system of hydrogen bonds between different acids
is formed in H3PO4�HEDP mixtures. The difference
between the titration curves of the individual acids
and their mixtures is stronger at lower HEDP content
(Fig. 2). Presumably, the common system of hydrogen
bonds is preferably formed at lower HEDP content.

We prepared ten samples of Zr(IV) phosphate�
phosphonate sorbents at different H3PO4 : HEDP
ratios in the reaction mixture (see table). The table
shows that, with increasing HEDP content in the reac-
tion mixture, the gelation significantly decelerates.
This fact shows that in our systems the gelation is
inhibited not only by zirconium(IV) complexation
with the standard complexing agent added to the reac-
tion mixture, but also by additional compexation with
HEDP. Large amounts of HEDP deteriorate the gel
structure. We found that both the appearance and
mechanical properties of the sorbents prepared with
the HEDP content in the reaction mixture less than
10% (sample nos. 2�6) are identical to those of the
initial zirconium phosphate (sample no. 1). With
HEDP content exceeding 10% (sample nos. 7�9), less
uniform sorbents containing separate aggregates are
formed. Elemental analysis showed that these sorbents
incorporated HEDP.

The carbon content in the modified sorbent linearly
increases with increasing HDEP content in the reac-
tion mixture (correlation coefficient R = 0.977). We
found that the carbon amount in the modified sorbents
does not exceed 40% of that introduced into the reac-
tion mixture with HEDP. The sorption pore volume of
the sorbent determined with respect to water and
benzene decreases with increasing HEDP content in
the reaction mixture, which suggests condensation of

phosphate and phosphonate groups in the course of
formation of zirconium(IV) phosphate�phosphonate
sorbents. The prepared sorbents have microporous
structure. Variations of the appearance and structural
characteristics of the sorbents with the HEDP content
and the results of potentiometric titration show that
the HEDP content in the reaction mixture must not be
higher than 10%.

A, mmol g�1 (a)

ce � 102, M

A, mmol g�1 (b)

ce � 102, M

Fig. 2. Sorption isotherms of (a) cobalt and (b) copper on
(1) unmodified zirconium phosphate and (2�4) zirconium
phosphate modified with HEDP. (A) Sorption capacity and
(ce) Me2+ equilibrium concentration in the aqueous phase.
HEDP content in the reaction mixture (%): (2) 5, (3) 50,
and (4) 100.
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�, cm�1

Fig. 3. IR spectrum of Zr phosphate�phosphonate (5%
HEDP, sample no.4) in the range 1500�4000 cm�1 (1) be-
fore and (2) after strontium sorption. (D) Optical density
and (�) wave number.

Fig. 4. Decontamination factor of solution from strontium
after treatment with Zr(IV) phosphate�phosphonate sorbent
(sample no. 4) as a function of pH. Initial Sr concentration
cSr = 7 �10�3 M.

The X-ray diffraction patterns of the prepared
sorbents are indicative of their amorphous structure.
With increasing HEDP content in the sorbent, the
absorption bands of the �(CO) groups (�1120 cm�1)
[11] becomes sharper, and absorption of the (C)�OH
groups is manifested as broadening of the absorption
band of the surface hydroxy groups and water mole-
cules from its high-frequency side.

Owing to the surface (P)�OH groups, among them
those belonging to HEDP, the sorbents in hand are
cation exchangers. The ion-exchange properties of
these sorbents were characterized by their sorption
capacity with respect to copper and cobalt. Figures 2a
and 2b show the sorption isotherms of copper and
cobalt on both the initial zirconium phosphate and that
modified with HEDP. The static exchange capacity of
the tested sorbents for heavy metals varies from 1.2 to
1.75 mmol g�1 depending on the kind of metal and
sorbent composition. On the whole, the sorption
capacity of the sorbents containing 50% and more
HEDP is substantially lower than that of the unmodi-
fied zirconium phosphate (sample no. 1). The sorption
capacity of the sorbents containing less than 5%
HEDP is considerably higher and close to that of the
initial zirconium phosphate. The sorption capacity
of zirconium phosphate modified with a small amount
of HEDP (5 �10�3

�2 �10�2 M) exceeds that of the
initial sorbent.

We also studied strontium sorption on modified
sorbents. The following exchange capacities for stron-
tium were obtained (mmol g�1): 0.3�0.4 (sample
nos. 6�10; HEDP content in the reaction mixture ex-
ceeds 10% ), 0.6�0.7 [initial zirconium(IV) phos-
phate], 0.7�0.9 (sample nos. 3 and 4; HEDP content
3 and 5%, respectively). These results show that
the relationships in sorption of transition metals and
strontium are similar. It was reported [5] that Zr(IV)
phosphate sorbents subjected to high-temperature
treatment have sorption capacity for strontium of
0.3�0.4 mmol g�1. Our sorbents, prepared without
thermal treatment, exhibit higher sorption capacity for
strontium.

Figure 3 demonstrates the effect of Sr sorption on
the IR spectrum of the Zr(IV) phosphate�phosphonate
sorbent (sample no. 4). The Sr sorption results in sig-
nificant decrease in the intensity of the OH stretching
band from the low-frequency side. This suggests that
strontium is sorbed by the mechanism of exchange for
protons of the (P)�OH groups.

The best Zr phosphate�phosphonate sorbent (5%
HEDP, sample no. 4) was tested for decontamina-
tion of aqueous solutions from strontium (cSr =
7 �10�3 M) within a wide pH range (1�12). The
decontamination factor from strontium as a function
of pH is given in Fig. 4. This plot shows that, with
increasing pH from 1 to 12, the decontamination
factor increases from 90 to 99.8%. The stepwise shape
of this plot suggests that the zirconium phosphate�
phosphonate sorbents have several kinds of sorbing
sites of different acidities.

The results obtained in this work show that zir-
conium phosphates modified with HEDP are promis-
ing sorbents. We believe that the use of phosphonic
acids with a branched bulky hydrocarbon radical as
modifying agents may improve the structural and
sorption characteristics of the sorbents.

CONCLUSIONS

(1) New sorbents based on zirconium phosphate
modified with hydroxyethylidenediphosphonic acid
(HEDP) were prepared. The elemental analysis and
IR data showed that the sorbent matrix includes
HEDP.

(2) With HEDP content in the reaction mixture
about 5% relative to H3PO4, the conditions for con-
densation of the phosphate and phosphonate groups
in the sorbent matrix are optimal. Modification of
zirconium phosphate sorbents with HEDP improves
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their sorption characteristics and extends the pH range
of the efficient sorption. This improvement is due to
both the favorable structural changes (increase in the
size of channels and pores) and appearance of addi-
tional complexing groups on the sorbent surface.
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Abstract�General relationships were established for operation of piezosorption sensors when exposed to
an ethanol-based multicomponent gas mixture. The operation conditions were optimized for the sensors;
a matrix comprising six piezosorption elements was designed for analyzing gas mixtures containing low-
boiling C1�C5 alcohols and ethyl acetate. The sensor matrix is suitable for foodstuff analysis.

The demand for sensors characterized by high
selectivity and low detection limits, as well as by com-
pactness, reliability, and easy exploitation, steadily
grows. Development of express and test analytical
methods and their wide application in analytical
practice allow solution of not only certain environ-
mental but also social problems such as deriving
information on the air and water condition and food-
stuff quality [1].

Ever growing importance is assigned to foodstuff
identification by a number of procedures aimed at
elucidating whether a foodstuff corresponds to the
reference or its description.

This makes it important to design sensors suitable
for identifying rude falsifications or low-quality food-
stuffs at acceptable economic costs. In this case, the
analytical information �carriers� are not only the
foodstuffs themselves but also the equilibrium gas
phases [2�4]. The presence/absence of low-boiling
microimpurities (alcohols, alkyl acetates, acids) and
their levels (if present) allow judging the quality and
safety of certain types of the foodstuffs tested.

The aim of this work is to develop a procedure for
analyzing alcohol-containing solutions by piezoelec-
tric-quartz microweighing of the equilibrium gas
phase.

EXPERIMENTAL

Gas mixtures of low-boiling compounds were
analyzed with a specially designed matrix detector
based on six piezoelectric quartz resonators (PQRs) of
volume-acoustic waves with the intrinsic vibration

frequency Fv = 9�1 MHz [5]. The piezoresonator
electrodes were coated with receptor sorbent films
by the method of static evaporation of a drop within
30 min at 40�45�C. We analyzed solutions of poly-
ethylene glycol-2000 (PEG-2000), polyethylene glycol
succinate (PEGS), polyethylene glycol sebacate
(PEGSb), polyethylene glycol adipate (PEGA), Triton
X-100, dinonyl phthalate (DNP) in ethanol, bees glue
(propolis) in ethanol, beeswax (BW), dicyclohexano-
18-crown-6 crown ether (DCH-18-C-6) in chloroform,
and polystyrene (PS) in toluene. The complete re-
moval of the solvent was ascertained by the stability
of the vibration frequency of the resonator coated with
a modifier film, Ff, Hz (drift �Ff � 3 Hz min�1).

An aqueous solution containing (�, wt %) ethanol
40�42, ethyl acetate 0.02�0.05, C1�C4 alcohols 0.09�
0.15, and isopentyl alcohol 0.07�0.10 was injected
into the detector, and the vibration frequency was
determined for each sensor (film-coated resonator) of
the matrix by the appropriate algorithm. The analytical
signal of the detector is the total response composed
of the changes in the vibration frequency of all the
sensors, Hz: �Fs

i(i�1�6) = Fi
f � Fi

s. As the responses of
each individual matrix element we took the individual
kinetic and quantitative parameters of interaction bet-
ween the receptor film and the mixture components.
The �visual imprint� of the equilibrium gas phase of
the solution was represented as a circular diagram
(�aromatogram�). The final decision on the composi-
tion of the tested samples containing the components
of the mixture analyzed (whether the sample corre-
sponds to the standard and, if corresponds, to what
extent) was taken using the sample identification
algorithm.
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The accuracy of determining low-boiling alcohols
and ethyl acetate in the matrix of piezosorption sen-
sors was controlled by gas chromatography (3 m 	
3 mm column packed with Inerton modified with
polyethylene glycol PEG-1500; helium carrier gas,
flow rate 40 cm3 min�1; injector, column, and flame-
ionization detector temperatures 150, 80, and 200�C,
respectively). The results were compared with those
obtained at the accredited laboratory for foodstuff
analysis and certification, Voronezh State Technologi-
cal Academy.

The piezosorption matrix detector was regenerated
by blowing with dry air for 15�20 min. The detector
is suitable for conducting no less than 20 sorption�
desorption runs in analysis of ethanol-based solutions
without application of fresh receptor films.

The theoretical basis for controlling the sensitivity
level of the piezoelectric sensor (resonator coated with
a modifier film) in the gas phase was the Sauerbrey’s
microgravimetric concept of operation of a PQR [6].
The corresponding model is used for interpreting the
experimental results obtained with a piezoresonator in
the gas phase more frequently than the more recently
developed theoretical models. This model is, essen-
tially, represented by Eq. (1).

Fv
2 Mf

�F = �2.3 �10�6�����. (1)
A

Here, �F is the sensor response, i.e., the change in the
vibration frequency of the PQR due to sorption of
low-boiling compounds on the receptor films, which
is calculated as the difference between the initial
frequency of vibrations of the film-coated sensor F0

f
and the equilibrium frequency of vibration of the
sensor during sorption Fs, Hz; 2.3 	10�6, calibration
constant; Fv, intrinsic frequency of vibrations of the
PQR, MHz; Mf, mass of film coating on the elec-
trodes, 
g; and A, PQR electrode area, cm2.

The change in the resonance frequency of vibra-
tions of the PQR quantitatively correlates with the
parameters of the surface wear or with the inequality
of the masses of the coatings applied to both sides
of the electrode. Viscous and liquid film coatings with
a low kinematic viscosity are characterized by sig-
nificant damping powers. Therefore, when applied
to a piezoelectric quartz resonator, they cause a fre-
quency instability of the sensor response. At the same
time, the Sauerbrey model can be applied in the case
of small mass increments (film thickness up to 3 
m)
on electrodes without taking into account the details
of the film structure and its changes on sorption [7, 8].

Upon application of film coatings thicker than 3 
m
(60�80 
g), the energy losses in the film and piezo-
resonator tend to significantly increase and become
comparable. Further thickening of the film coating
tends to increase the contribution to the total response
of the sensor from the component due to the wave
propagation through the film rather than to the change
in its mass upon sorption. Heavy coatings cause the
piezoresonator vibrations to fail. The general relation-
ships in sorption of low-boiling compounds of various
classes on thin films of modifiers of the PQR elec-
trodes with masses of up to 40 
g were described
by the Sauerbrey model. The energy losses in such
films can be neglected, and Eq. (1) can be taken as
adequately describing the experiment.

Available data from the existing databank of kinet-
ic and quantitative sorption parameters for the major
classes of organic compounds, treated using the cluster
analysis, suggest the possibility of designing a PQR-
based sensor matrix for analyzing ethanol-containing
gas mixtures with impurities such as C1�C5 alcohols
and ethyl acetate [9�11].

We estimated the sorption affinities of individual
sensors for low-boiling alcohols and alkyl acetates
whose levels are regulated by appropriate norms and
which are indicative of falsifications of certain food-
stuffs (Table 1). As selectivity criteria we chose the
kinetic (the time of the maximal response of the
sensor �max, s) and quantitative (analytical signal
�Fc, Hz, and sensitivity S, Hz mol�1 dm3) parameters
of the sensors when exposed to vapors of these com-
pounds. Also, we took into account the stability of
the operation of the modified sensor when exposed to
a low-boiling compound vapor (characterized by Sr,
relative rms deviation, %).

We found that the sorption efficiency tends to in-
crease with increasing mass of the sorbent film in the
range from 5 to 20 
g. With films heavier than 30 
g,
the zero signal appreciably drifts and the results
become poorly reproducible. Also, with PEG-2000
and DNP films the overcharges are responsible for
�failures� of the resonator autovibrations. The optimal
mass of the films for sorbents studied in this work is
10�20 
g.

The complementarity of the receptor films to low-
boiling alcohol and alkyl acetate microimpurities is
high, but the selectivity is low. The response of one
sensor based on the receptor films studied does not
allow identification of the microimpurities and deter-
mination of their ratio in the gas phase. This problem
can be solved by using several sensors with cross sen-
sitivities (like in �electronic nose� systems) and by
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Table 1. Quantitative (S) and qualitative (�max) parameters of sorption of C1�C5 aliphatic alcohols on the receptor films
of the PQR electrodes
������������������������������������������������������������������������������������

Sorbent
� Alcohol �

Ethyl���������������������������������������������������������������
�methanol � ethanol � isopropanol � n-butanol � isobutanol � pentanol � isopentanol � acetate

������������������������������������������������������������������������������������
PEG-2000: � � � � � � � �

S, Hz mol�1 dm3 � 0.03 � 0.03 � 0.13 � 0.22 � 0.20 � 0.45 � 0.49 � 0.02
�max, s � 30 � 60 � 90 � 120 � 135 � 225 � 225 � 45

PEGSb: � � � � � � � �
S, Hz mol�1 dm3 � 0.02 � 0.02 � 0.15 � 0.26 � 0.09 � 0.22 � 0.18 � 0.01
�max, s � 30 � 60 � 90 � 120 � 135 � 225 � 225 � 30

PEGS: � � � � � � � �
S, Hz mol�1 dm3 � 0.01 � 0.01 � 0.09 � 0.03 � 0.07 � 0.20 � 0.14 � 0.01
�max, s � 5 � 5 � 10 � 30 � 45 � 105 � 120 � 30

PEGA: � � � � � � � �
S, Hz mol�1 dm3 � 0.01 � 0.02 � 0.02 � 0.05 � 0.06 � 0.10 � 0.08 � 0.01
�max, s � 5 � 15 � 45 � 45 � 45 � 60 � 60 � 30

Triton X-100: � � � � � � � �
S, Hz mol�1 dm3 � 0.03 � 0.06 � 0.03 � 0.50 � 0.52 � 0.55 � 0.24 � 0.02
�max, s � 5 � 5 � 15 � 135 � 165 � 210 � 180 � 30

Beeswax: � � � � � � � �
S, Hz mol�1 dm3 � 0.01 � 0.02 � 0.06 � 0.01 � 0.02 � 0.07 � 0.08 � 0.01
�max, s � 5 � 45 � 75 � 150 � 165 � 180 � 180 � 30

Propolis: � � � � � � � �
S, Hz mol�1 dm3 � 0.02 � 0.07 � 0.11 � 0.78 � 0.09 � 0.11 � 0.14 � 0.01
�max, s � 15 � 60 � 105 � 120 � 150 � 165 � 180 � 10

DNP: � � � � � � � �
S, Hz mol�1 dm3 � 0.02 � 0.01 � 0.02 � 0.50 � 0.18 � 0.58 � 0.56 � 0.01
�max, s � �5 � 10 � 15 � 15 � 15 � 10 � 15 � 10

PS: � � � � � � � �
S, Hz mol�1 dm3 � 0.01 � 0.01 � 0.01 � 0.01 � 0.01 � 0.04 � 0.02 � 0.001
�max, s � 30 � 45 � 150 � 180 � 105 � 120 � 120 � 5

������������������������������������������������������������������������������������

subsequent mathematical processing of the overall
response [12�14].

To improve the efficiency and selectivity of analy-
sis, we applied, for the first time, a sensor based on
DCH-18-C-6 crown ether which is an efficient extract-
�Ff, Hz

Fig. 1. Zero signal drift �Ff for sensors modified with
(1) DNP, (2) DCH-18-C-6, (3) beeswax, (4) propolis,
(5) PEGA, (6) PEG-2000, (7) PS, and (8) Triton X-100 on
exposure to aqueous ethanol vapor. (n) Number of cycles of
sorption�desorption of the analyte vapor.

ing agent for oxygen-containing substances. Prelimi-
nary assessment of the selectivity and sensitivity of
the receptor films and the stability of the position of
the zero signal suggest that it is appropriate to use
the following set of substances in the sensor matrix
intended for testing alcohol mixtures: PEG-2000,
PEGA, Triton X-100, propolis, DNP, and crown ether.
We established the relationships in variation of the
sensor response under successive introduction of
microamounts of ethanol homologs and ethyl acetate
into aqueous solution with high ethanol content
(Table 2). With introducing ethyl acetate and pentyl
alcohols, the analytical signal from PEG-2000-, DNP-,
and DCH-18-C-6-based sensors significantly changes.
The same effect in the case of PEGA-, propolis-, Tri-
ton X-100-, and beeswax-based sensors is due to all
the impurities occurring in aqueous ethanol (Table 2).
The PS films are weakly sensitive to volatile com-
ponents of the ethanol-based mixture but exhibit a
minor drift of the zero signal (film instability) (Fig. 1).
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Table 2. Characteristics of sorption of ethanol vapor with successively introduced C1�C5 alcohols and ethyl acetate
(� = 0.1 wt %) on the receptor films with the optimal mass
������������������������������������������������������������������������������������

Characteristic
� Sorbent
��������������������������������������������������������������������������
�PEG-2000 � PEGA � propolis � DNP � Triton X-100 � DCH-18-C-6 � PS � beeswax

������������������������������������������������������������������������������������
Ethanol (40 wt %)

�F c
��,* Hz � 4100�370� 730�85� 1310�65 � 1300�220� 2410�80 � 2490�80 � 190�15 � 2320�20

Sr, % � 4.9 � 6.2 � 2.7 � 9.1 � 2.0 � 6.1 � 4.5 � 1.0

Methanol

�F c
��,* Hz � 5250�345� 1560�70� 2810�105� 2760�310� 4950�75 � 2610�75 � 320�10 � 1040�30

Sr, % � 3.6 � 2.4 � 2.1 � 6.1 � 1.2 � 1.5 � 1.4 � 1.4

Ethyl acetate

�F c
��,* Hz � 5360�370� 1300�65� 1760�80 � 2660�320� 4580�85 � 1800�60 � 250�10 � 1050�45

Sr, % � 4.8 � 2.7 � 2.4 � 7.8 � 1.0 � 1.8 � 2.5 � 2.4

Isobutanol

�F c
��,* Hz � 5300�290� 1160�60� 1680�60 � 3425�422� 4270�115 � 1900�80 � 210�10 � 1000�45

Sr, % � 4.0 � 3.7 � 1.9 � 6.7 � 1.5 � 2.9 � 2.8 � 2.3

Pentanol

�F c
��,* Hz � 6080�400� 1350�90� 1490�65 � 7550�480� 7160�210 � 1570�70 � 480�10 � 930�35

Sr, % � 3.7 � 3.8 � 2.4 � 3.5 � 1.5 � 2.5 � 1.0 � 2.1

Isopentanol

�F c
��,* Hz � 5360�445� 1250�60� 1840�70 � 7720�310� 4240�110 � 2050�75 � 270�10 � 1035�30

Sr, % � 4.5 � 2.6 � 2.0 � 2.2 � 1.4 � 2.0 � 2.4 � 1.4
������������������������������������������������������������������������������������
* Confidence interval for �Fs at the confidence level of 0.95.

Sensitive DNP and DCH-18-C-6 films exhibit a sig-
nificant drift of the zero signal. It is recommended
that �Ff be decreased by preliminarily exposing the
sensors to the �analyte� vapor (film �training�).

Valuable information about the operation of the
sensor when exposed to single- and multicomponent
gas mixtures can be derived from the frequency vs.
time plots (Figs. 2, 3). Taking the sensor with a
DCH-18-C-6 crown ether film as an example, we
studied the geometry parameters of the frequency
vs. time plot as influenced by the microimpurities
(Fig. 2). To elucidate the relationships in variation of
the sensor sensitivity with the compositions of the
solution and the equilibrium gas phase, we succes-
sively introduced the components into the mixture
analyzed. The time vs. frequency plot is strongly in-
fluenced by introduction into an aqueous ethanolic
solution of microimpurities such as ethyl acetate
(Fig. 2, curve 2) and isopentanol (Fig. 2, curve 5).

We analyzed the trends in variation of the sensor
response within 5, 60, 120, and 180 s as measured

from the moment of injecting the sample containing
ethanol solely (curve 1), ethanol + methanol, iso-
propanol, and n-butanol microimpurities (curve 3), the
alcohols + ethyl acetate (curve 4), and all the above-
listed components + isopentanol (curve 5). The sensor
response reaches a maximum in 5-s sorption of the

�, s

�F, Hz

Fig. 2. Frequency vs. time plot for sorption on a DCH-
18-C6 film of vapor of aqueous solution of (1) ethanol and
ethanol mixed with (2) ethyl acetate, (3) methanol, (4) iso-
butanol, and (5) isopentanol. (�F) Sensor response and
(�) sorption time; the same for Fig. 3.
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�, s

�F, Hz

Fig. 3. Frequency vs. time plot for sorption of vapor of
(1, 1�) aqueous ethanol and (2, 2�) the same with micro-
impurities on (1, 2) DNP and (1�, 2�) PEG-2000 films.

(a) (b)

Triton
Triton

Triton
Triton

(c)
(d)

Propolis
Propolis

Propolis
Propolis

DNP
DNP

DNP
DNP

PEG-2000
PEG-2000

PEG-2000

PEG-2000

PEGA
PEGA

PEGA
PEGA

DCH-18-C-6
DCH-18-C-6

DCH-18-C-6
DCH-18-C-6

Fig. 4. Sorption diagrams for (a, c) C1�C4 alcohol mixture
and (b, d) C1�C5 alcohol + ethyl acetate mixture on Triton
X-100, DCH-18-C-6, propolis, PEGA, PS, and PEG-200
films. Response recorded in (a, b) 5 and (c, d) 30 s. Sensor
response magnitude: (a, b) 1200 and (c, d) 4000 Hz.

equilibrium gas phase of aqueous ethanol. With intro-
ducing microamounts of more volatile methyl and
isopropyl alcohols into an aqueous solution, �F tends
to decrease (>5 s). Butyl and pentyl alcohols and their
isomers affect similarly (decrease) the sensor response
at the initial moment of sorption. The response from
the crown-ether-based sensor was at a minimum at the
moment of introducing ethyl acetate into the alcohol
mixture.

Thus, by analyzing the responses of the sensor after
5-s sorption, it is possible to estimate the content of
the microimpurities (isopropanol, iso- and n-butanol,
and ethyl acetate) in aqueous ethanolic solutions with
a high concentration of ethanol. Similar changes were
observed in the frequency vs. time plots for 14�45-s
sorption. The sensor responses recorded after 60�
180-s sorption differ less significantly when micro-
impurities are introduced. The weakest response was
observed with pentanol and butanol impurities. The

responses from the crown-ether-based sensor in sorp-
tion runs longer than 15�30 s bear no information.

Prompt response was obtained from the DNP film
sensor when exposed to a vapor of a solution based on
ethanol with microimpurities of other alcohols and
ethyl acetate (�max = 5�15 s, see curves 1, 2 in Fig. 3).
Microamounts of C1�C5 alcohols and ethyl acetate
introduced into an aqueous ethanol affect the fre-
quency vs. time plot (Fig. 3, curve 2). A sharp in-
crease in the DNP sensor response in a 15-s sorption
run is due to the presence of C4�C5 alcohols and ethyl
acetate microimpurities in the solution with a high
ethanol content. The parabolic shape of the frequency
vs. time plots (� up to 15 s) suggests desorption of
the components from the film surface. Sensors based
on propolis, Triton X-100, and PEGA films charac-
terized by longer desorption (over 180 s) operate
similarly.

The PEG-2000 film is the site of absorption; the
frequency vs. time plot is clearly indicative of the
main stages of interaction between the mixture com-
ponents with the receptor film (Fig. 3, curves 1�, 2�).
The first maximum (�1

max = 15 s) corresponds to ad-
sorption of low-boiling alcohols (C1�C4) and ethyl
acetate, and when these are partially desorbed, the
sensor begins to respond to isopentanol. Accumula-
tion of ethyl acetate by the receptor film takes much
time, as the entire film is involved in sorption (ab-
sorption). The second maximum in the frequency vs.
time plot is observed at �2

max = 150�180 s. Thus,
prolonged sorption on the PEG-2000 receptor film
and a drastic change in the signal of the DNP film
sensor after 5�10-s sorption suggests the presence of
isopentanol microimpurities in the equilibrium gas
phase.

The mutual location of the maxima in the fre-
quency vs. time plots for various sensors governed the
order of their arrangement in the matrix, as well as
the algorithms of receiving individual and forming
the overall signals from the detector. The maximal
response time �max(i) determines the inertia of the
entire detector. Figure 4 demonstrates the overall
signal from the matrix comprised of six sensors based
on various films when exposed to a vapor of model
mixtures containing C1�C4 alcohols, as well as C1�C5
alcohols + ethyl acetate. The overall signal is re-
presented by a circular diagram with the sensor re-
sponses corresponding to various sorption times
(�max(i) = 5 and 30 s) plotted on the axes. The changes
in the geometry of the overall signal upon introducing
isopentanol and ethyl acetate confirm our suggestions
concerning the influence exerted by these microim-
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purities on the frequency vs. time plots for sensors
based on PEG-2000, DCH-18-C-6, and DNP films.

Our results were applied to analyzing solutions
with a high content of ethanol, containing micro-
amounts of other alcohols and alkyl acetates. This
method was tested with foodstuffs containing such
compounds. All the samples were simultaneously
tested using standard techniques, gas chromatography,
and the suggested method based on the use of a piezo-
sorption matrix detector. Microamounts of acetal-
dehyde and ethyl formate do not affect the results of
analysis by the method proposed; determination of
their amounts in specimens has no priority in es-
timating the foodstuff quality. Based on the results
of analysis by standard techniques and gas chromatog-
raphy, we selected samples for compilation of the
database using standard aromatograms.

Thus, we demonstrated the possibility of reliably
analyzing the equilibrium gas phase of ethanol-con-
taining solutions with a matrix detector. This method
does not require sample preparation; a small sample
volume (1 ml) is sufficient; the detector is simple and
cheap.

CONCLUSION

Ethanol-based multicomponent gas mixtures can be
analyzed using a sensor matrix. Polyethylene glycol
PEG-2000, dinonyl phthalate, dicyclohexano-18-
crown-6 ether, polyethylene glycol adipate, propolis,
and Triton X-100 are suggested as selective coatings
for the electrodes of piezoelectric quartz resonators.
The optimal mass of the film applied is 10�20 
g.
A specific algorithm of receiving the signals from
individual sensors improves the selectivity of detect-
ing complex mixtures of vapors of organic com-
pounds from various classes.
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Abstract�The influence exerted by the frequency of current pulses applied to the electrodes on spark erosion
of some metals was studied.

Spark dispersion of metals results in formation of
essentially different products depending on the proc-
ess conditions [1�3]. Conventionally, metals subjected
to spark dispersion can be subdivided into two groups.
The first group includes metals forming surface oxide
films having high contact resistance and undergoing
spark erosion, and the second group includes metals
that to not form such films [4]. In spark erosion of
the latter metals, the probability of spark discharges is
lower, and that of shorts between the electrodes and
metal granules is higher, which ultimately results in
cessation of the spark erosion. The spark dispersion of
such metals is performed using a metal of the first
group, e.g., aluminum, a certain amount of which
in the form of electrodes or granules is introduced into
the reactor together with the metal studied [4].

In this work we studied the influence exerted by
current pulses applied to the electrodes on spark
erosion of some metals. The installation and experi-
mental procedure are described in [12]. The electrodes
made of the metal studied were fixed to the edges of
the reactor, and granules of the same metal were
charged inside. The working solution was distilled
water. The current pulses of varied frequency F (Hz)
were applied to the electrodes in the course of spark
erosion, and the optimal frequency was determined.
The spark-erosion efficiency of the metals N (kg h�1)
was determined as the ratio of the weight loss of the
electrodes and granules after erosion to the erosion
time. The efficiency largely depends on the electrode
surface area [5]. In our experiments, the total surface
area of the electrodes was about 16 cm2. The specific
energy consumption W (kW h kg�1) was calculated as
the ratio of the consumed energy to the weight of
the dispersed metal obtained from electrodes and
granules.

The results obtained in studying the effect exerted
by the frequency of the current pulses applied to the
electrodes on the spark-erosion efficiency of the met-
als are plotted in Fig. 1. As known, the oxide film
covers the metal surface nonuniformly and has vari-
able thickness. Figure 1 shows that, with increasing
frequency of current pulses, the spark-dispersion ef-
ficiency by zinc, which belongs to the first group,
first grows sharply and then gradually approaches the
limiting value (curve 1). Such a trend in the erosion
efficiency suggests that, in sites where the surface
oxide film is thinner, a part of the supplied energy
goes into the metal bulk [6]. At higher frequencies,
the supplied energy is redistributed, with the main
part accumulated on the surface. As a result, the ef-
ficiency by zinc grows sharply. When the accumulated
energy attains the limiting value, the spark erosion
efficiency virtually stops to vary.

In spark erosion of tungsten (curve 2) and nickel
(curve 3), which belong to the second group, the
pattern is different. As the frequency of current pulses
is increased, the dispersion efficiency of both metals
first grows sharply. Then, in the ranges F = 300�500
(Ni) and 600�800 Hz (W), the spark-erosion effi-
ciency varies insignificantly. At higher F (up to
2500 Hz), the efficiency decreases (first sharply and
then slowly for Ni; gradually for W).

Such a shape of the N�F curves in spark dispersion
of the second-group metals is due to the different
distribution of the supplied energy at the metal surface
and in bulk, which affects the spark-erosion effi-
ciency. The different positions of the maxima of the
spark-erosion efficiency for Ni and W may be due to
specific features of these metals and formation of the
surface oxide film.

The influence exerted by the frequency of current
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pulses applied to the electrodes on the specific energy
consumption upon spark erosion of the metals is illu-
strated in Fig. 2. As seen, the specific consumption of
the electrical energy in spark dispersion of zinc, which
belongs to the first group, varies in parallel with the
process efficiency. In spark erosion of the second-
group metals, e.g., tungsten (curve 2) and nickel
(curve 3), the specific energy consumption varies in
opposite direction with the process efficiency. As
noted above, the second-group metals undergo spark
dispersion in the presence of electrodes or granules
of a first-group metal. This is presumably due to the
fact that a natural oxide film on their surface increases
the electrical resistance of the chain.

In spark dispersion of the metals studied, in the
points denoted by asterisks in Figs. 1 and 2, the spark
erosion was performed using aluminum electrodes and
granules of the metals studied. In spark dispersion of
zinc, the use of aluminum electrodes does not notice-
ably affect spark erosion. It is quite natural, because
both aluminum and zinc are first-group metals. For
tungsten and nickel, which are second-group metals,
a different pattern was observed. In this case, the
spark-erosion efficiency decreased, and the specific
energy consumption increased. In all probability,
the fact that, without aluminum electrodes or granules,
the metals of the second group do not undergo spark
dispersion [4] can be due to the high frequency of the
current pulses applied to the electrodes and to the low
contact resistance of surface oxide films.

The influence exerted by the frequency of current
pulses on the composition of the products obtained
in spark erosion of aluminum is illustrated in Fig. 3.
As seen, with increasing frequency the content of the
metal powder increases (curves 1, 2) and the content
of aluminum hydroxide in the erosion product de-
creases (curves 3, 4). When the frequency of current
pulses applied to the electrodes is low, a part of the
supplied energy goes into the metal bulk. As a result,
the number of spark discharges decreases. In the proc-
ess, the portion of the energy spent for the thermal
decomposition of the working solution components
decreases. As a result, the amount of atomic oxygen
and, consequently, the fraction of the dispersed metal
coated with a protective oxide film decrease. The
content of the metal powder in the erosion product
also decreases. The increase in the current pulse
frequency results in the formation of atomic oxygen in
a greater amount and, as a consequence, in the growth
of dispersed metal particles coated with the protective
oxide film. Ultimately, the content of the metal
powder in the erosion product increases.

N, kg h�1

F, Hz

Fig. 1. Spark-erosion efficiency N for (1) zinc, (2) tungsten,
and (3) nickel as a function of the frequency F (Hz) of the
current pulses applied to the electrodes. Distilled water
working medium, slurry treatment temperature 25�C, time
4 h; the same for Fig. 2.

W, kW h kg�1

F, Hz

Fig. 2. Specific consumption of electrical energy W in
the course of spark erosion of (1) zinc, (2) tungsten, and
(3) nickel vs. the frequency F (Hz) of current pulses
applied to the electrodes.

�, wt %

F, Hz
Fig. 3. (1, 2) Concentration � of aluminum powder and
(3, 4) total content of aluminum hydroxides vs. frequency
F of current pulses applied to the electrodes. Slurry treat-
ment temperature 25�C and time 4 h. Working medium, M:
(1, 4) 0.19 acetic acid and (2, 3) 0.14 oxalic acid.

Thus, our results show that spark dispersion of
second-group metals can be performed using elec-
trodes and granules of the metal studied and current
pulses of the optimal frequency.
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CONCLUSION

The spark erosion of the metals studied is strongly
affected by the frequency of the current pulses applied
to the electrodes. The metals forming surface oxide
films with low contact resistance undergo spark dis-
persion at the optimal frequency of the current pulses.
It was shown that the amount of the metal powder in
spark dispersion of aluminum increases with increas-
ing frequency of the current pulses.
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Abstract�The temperature and concentration dependences of the electrical conductivity was studied in Li2S�
LiPO3 glasses. The effect of lithium sulfide additions (22.5�25 mol %) to LiPO3 on the electrical conductivity
was studied. The nature of the conductivity was studied over the whole range of Li2S concentrations using
Tubandt’s procedure, and the contribution of electronic component to the total electrical conductivity was
examined by Liang�Wagner’s polarization method.

Ion-conducting substances used as solid elec-
trolytes (SELs) for chemical current sources and in
producing electrochemical transducers and ion-selec-
tive sensors attract intent researchers’ attention. Crys-
talline compounds are most commonly used as SELs;
however, glassy compounds are also given a consider-
able attention. These latter have a number of ad-
vantages over crystalline SELs: they are weakly sensi-
tive to impurities and convenient in processing; they
allow vacuum-tight connections to be ensured. Elec-
trical parameters of glassy compositions are highly
stable and reproducible. Moreover, the electrical con-
ductivity of glassy compositions is one or two orders
of magnitude higher than the conductivity of crystal-
line compounds of the same composition.

In SEL, the electronic component of electrical con-
ductivity is absent, and the total conductivity is deter-
mined by the migration of ions in an electric field.
The expression for the total conductivity of SEL tak-
ing into account the contribution of both positive and
negative current carriers has the form

� = �+ + �
�

= qn (�+x+ + �
�
x
�
), (1)

where � is the total electrical conductivity; �+ and ��,
electrical conductivities determined by the migration
of positive and negative current carriers, respectively;
n, number of molecules per unit volume; q = ez, elec-
trical charge of a carrier; x+ and x�, mole fractions
of cations and anions; and �+ and ��, ionic mobilities.

Often one kind of the current carriers dominates
in the electrical conductivity. In this case, the con-
ductivity of glassy systems can be described by the

equation [1]

� = n�(ez)�, (2)

where � is the degree of dissociation.

It follows from relationship (2) that an increase in
the conductivity can be achieved by increasing both
the number of current carriers and their mobility.

The electrical conductivity of binary alkali oxide
glasses increases as the content of an alkali metal
oxide increases. Therefore, seemingly, glassy SELs
should be searched for among the systems into which
a maximal amount of current carriers could be intro-
duced. However, this line is limited by the fact that
glasses with a high M2O content (M = Li, Na, K, etc.)
have a low chemical stability and readily crystallize.
At the same time, the number of ions participating
in current transfer can be increased at the expense of
decreasing the energy of their bonding with the glass
matrix. This can be achieved by introducing inorganic
salts with large anions (SO4

2�, SO3
2�, and halide ions)

into the glass composition. In this case, the structure
of the starting glass becomes loosened, and the elec-
trical conductivity increases [2�4].

As believed in [5�8], the substitution of sulfur(II)
ions for oxygen ions in the glass structure should also
be accompanied by an increase in the ionic conductiv-
ity. In fact, sulfur(II) ions are larger than oxygen ions
(rS2� = 1.84 and rO2� = 1.40 �) and have a more pro-
nounced tendency to form covalent bonds. Therefore,
the energy of interaction between sulfur-containing
glass fragments and alkali metal ions is lower than in
oxide glasses. Consequently, the energy of dissocia-
tion of polar structural chemical units containing
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Table 1. Chemical analysis of Li2S�LiPO3 glasses
������������������������������������������������������������������������������������

Composition, mol % � Found, wt % � Calculated, %
������������������������������������������������������������������������������������

Li2S � LiPO3 � S � Li � P � S � Li � P
������������������������������������������������������������������������������������

� � 100.0 � � � 8.08 � 36.07 � � � 7.87 � 35.61
5.0 � 95.0 � 1.91 � 8.76 � 35.08 � 1.36 � 5.54 � 34.95

10.0 � 90.0 � 3.92 � 9.40 � 34.05 � 3.38 � 9.18 � 34.08
15.0 � 85.0 � 6.00 � 10.07 � 32.96 � 5.61 � 9.59 � 33.13
20.0 � 80.0 � 8.21 � 10.78 � 31.82 � 7.74 � 10.65 � 31.91
25.0 � 75.0 � 10.55 � 11.52 � 30.61 � 9.93 � 11.26 � 30.68

������������������������������������������������������������������������������������

sulfur(II) will be lower, and the electrical conductivity
itself must increase at the expense of an increase in
the number of current carriers. Thus, the substitution
of sulfur for oxygen in Na2O�GeO2 glasses (to give
the Na2S�GeS2 system) was shown [6�9] to result
in increased conductivity. This can be accounted for
by the fact that sulfur(II) compounds have a higher
ionic conductivity than their oxide analogs. Indeed,
the electrical conductivity of sulfide glasses consider-
ably exceeds that of oxide glasses. At room tempera-
ture, the specific electrical conductivity of glasses,
e.g., in the Na2O�P2O5 system attains 7�10�9 S cm�1

at E� = 1.36 eV [10], and in the Na2S�P2S5 system,
� = 3.9 �10�6 S cm�1, E� = 1.08 eV [11].

To further increase the electrical conductivity,
halide salts are introduced into sulfide glasses. For
example, a glass of the composition 0.477(GeS2 �
Ag2S) �0.523AgI with the conductivity of 4.7 �
10�3 S cm�1 (25�C) and E� = 0.50 eV was described
in [12]. The study of the conductivity nature showed
that glasses of these systems are ionic conductors, and
the electronic component of the conductivity in silver-
containing sulfide glasses is 3�4 orders of magnitude
lower than the ionic component [13]. Among essential
drawbacks of such glasses are their high hygroscopic-
ity and difficult synthesis [11, 14]. We emphasize that
the published data on the properties of glassy com-
positions mainly concern silicates and borates. The
electrical properties of sulfur-containing oxide�phos-
phate glasses are known only for Na2O�Na2S�P2O5
glasses [15] and for silver-containing systems [16].
In this work we studied the temperature and concen-
tration dependences of the electrical conductivity and
the nature of current carriers in the Li2S�LiPO3
glasses.

EXPERIMENTAL

We synthesized the glasses in glassy carbon
crucibles in a dry argon atmosphere in a laboratory

electric furnace at 1100�1150�C for about 25 min.
This time was sufficient for complete melting and
homogenization of the melt. The charge was prepared
from chemically pure grade LiPO3 and lithium sulfide
obtained by direct synthesis in liquid ammonia [17].
The purity of the resulting Li2S was no worse than
99.5%, with polysulfides as impurities.

To decrease sulfur volatilization, we placed the
crucible with the charge into a crucible of a larger
volume; the space between the crucibles was filled
with lithium sulfide, and the external crucible was
covered by a lid [8]. We sampled the glasses by pour-
ing off the melt into preheated metallic molds with the
subsequent annealing for 1 h in a muffle furnace at
a temperature approximately 15�C lower than Tg and
cooling together with the muffle to room temperature.
The glass transition point Tg was determined by the
plot of the relative elongation of the sample (a glass
cylinder 50.0	0.5 mm long) vs. temperature. The
measurements were performed on a DKV-5 vertical
quartz dilatometer. The annealing quality was moni-
tored by the polarization optical method.

The chemical analysis of the synthesized glasses
showed that their compositions are close to the calcu-
lated compositions (Table 1). The phosphorus content
was determined by the standard procedure involving
the formation of phosphomolybdic acid [18]. Since
sulfur can be in various forms in the glass structure
(free, sulfide, and polysulfide), we determined the
total content of sulfur by the decomposition of a glass
sample and subsequent sulfur oxidation to sulfate ion
[15]. The lithium content was determined by flame
photometry.

We determined the density of glasses by hydrostat-
ic weighing in carbon tetrachloride. The reproducibil-
ity of the results for glasses obtained in replicate
meltings is (3�5) �10�3 g cm�3.

The electrical conductivity was measured with
parallel-plate finely polished samples 1.50	0.01 mm
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Table 2. Electrical properties of Li2O�P2O5 glasses [19]
������������������������������������������������������������������������������������

Li2O, mol %
�

cLi+�102, mol cm�3
� �log� (�, S cm�1) at indicated T, �C �

log�O+,
�

E
�
, eV� ������������������������������� �

� � 25 � 100 � 200 � (�, S cm�1) �
������������������������������������������������������������������������������������

38.0 � 2.32 � 10.95 � 8.15 � 5.8 � 3.0 � 1.65
40.0 � 2.39 � 10.55 � 7.8 � 5.5 � 3.15 � 1.62
42.5 � 2.46 � 9.9 � 7.35 � 5.2 � 2.85 � 1.51
45.0 � 2.55 � 9.5 � 7.05 � 4.95 � 2.9 � 1.47
50.0 � 2.74 � 8.45 � 6.15 � 4.2 � 3.05 � 1.36
52.5 � 2.82 � 8.0 � 5.8 � 3.9 � 3.0 � 1.30
55.0 � 2.94 � 7.5 � 5.45 � 3.7 � 2.75 � 1.21
58.0 � 3.08 � 6.85 � 4.95 � 3.35 � 2.6 � 1.12

������������������������������������������������������������������������������������

thick and 20 mm in diameter [19]. To exclude the
possible surface conductivity, we carried out the
measurements using safety electrodes [according to
GOST (State Standard) 6433.2.71] in the direct current
mode with active (lithium amalgam) electrodes in the
range from room temperature to 270�C under heating
and cooling conditions. No hysteresis phenomena
were observed. We used ED-05M and ITN-7 electro-
dynamic electrometers as measuring devices. The ob-
tained experimental data lied along a straight line in
the log� = f (1/T) coordinates. The data were proc-
essed using the equation

� = �0 exp (�E
�
/2kT).

Lithium metaphosphate has an electrolytic conduc-
tivity, the transport numbers of lithium ions being
0.97�1.00 depending on the conditions of its synthesis
[19]. Along with lithium ions, protons formed upon
dissociation of impurity water can take part in current
transport. To estimate the content of water in the
glasses under study, we recorded the IR transmission
spectra of parallel-plate polished samples (l =
1.50 mm) in the range 2000�5000 cm�1. The intensity
of absorption at 2300, 2900, and 3400 cm�1 in the
spectra of Li2S�LiPO3 glasses is substantially lower
than in the spectra of Li2O�P2O5 and Li2O�LiPO3
glasses, which indicates that the content of impurity
water in the first case is small [
(2�5) �10�2 wt %].
The introduction of lithium sulfide, which is a cat-
ionic conductor, into LiPO3 should not be accom-
panied by a change of the nature of current carriers.
The conductivity of Li2S�LiPO3 glasses will be deter-
mined by the migration of lithium ions only. To check
this assumption, we determined the transport numbers
of lithium ions using Tubandt’s method. The amount
of electricity passing through the samples during elec-
trolysis was measured by a silver�thallium coulometer

and a Kh-603 electrolytic quantity meter connected in
series. We let 4�6 C of electricity pass through a
stack of glasses. If more than 10 C of electricity
passed, the growth of dendrites and breakdown of the
samples were observed. We estimated the changes in
the composition of the near-electrode and middle
samples after the electrolysis by the changes in their
weight. We weighed the samples on a VLAO-100/1
semimicroanalytical balance. An experiment was con-
sidered to be correct if the weight of a middle sample
before and after electrolysis remained the same within
the error of weighing. The contribution of the elec-
tronic component (10�3%) to the total conductivity
was determined using the Liang�Wagner polarization
method.

It follows from Table 1 that the analytical content
of lithium and phosphorus virtually corresponds to
their calculated content, whereas the sulfur loss
reaches 6�7%. This is due to the fact that water
present in the charge as an impurity reacts with sulfide
ions to give hydrogen sulfide.

It is interesting that, in the Li2O�P2O5 system, it is
possible to synthesize a glass containing 58 mol %
Li2O (Table 2) [19]. The concentration of lithium ions
in this glass is 3.08 �10�2 mol cm�3, and in LiPO3 it
is 2.74 �10�2 mol cm�3. The activation energy at such
an increase in the content of lithium ions decreases
from 1.36 to 1.12 eV, and the electrical conductivity
(at 200�C) increases by almost an order of magnitude
(see figure; Table 2).

The addition of lithium sulfide to lithium meta-
phosphate is accompanied by an increase in the con-
centration of lithium ions by a factor of almost 1.5
(Table 3). This concentration is 3.84 �10�2 mol cm�3

in the glass containing 25 mol % Li2S. In this case,
the activation energy of the electrical conductivity
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Table 3. Density d, volume concentration of lithium ions cLi+, and molar volume Vmol of the Li2S�LiPO3 glass
������������������������������������������������������������������������������������

Composition, mol %� d, � cLi+�102, � Vmol,*
��log� (�, S cm�1) at indicated T, �C�

log�0,
�

E
�

, eV���������������� � � ���������������������������� �
Li2S � LiPO3 � g cm�3

� mol cm�3
� cm3 mol�1

� 25 � 100 � 200 � (�, S cm�1) �
������������������������������������������������������������������������������������

0 � 100.0 � 2.37 � 2.75 � 8.45 � 6.1 � 4.15 � 3.2 � 1.38 � 36.26
5.0 � 95.0 � 2.35 � 2.96 � 7.55 � 5.55 � 3.9 � 2.35 � 1.17 � 35.72

10.0 � 90.0 � 2.33 � 3.175 � 6.6 � 4.9 � 3.45 � 2.0 � 1.02 � 35.17
15.0 � 85.0 � 2.33 � 3.40 � 5.95 � 4.4 � 3.05 � 1.9 � 0.93 � 34.31
20.0 � 80.0 � 2.32 � 3.62 � 5.7 � 4.15 � 2.9 � 1.85 � 0.89 � 33.59
22.5 � 77.5 � 2.32 � 3.75 � 5.45 � 4.05 � 2.95 � 1.5 � 0.82 � 33.17
25.0 � 75.0 � 2.31 � 3.84 � 5.65 � 4.2 � 3.0 � 1.45 � 0.84 � 32.88

������������������������������������������������������������������������������������
* Vmol = M /d, where M is the molar weight of the glass.

decreases from 1.38 to 0.84 eV, and �log� at 200�C
changes from 4.15 to 3.0 (see figure; Table 3).

When the concentration of lithium ions increases
within the limits of (2.74�3.08) �10�2 mol cm�3, the
activation energy of electrical conductivity and the
electrical conductivity itself for the Li2O�P2O5 and
Li2S�LiPO3 glasses almost coincide (see figure). This
may be due to the fact that sulfur-containing polar
structural chemical units appear to be blocked (in this
concentration range of Li2S) by the Li+[O�PO3/2]
units.

cLi � 102, mol cm�3

�log � [S cm�1]

E
�
, eV

Plots of the logarithm of specific electrical conductivity
log� and of the activation energy of electrical conductivity
E
�

of (1) Li2O�P2O5 [19] and (2) Li2S�LiPO3 glasses vs.
concentration of lithium ions cLi+ at 200�C.

The introduction of lithium into P2O5 is actually
accompanied by the break of bridging P�O�P bonds
and by the depolymerization of polyphosphate chains
to give di-, tri-, and tetraphosphate anions. Myuller
[1] believes that the structure of such glasses consists
of polar and nonpolar structural chemical units [1].
When [Li]/[P] < 1, the structure will be determined by
a combination of polar Li+[O�PO3/2] and nonpolar
[PO4/2] structural chemical units. As the concentration
of lithium ions increases, the content of polar struc-
tural chemical units increases, and at [Li]/[P] = 1 the
structure of the glass of the metaphosphate composi-
tion will consist mainly of polar Li+[O�PO3/2] struc-
tural chemical units only. In the glasses with [Li]/[P] >
1, along with polar Li+[O�PO3/2] structural chemical
units, new polar Li2

+[O2
�PO2/2] units are formed. The

interaction between polar Li+[O�PO3/2] structural
chemical units is accompanied by the appearance
of the quadrupoles

O3/2P�O�Li+. .. .. .
Li+O��PO3/2.

The energy of lithium dissociation from these
quadrupoles is lower than that from the polar Li+ �
[O�PO3/2] structural chemical units. The number of
current carriers increases at this expense. The energy
of activation shift, Ea, of dissociated ions in the
medium of polar structural chemical units is lower
than that in the medium of the nonpolar [PO4/2] struc-
tural chemical units. As already noted, the structure of
lithium metaphosphate is formed by polar structural
chemical units; hence, lithium ions migrate in a polar
medium, and Ea � const, as the migration mechanism
remains unchanged. The increase in the electrical con-
ductivity can be accounted for by a decrease in the
dissociation energy of quadrupoles Eg, which results
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Table 4. Transport numbers of lithium ions in the Li2S�LiPO3 glasses*
������������������������������������������������������������������������������������
Composition, mol % �

T, �C
� Electricity passed �Changes in the weight of anodic glass�

�Li+����������������� ������������������������������������������������������
Li2S � LiPO3 � � Q, C � Q� �105, equiv � 	P � 103, g � Q" � 105, equiv �

������������������������������������������������������������������������������������
0 � 100.0 � 207.5 � 5.68 � 5.89 � 5.94 � 5.77 � 0.98
0 � 100.0 � 198.3 � 4.53 � 4.69 � 4.74 � 4.64 � 0.99

10.0 � 90.0 � 210.2 � 5.23 � 5.42 � 5.47 � 5.37 � 0.99
20.0 � 80.0 � 204.8 � 4.95 � 5.13 � 5.18 � 5.13 � 1.00
20.0 � 80.0 � 189.7 � 4.41 � 4.57 � 4.61 � 4.62 � 1.01
22.5 � 77.5 � 218.0 � 5.17 � 5.36 � 5.41 � 5.36 � 1.00
22.5 � 77.5 � 200.3 � 4.26 � 4.42 � 4.46 � 4.40 � 0.995

������������������������������������������������������������������������������������
* Q� = Q/F, where F is the Faraday number; �Li+ = Q"/Q�.

in increased number of dissociated lithium ions,
which are the current carriers. As a result, the activa-
tion energy of electrical conductivity, E�, decreases
(see figure; Table 2).

In experiments with AgPO3�Ag2S glasses, it was
suggested that sulfur(II) is able to replace oxygen in
the glass structure [15]. In line with this concept,
introduction of lithium sulfide into lithium metaphos-
phate will be accompanied both by incorporation of
sulfide ions in the anionic component of the structure
(O3/2P�S�PO3/2) and by the formation of various
sulfur-containing polar structural chemical units.
Therefore, we assume that, along with polar oxide
Li+[O�PO3/2] and Li2

+[O2
�PO2/2] structural chemical

units, the Li+[S�PO3/2] units

Li+S�PO3/2, Li+O�PO3/2. . . .. . . .. . . .
O3/2PS�Li+ O3/2PS�Li+

are formed in the structure of Li2S�LiPO3 glasses.

The ionic conductivity depends on the energy of
lithium binding with the glass framework. A decrease
in the binding energy is accompanied by an increase
in the number of current carriers at the expense of
increased degree of dissociation of polar structural
chemical units and, consequently, by an increase in
the electrical conductivity (Tables 3, 4).

Therefore, the increase in the electrical conductiv-
ity of the Li2S�LiPO3 glasses is attributable to the
fact that the replacement of oxygen in the glass struc-
ture by a more polarizable sulfur(II) ion results in
the weakening of bonds between lithium ions and the
glass framework. This is responsible for a decrease
in the dissociation energy of polar structural chemical
units and an increase in the number of current carriers
and in the electrical conductivity itself.

CONCLUSION

The formation of sulfur-containing oxide polar
structural chemical units in the structure of Li2S�
LiPO3 glasses is accompanied by an increase in the
electrical conductivity and a decrease in the activation
energy of electrical conductivity. Such structural
chemical units have a lower (compared to pure oxide)
dissociation energy, which results in an increase in
the number of current-carrying ions.
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Abstract�Electrochemical and working characteristics of a nickel�zinc battery with nickel oxide electrode
made of spherical nickel hydroxide on foamed nickel support were determined.

Nickel�zinc (NZ) battery yielding high output
power is known as a power supply for means of trans-
portation, such as underwater vehicles, motor scooters,
motorcycles, and hybrid automobiles. Its specific
energy is as high as 75�80 W h kg�1, and specific
power, 250 W kg�1. However, application of NZ
batteries for these purposes has been limited until
recently by their short service life and high cost of the
positive electrode with metal�ceramic (MC) support.

New methods for fabrication of nickel oxide elec-
trodes (NOE) of nickel�cadmium and nickel�metal
hydride batteries have been developed and success-
fully implemented. These methods employ highly dis-
persed materials, which are deposited onto a foamed
nickel (FN), rather than metal�ceramic, support. To
materials of this kind belong spherical nickel hydrox-
ide with addition of hydroxide compounds of cobalt
and zinc [1]. Fabricated by pasting and subsequent
compaction, NOE have 1.2�1.5 times better specific
characteristics because of the use of a lighter support
and a compact arrangement of particles of the active
paste [2].

Use of spherical nickel hydroxide modified with
activating additives in an NZ battery in the form of
a compacted electrode with FN support may affect
substantially the processes occurring in the battery.
In particular, addition of cobalt hydroxide can prevent
the commonly occurring in NZ batteries �poisoning�
of a compacted NOE by zinc ions [3]. In addition, the
dynamics of intraelectrode (�loss of shape�) and
interelectrode zinc transfer may change because of the
densified structure of NOE with spherical nickel
hydroxide, and this can affect the working capacity of
the zinc electrode. The loss of shape has been attri-
buted to various factors: phase segregation in the elec-
trolyte upon a change in the concentrations of KOH

and Zn(OH)4
2� [4], convection in the electrolyte [5],

and nonuniform distribution of the current over the
electrode surface [6]. Solution of this problem, which
is of high theoretical and practical importance, cannot
be considered conclusive up to now.

EXPERIMENTAL

In this study, we determined the electrical char-
acteristics of an NTs-25 battery with compacted NOE
fabricated by pasting spherical nickel hydroxide onto
an FN support. Nickel hydroxide contained 5.6%
cobalt and 3.2% zinc. In other respects, the design and
technology of fabrication of the battery were the same
as those for a battery with MC NOE. The cobalt-to-
nickel ratio in the material used was close to the
optimal value [Co/(Co + Ni) = 0.07] [7].

The basic parameters of batteries of several types
differing in the amount of active paste in unit volume
of the positive electrode and in the ratio of active
paste masses in the positive and negative electrodes
are given in Table 1.

The calculated capacities of positive electrodes,
listed in Table 1, correspond to the transformation of
Ni2+ to Ni3+. The ratio of capacities of the negative
and positive electrodes in the batteries under study is
smaller than that in batteries with MC NOE, since
a greater amount of the active paste is contained in
the same NOE volume.

This makes it possible to obtain a higher capacity
from the battery in the initial cycles, but, at the same
time, creates conditions for fast accumulation of
excess charged phase in the zinc electrode, especially
so in view of the fact that an excess, with respect to
the calculated value, capacity should be imparted to
the positive electrode in battery forming.
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Table 1. Characteristics of NTs-25 batteries. Thicknesses of positive and negative electrodes 0.95 and 1.25 mm,
respectively
������������������������������������������������������������������������������������

Battery
� Calculated electrode capacity, A h �Density of active paste, g cm�3�

(+)-to-(�)
�

Battery��������������������������������������������������� �
� (+) � (�) � (+) � (�) � capacity ratio � weight, g

������������������������������������������������������������������������������������
NTs-25: � � � � � �

with MC NOE � 30.8 � 95 � � � 1.7 � 3.0 � 780
with FN NOE I � 46.8 � 95 � 2.5 � 1.7 � 2.0 � 735
with FN NOE II � 54.0 � 95 � 2.7 � 1.7 � 1.74 � 760

������������������������������������������������������������������������������������

The batteries were studied in cycling in the venti-
lated mode (with low-pressure valves). At regular
intervals of time, one battery of each batch was disas-
sembled to determine its state and make analyses; in
addition, discharge was performed in separate cycles
by different currents to determine the working capac-
ity of a battery in the range from 0.1 to 2C.

In order to determine the extent of self-discharge,
part of batteries were stored in the charged state for
1 month with the subsequent discharge.

It was found that, in contrast to the MC electrode,
the active paste of the positive electrode made of
spherical Ni(OH)2 acquires capacity in forming cycles
gradually, in 2�3 cycles (Table 2). In the first cycle,
the discharge capacity of batteries of type I was only
50�55% of the capacity imparted in charging, and that
in the second cycle, 83%, which corresponds to 60%
of the theoretical capacity corresponding to conversion
of Ni2+ into Ni3+. Batteries of type II, with NOE
possessing increased capacity, were subjected to three
forming cycles, with the positive electrodes yielding
in discharge 80% of the calculated capacity.

Charging was done in each stage to a final voltage
of 1.98�2.0 V, and discharge, to 1.2 V.

In subsequent cycling, the initial discharge capacity
of batteries with FN NOE I (25�27 A h) approximate-
ly corresponded to the capacity of batteries with the
MC electrode, which allowed their comparison under
comparable conditions (Fig. 1).

Table 2. Forming modes and results obtained for different
types of NTs-25 batteries
���������������������������������������

Cycle
� Charging/discharge capacity, A h
�����������������������������������no. �with FN NOE I�with FN NOE II�with MC NOE

����������������������������������������
1st � 33/18 � 42/32 � 33/27
2nd � 33/27.5 � 45/37.5 � 33/27
3rd � �/� � 55/43 � �/�

����������������������������������������

One of basic characteristics of NZ batteries, which
determines the possibility of their use in means of
transportation, is their working capacity in intensive
discharge modes. Tests demonstrated that the voltage
of batteries with FN NOE in charging was markedly
lower than that in batteries with the MC electrode,
and, in discharge with currents of 0.1�1C, their capac-
ity and voltage are virtually identical. And only in
the 2C mode, the batteries under study, with spherical
nickel hydroxide on FN support, have somewhat
lower capacity at the same electrode thickness
(�1 mm). Therefore, it is advisable to use thinner
compacted NOE in batteries intended for short dis-
charge modes.

Comparison of characteristics of the batteries under
study (types I and II) with different active paste densi-
ties shows that the voltage of a battery with increased
amount of electrode material is higher in charging and
lower in discharge, with the difference becoming more
pronounced with increasing discharge current (Fig. 2).
With increasing number of cycles, the achieved degree
of NOE charging decreases to a greater extent for
batteries of type II, although the discharge capacity of
this type of batteries retains higher values up to
100 cycles (Fig. 3).

A decrease in the ratio of capacities of the negative
and positive electrodes affects adversely the states of
the zinc electrode. As shown by chemical analysis of
the active paste from negative electrodes of disas-
sembled batteries, the content of the reduced phase
increased, and that of the oxidized phase, decreased.

Content of reduced phase in discharged negative electrode
of NTs-25 battery with FM NOE

Cycle (Zn/Zn + ZnO), %

Initial 7.4
After forming 31

63rd 78
110th 80
200th 85
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U, V

C, A h

Fig. 1. Charging and discharge curves of NTs-25 batteries
with positive electrodes of different designs. Electrode:
(1�4) metal�ceramic and (1��4�) fabricated by pasting
nickel hydroxide on foamed nickel support. (C) Capacity
and (U) voltage. (1, 1�) Charging; discharge with current,
A: (2, 2�) 5, (3, 3�) 25, and (4, 4�) 50.

C, A h

Fig. 3. Variation of (1, 2) charging and (1�, 2�) discharge
capacity in cycling of NTs-25 batteries with NOE on
foamed nickel support with varied density of the electrode
material. (N) Number of cycles and (C) discharge capacity.
Density (g cm�3): (1, 1�) 2.5 and (2, 2�) 2.7.

In batteries of type I, the whole amount of the oxi-
dized phase was exhausted by the 125th cycle, and in
batteries of type II, already by 70th cycle, which
required deep discharge to convert the accumulated
metallic zinc into the oxidized state (Fig. 3). Changes
in the active paste of the negative electrode in the
course of cycling lead to a decrease in discharge ca-
pacity and increase in charging voltage of the batteries
(Figs. 3 and 4).

Apparently, to prevent accumulation of the charged
phase in the electrode and to stabilize the discharge
capacity of a battery for a longer time, it is necessary
to pass to a sealed battery design. This will also en-
sure deeper deforming of the NOE under study with-
out overcharging of the zinc electrode, since its active
paste will be oxidized by evolving oxygen [8].

An analysis of the state of batteries disassembled
after cycling demonstrated that changes in the shape
of the negative electrode, which only become notice-
able by 200th cycle, are manifested in a decrease in
the thickness of the active paste layer in a narrow
upper part of the electrode. At the same time, in
a battery with metal�ceramic NOE the active paste is

U, V

Cf, %
Fig. 2. Effect of density of the electrode material of NOE
on foamed nickel support on the electrical characteristics of
NTs-25 battery. (U) Voltage and (Cr) fraction of rated dis-
charge capacity. Density of electrode material (g cm�3): (1�
4) 2.5 and (1��4�) 2.7. (1, 1�) Charging; discharge with cur-
rent of (2, 2�) 0.2C, (3, 3�) 1C, and (4, 4�) 2C.

U, V

C, A h
Fig. 4. Effect of service time on (1�3) charging and (1��
3�) discharge characteristics of NTs-25 battery with NOE on
foamed nickel support. (C) Discharge capacity and (U) volt-
age; the same for Fig. 5. Cycle: (1, 1�) 10th, (2, 2�) 100th,
and (3, 3�) 200th.

absent, under the same conditions, on 20% of the
electrode area [6]. This is a favorable indication of
longer service life of the battery under study, com-
pared with that of the already existing battery.

A study of the influence exerted by storage of a
charged battery with NOE made of nickel hydroxide
on foamed nickel support demonstrated a 9% self-
discharge in 30 days (Fig. 5), which virtually coin-
cides with the degree of self-discharge of batteries
with MC support [9].

Our results show that, on replacing the positive
electrode with MC support by a compacted electrode
with spherical nickel hydroxide, the NZ battery has
similar electrical and service characteristics. In addi-
tion, the electrode under study is simpler in fab-
rication.

However, the practically accepted ratio of capaci-
ties of the negative and positive electrodes is violated
in view of the fact that the capacity of the compacted
electrode exceeds that of MC in the same volume.
Raising the ratio to the optimal value will enable an
increase in the discharge capacity of the NZ battery
by 20�30%. Making larger the reserve of the active
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U, V

C, A h

Fig. 5. Effect of storage on discharge capacity of NTs-25
battery with NOE on foamed nickel support. (1) Charging;
discharge: (1) 1 h after charging and (2) 30 days after
charging.

paste in the negative electrode is also necessary in
view of the overcharging of the zinc electrode in
forming and subsequent cycling of a battery and the
resulting necessity for periodic �deep� discharges.

CONCLUSIONS

(1) The nickel oxide electrode made of spherical
nickel hydroxide on a foamed nickel support ensures,
in operation in a previously developed nickel�zinc
battery, electrochemical characteristics similar to those
of the metal�ceramic electrode in a wide range of
current loads.

(2) To improve the characteristics of batteries with
nickel oxide electrode on foamed nickel support, it is
necessary to optimize the active paste ratio in the
negative and positive electrodes.
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Abstract�A procedure was developed for analysis of ascorbic acid with a carbon glass electrode coated with
a palladium-modified poly(2-vinylpyridine) film.

Ascorbic acid is a water-soluble vitamin which is
involved in a number of biochemical processes includ-
ing electron transfer, oxidative catabolism of aromatic
amino acids, synthesis of precollagen and collagen,
etc. Owing to reducing properties, ascorbic acid is
widely used in food industry as a preservative or food
additive. Pharmaceuticals containing ascorbic acid are
used to prevent and treat various diseases. Therefore,
determination of ascorbic acid in biological objects is
an important analytical task. Ascorbic acid can be
quantitatively determined by titrimetric [1, 2], spectro-
photometric [1�4], and chromatographic [5, 6] proce-
dures. Most of them are labor-consuming or have
limited application. Highly sensitive electrochemical
methods are also used to determine ascorbic acid.
Ascorbic acid is reversibly oxidized on a mercury
dropping electrode [7]. However, on solid electrodes
it is irreversibly oxidized with a high overvoltage [8].
Polarographic methods were widely used to determine
ascorbic acid. However, mercury toxicity prevents
application of these methods in laboratory practice.
Analytical potentialities of voltammetry with chemi-
cally modified electrodes (CMEs) are substantially
wider. Various CMEs were proposed to increase the
sensitivity and selectivity of ascorbic acid determina-
tion [9]. Advantages of CMEs in flow-injection anal-
ysis of ascorbic acid are reviewed in [10].

Chemically modified electrodes based on electron
carrier materials are of special interest [9]. Wring
et al. [11] used an epoxy�graphite composite electrode
modified with cobalt phthalocyanine for determining
ascorbic acid. The detection limit of amperometric
determination of ascorbic acid in multivitamin prep-
arations is 0.65 ng ml�1. Disadvantages of this method
are complex preparation of the electrode and limited
application in flow-injection systems. Electrodes
coated with a polymeric film are used in [12�14].

Electrooxidation of ascorbic acid on CMEs coated
with polypyrrole [12], poly(3-methylthiophene) [13],
and polyaniline [14] films was studied. Preparation of
film electrodes is simple, and their catalytic activity is
high. However, although the analytical signal of film
electrodes has better shape and higher intensity, the
detection limit of ascorbic acid does not noticeably
decrease. Determination of ascorbic acid with CMEs
plated with platinum group metals was studied in [15,
16]. These electrodes are highly sensitive to ascorbic
acid but their analytic signal is poorly reproduced.

Inclusion of platinum metals in polymeric films is
one of the pathways to improve electrocatalytic prop-
erties of platinum metals and the stability of chemical
sensors on their base. Ruthenium, Rh, Pd, and Pt are
electroplated on polyvinylpyridine film in the form of
finely divided deposits having high catalytic activity
[17�21]. The influence of the polymeric matrix on the
deposit properties is provided by adsorption interac-
tion of its fragments, in particular, pyridine rings, with
the surface of metal particles.

In this work we studied electrocatalytic acidity of
palladium particles plated on the surface of carbon
glass (CG) and a poly(2-vinylpyridine) (PVP) film in
electrooxidation of ascorbic acid.

Electrooxidation of ascorbic acid on carbon
glass. Ascorbic acid is irreversibly oxidized on solid
electrodes to form dehydroascorbic acid. This two-
electron process is usually describe by the equation
[15]
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40 �A (3, 4)
10 �A (1, 2)

E, V

Fig. 1. Voltammogram of ascorbic acid oxidation in 0.1 M
H2SO4 on (1) CG, (2) PVP-CG, (3) Pd-CG, and (4) Pd-
PVP-CG electrodes. Ascorbic acid concentration 5�10�3 M;
the same for Fig. 2. (E) Potential; the same for Fig. 2.

(a)

40 �A

E, V

(b)

E, V

40 �A (2)
10 �A (1)

Fig. 2. Cyclovoltammogram of (a) Pd plating and (b) as-
corbic acid oxidation in 0.1 M H2SO4 on (1) Pd-CG and
(2) Pd-PVP-CG electrodes. (a) (1) Pd-CG and (2) Pd-PVP-
CG; (b) (1) PVP-CG and (2) Pd-PVP-CG.

Voltammogram of ascorbic acid oxidation on CG
electrode (Fig. 1, curve 1) contains a broad irrevers-
ible peak at Ep = 0.60 V, whereas a reversible wave
with E1/2 = �0.4 V (vs. SCE) is registered on a mer-
cury dropping electrode (m.d.e.) [7]. The overvoltage
on CG electrode is more than 500 mV as compared to
m.d.e. In addition, the electrochemical signal of the
solid electrode is poorly reproducible owing to ad-
sorption of products of the electrochemical reaction.
All these factors affect the metrological parameters of
ascorbic acid determination. The dependence of peak
current on the ascorbic acid concentration is linear in
a narrow concentration range from 5 �10�4 to 1 �

10�2 M.

When electrocatalytic CMEs are used, the over-
voltage decreases, the shape of the electrochemical
signal is improved, and the sensitivity of determina-
tion of ascorbic acid increases.

We compared electrochemical behavior of ascorbic
acid on CG, CG with electrodeposited PVP film
(PVP-CG), palladium-plated CG (Pd-CG), and on GC
electrode coated with PVP film and then palladium-
plated (Pd-PVP-CG). Preliminarily we determined
conditions for preparing these chemically modified
electrodes.

Palladium electroplating of CG. Palladium elec-
trochemistry is relatively complex and involves for-
mation of oxo and hydroxo derivatives with various
oxidation states of palladium, such as PdO, PdOH,
Pd(OH)2, PdO2, and PdO3 [22]. The cyclovoltammo-
gram recorded on a Pd-CG electrode in 0.1 M H2SO4
is shown in Fig. 2. When the anodic potential is swept
to the positive region, a wave with E1/2 = 0.65 V
appears due to Pd2+ formation:

Pd0 �
� Pd2+ + 2e.

At more positive potentials, palladium(II) oxide
particles inhibiting this reaction are formed. Higher
palladium oxides are formed simultaneously with
oxygen liberation at E > 1.2 V [22]. A sharp peak
with Ep = 0.34 V assigned to reduction of PdO to Pd0

is observed at the reverse potential sweeping [22]. The
standard potential of the Pd2+/Pd0 redox system (E0 =
0.951 V [23]) differs from the potential of palladium
electroplating on CG (Ep = 0.34 V) owing to the
overvoltage of palladium electroplating of graphite
support [24].

Palladium was electroplated on the surface of CG
electrode by two methods: cyclic potential sweeping
in a definite potential range and potentiostatic electro-
plating (Table 1). In both cases, palladium was plated
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Table 1. Conditions for palladium plating on the CG and PVP-CG surface
������������������������������������������������������������������������������������

Matrix
� Cyclic sweeping � Electroplating
�����������������������������������������������������������������������
� Ep, V � i, �A � Ee, V � i, �A � te, min � i, �A

������������������������������������������������������������������������������������
CG � �0.3 to +0.3 � 40 � +0.3 � 17 � 1 � 14

� �0.3 to +0.2 � 50 � +0.1 � 21 � 3 � 22
� �0.3 to +0.1 � 53 � +0.0 � 23 � 5 � 30
� �0.3 to +0.0 � 58 � �0.2 � 26 � 7 � 32
� �0.4 to +0.0 � 58 � �0.4 � 30 � 9 � 31

PVP-CG � �0.3 to +0.3 � 55 � +0.3 � 30 � 1 � 32
� �0.3 to +0.2 � 65 � +0.1 � 39 � 3 � 46
� �0.3 to +0.1 � 76 � +0.0 � 48 � 5 � 60
� �0.3 to +0.0 � 87 � �0.2 � 54 � 7 � 59
� �0.4 to +0.0 � 87 � �0.4 � 60 � 9 � 60

������������������������������������������������������������������������������������

in a stirred electrolyte. When the first method was
used, the potential was swept from �0.3 to +0.3 V.
At lower potential, the palladium layer was loosened
by the hydrogen evolved. A shift of the polarization
potentials to the positive region appreciably decreased
the intensity of the palladium oxidation wave at
E1/2 = 0.65 V (Table 1).

Potentiostatic palladium electroplating was per-
formed at E < 0.3 V, since Pd(II) is reduced to Pd(0)
at Ep = 0.34 V. The working electrolysis potential was
Ee = �0.3 V, and the electrolysis time was te = 5 min
(Table 1). However, when Ee was decreased even to
�0.3 V, the current of palladium oxidation was sub-
stantially lower than that in the first procedure. In the
subsequent experiment, palladium was plated by po-
tential sweeping from �0.3 to +0.3 V over five cycles.
Voltammograms were recorded after keeping the elec-
trode at the initial potential Ei = 0.0 V for 50 s.

Palladium plating on PVP film on CG support.
Palladium-modified PVP film was also prepared by
potential sweeping and electrolysis at a constant
potential. Previously we determined conditions for
depositing PVP film of CG [25]. We prepared com-
posite electrodes under different conditions. The
currents registered on the electrodes prepared by suc-
cessive application of PVP film on CG and palladium
plating were maximal. The preparation conditions of
CMEs are summarized in Table 1. The maximal cur-
rent of palladium oxidation was observed on the Pd-
PVP-CG (as well as Pd-CG) electrode prepared by
cyclic potential sweeping from �0.3 to +0.0 V.

The composite film was prepared as follows. First,
PVP film was deposited on CG surface by electrolysis
of an acetonitrile solution containing 1 mg ml�1 PVP
and 0.1 M LiClO4 at Ee = �1.5 V. Then palladium

was plated on the PVP film from a 5 �10�3 M solu-
tion of PdCl2 in 0.01 M H2SO4 by potential sweeping
from �0.3 to +0.0 V over five cycles. The voltammo-
gram recorded on the CME contains two sharp ano-
dic�cathodic peaks (Fig. 2, curve 2) whose intensity is
reproduced for several days. We studied the shape of
the anodic�cathodic peaks registered on the CME as
influenced by the pH of the supporting electrolyte.
The palladium oxidation wave decreases with increas-
ing pH and disappears at all at pH > 5.

The shapes of voltammograms recorded on Pd-CG
(Fig. 2, curve 1) and Pd-PVP-CG (Fig. 2, curve 2)
electrodes are similar. However, the peaks registered
on the composite electrode are more intense and better
reproducible (Sr < 1%). The peak intensity increases
owing to an increase in the dispersity of the palladium
deposit. Smolin et al. found [17] that the size of crys-
tallites formed in the Pd-PVP-CG system was more
than an order of magnitude smaller than that of Pd
crystallites plated on CG. This fact was explained by
the influence of porosity of the PVP film. In the first
electrocrystallization steps, nucleation and initial
growth of palladium crystallites occurs on the CG
surface. Then crystallites grow along the pores and
reach the PVP�electrolyte interface. The degree of
dispersion of the deposit affects not only the size of
the effective electrode surface but also the palladium
electrocatalytic properties.

Electrooxidation of ascorbic acid on CME. Volt-
ammograms of oxidation of ascorbic acid in 0.1 M
H2SO4 on CG coated with PVP film (curve 2), pal-
ladium-plated CG (curve 3), and composite electrode
coated with PVP film and plated with Pd particles
(curve 4) are shown in Fig. 1.

Ascorbic acid is oxidized on PVP-CG electrode at
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ip, �A

Fig. 3. Peak current ip of ascorbic acid oxidation on
Pd-PVP-CG electrode as a function of pH of the electrolyte.
Peak potential Ep, V: (1) 0.32 and (2) 0.65.

Ep = 0.54 V. The anodic peak is close to that reg-
istered on the nonmodified CG (Ep = 0.06 V), i.e., the
overvoltage on the CME decreases negligibly. The
reaction on the film electrode is reversible, unlike the
CG electrode on which irreversible peak of ascorbic
acid oxidation is registered. The cyclovoltammogram
on the PVP-CG electrode (Fig. 3, curve 1) contains
a couple of anodic�cathodic peaks (Ea = 0.54, Ec =
0.35 V) whose intensities are higher than those on the
nonmodified electrode. Appearance of the reversible
peak and an increase in the current of ascorbic acid
oxidation can be due to mediator properties of the
polymeric film.

The overvoltage of electrooxidation of ascorbic
acid on the palladium-plated CG electrode is substan-
tially lower than that on the PVP-CG electrode. In this
case, the anodic branch of the cyclovoltammogram
contains two peaks at Ep = 0.32 and 0.70 V. The peak
potential of ascorbic acid oxidation on the Pd-modi-
fied electrode is lower by 300 mV than that on the
nonmodified electrode. The electrochemical signals on
the modified electrode have the peak shape, with the
first peak being sharper. The intensity of second peak
is higher by several orders of magnitude than that
of the peak of ascorbic acid oxidation on CG and in-
creases with increasing substrate concentration. The
second peak appears at the palladium oxidation poten-
tials, and its intensity decreases with increasing ascor-
bic acid concentration.

The logarithm of the peak current of the first and
second waves is directly proportional to the logarithm
of the sweeping rate of the potential with the slope of
0.40 and 0.80, respectively. This indicates that the
oxidation at the potentials of the first and second
peaks is complicated by chemical reaction and adsorp-
tion, respectively. The voltammograms were recorded
at different initial potentials Ei and times of electrol-
ysis at this potential td. We found that, as Ei decreased

and td increased, the intensity of the first peak did not
change and the limiting current of the second peak
increased. This also suggests the adsorption mechan-
ism of ascorbic acid oxidation at the second peak
potential.

Probably, at the first peak potentials ascorbic acid
molecules diffusing to the electrode are oxidized.
The second peak appearing in the range of PdO for-
mation is due to oxidation of ascorbic acid molecules
adsorbed on the electrode surface. Weakening of the
second peak with increasing ascorbic acid concentra-
tion can be explained by adsorption of the products of
its electrochemical oxidation, shielding the electrode
surface. However, it should be noted that adsorption
of these products has no effect on the voltammogram
reproducibility, which is likely due to reversibility of
the electron transfer on the modified electrode.

The voltammograms of ascorbic acid oxidation, re-
corded on Pd-CG and Pd-PVP-CG electrodes, are
similar (Fig. 1): The peak potentials are the same and
the currents of the first peak are close, i.e., the palla-
dium dispersity has virtually no effect of the electrode
process. On the contrary, the current of the second
peak increases in going from Pd-CG to Pd-PVP-CG,
i.e., it depends on the support nature and hence on the
palladium dispersity.

It should be noted that, unlike a graphite electrode,
the products of the electrochemical reaction are sorbed,
as in the case of Pd-CG electrode, on the surface of
the modified electrode. However, the sorption prod-
ucts have no effect on the voltammogram reproduci-
bility, since they are reduced in the course of the re-
verse potential sweeping at the reduction potentials of
palladium(II) oxide and palladium(II) hydroxide.

The catalytic effect of palladium electroplated both
on CG and PVP-CG can be due the modification of
the support properties in the presence of the palladium
catalyst. Hydrogen adsorption on the palladium sur-
face is also possible. As also observed in [24], carbon
glass is activated in the course of palladium electro-
plating, which favors electrooxidation of ascorbic
acid. Protons formed during this process are probably
sorbed on palladium particles, thus catalyzing the
reaction and increasing the yield of the oxidation
products. Probably, at the second peak potentials Pd is
electrooxidized to Pd(II) species which oxidize ascor-
bic acid.

We studied electrocatalytic oxidation of ascorbic
acid on the Pd-PVP-CG electrode at different pH. As
pH is increased from 1.0 to 5.3, the currents of the
first and second peaks decrease (Fig. 4), probably
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owing to a decrease in the catalytic activity of CME
and a change in the acid�base properties of the sub-
strate. In alkali solutions, the peak potential is
shifted to zero, broadened, and weakened. In the sub-
sequent experiments, voltammetric determination of
ascorbic acid on Pd-PVP-CG electrode was performed
in 0.1 M H2SO4.

Thus, as compared to nonmodified CG electrode,
the overvoltage on the Pd-modified electrode is lower
by about 300 mV and the peak current is many times
higher. The current of the first peak of both Pd-CG
and Pd-PVP-CG electrodes is directly proportional
to the ascorbic acid concentration in the range from
1 �10�6 to 1 �10�2 M. However, the catalytic current
of the composite film electrode is better reproducible
(Table 2). We used Pd-PVP-CG electrode for analyti-
cal purposes.

Ascorbic acid determination on CG electrode
coated with polyvinylpyridine film and palladium-
plated. To a 10-ml volumetric flask, a definite vol-
ume of standardized ascorbic acid solution or a solu-
tion of a weighed portion of a pharmaceutical in 5 ml
of 0.2 M H2SO4 was introduced. The volume was
brought to the mark with distilled water. The resulting
solution was placed in an electrochemical cell. CME
and auxiliary and Ag/AgCl electrodes were immersed
in the solution. The voltammogram was recorded in
the potential range from 0.0 to 1.2 V. The current of
the oxidation peak at Ep = 0.32 V was measured.

The ascorbic acid concentration was determined by
the calibration curve fitted by the regression equation
ip = a + bc (Ip, �A; c, M), where a = 5.7�0.3, b =
(1.9�0.1) �10�4 and r = 0.9999. To illustrate the
advantages of the CME, the log ip vs. log C depen-
dence is shown in Fig. 4. As seen from Fig. 4, the de-
pendence of the analytical signal of CG and Pd-PVP-
CG electrodes on the ascorbic acid concentration is
linear in the range 5 �10�4�1 �10�2 and 1 �10�6�
1 �10�2 M, respectively, i.e., the use of CME with
electrocatalytic properties broadens the range of ana-
lytical concentrations and decreases the detection limit
of ascorbic acid by two orders of magnitude.

The accuracy of the procedure was determined by
the introduced�found method (Table 2). The relative
standard deviation in the whole concentratin range is
no more than 5%.

We used a Pd-PVP-CG electrode for voltammetric
determination of ascorbic acid in some pharmaceutic-
als. In preliminary experiments, we studied the influ-
ence of various components of these preparations
on the analysis results. The compounds exhibiting

log c [M]

log ip [�A]

Fig. 4. Logarithm of peak current ip of ascorbic acid oxida-
tion on (1) CG and (2) Pd-PVP-CG electrodes as a function
of the logarithm of its concentration c.

electrochemical or electrocatalytic activity at the po-
tentials of ascorbic acid oxidation interfere with the
determination. For example, the presence of iron
species interferes with ascorbic acid determination,
since their oxidation potentials are close. In this case,
the analysis should be performed after appropriate pre-
treatment. The results of determination of ascorbic
acid in the presence of glucose, nicotinamide, vita-
mins A, B1, B2, B6, P, and E, as well as calcium and
magnesium cations, which do not interfere with the
determination, are given in Table 3. The results con-
verge well (Sr < 5%).

The results of determination of ascorbic acid in
some pharmaceuticals are presented in Table 4. The
content of ascorbic acid indicated in the direction for
each pharmaceutical was used as the reference. Statis-
tical treatment of these results with the use of t cri-
terion showed the absence of significant fixed error:
tcalc < ttabl.

EXPERIMENTAL

The dc voltammograms were recorded with a PU-1
polarograph, and cyclovoltammograms, with a PI-50-

Table 2. Metrological parameters of ascorbic acid deter-
mination on CG electrode coated with PVP film with Pd
particles (n = 6, P = 0.95)
����������������������������������������

Matrix
� Substrate content, �mol �

Sr�������������������������
� introduced � found, x��x �

����������������������������������������
Pd-CG � 5.0 � 4.6�0.3 � 0.07

� 10.0 � 9.6�0.8 � 0.08
� 100 � 101�7 � 0.07

Pd-PVP-CG � 5.0 � 4.8�0.2 � 0.04
� 10.0 � 10.0�0.3 � 0.03
� 100 � 100�2 � 0.02

����������������������������������������
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Table 3. Influence of components of pharmaceutical matrix on the results of voltammetric determination of ascorbic acid
with a CG electrode coated with PVP film and palladium-plated (n = 6, P = 0.95, ttabl = 2.57)
������������������������������������������������������������������������������������

Pharmaceutical
�

Matrix component
�

Ratio
� Introduced � Found �

Sr� � ����������������������������
� � � g �

������������������������������������������������������������������������������������
Ascorbic acid with glucose �Glucose � 1 : 8 � 0.050 � 0.048 � 0.001 � 0.02

� � � � �Hexavit �Vitamin A � 1 : 40 � 0.080 � 0.076�0.004 � 0.05
�Vitamin B1 � 1 : 35 � 0.100 � 0.097�0.003 � 0.03
�Vitamin B2 � 1 : 35 � 0.200 � 0.198�0.002 � 0.01
�Vitamin B6 � 1 : 35 � 0.240 � 0.243�0.002 � 0.009
�Nicotinamide � 1 : 4 � 0.080 � 0.077�0.003 � 0.04
� � � � �Ascorutin �Vitamin P (rutin) � 1 : 1 � 0.025 � 0.253�0.004 � 0.015
� � � � �Karinat ��-Carotene � 1 : 12 � 0.01 � 0.0096�0.0004 � 0.04
�Vitamin E � 1 : 6 � 0.15 � 0.147�0.003 � 0.02
� � � � �Dolmatin S �Calcium(II) � 1 : 10 � 0.045 � 0.043�0.002 � 0.04
�Magnesium(II) � 1 : 20 � 0.03 � 0.029�0.001 � 0.03
� � � � �Mumivit �Mumie � 1 : 10 � 0.3 � 0.297�0.006 � 0.02

������������������������������������������������������������������������������������

1.1 potentiostat in a three-electrode cell. Carbon glass
electrode with the working surface area of 0.1 cm2,
palladium-plated CG electrode, and CG electrode
coated with PVP film or palladium-plated PVP film
were used as the working electrodes. A silver chloride
electrode and platinum wire were used as the refer-
ence and auxiliary electrodes, respectively. The poten-
tial was swept at a constant rate of 20 mV s�1, or the
sweeping rate was varied from 10 to 50 mV s�1.

The film electrode was prepared from PVP of pure
grade (Ferak). Palladium was plated from a PdCl2
solution (Aldrich). Prior to the modification of a CG
electrode, its surface was pretreated by the following
procedure: the electrode was polished on filter paper

Table 4. Concentration of ascorbic acid in pharmaceuticals
determined by voltammetry on a CG electrode coated with
PVP film and palladium-plated (n = 6, P = 0.95, ttab =
2.57)
����������������������������������������

Pharma-
�Reference�

Found
�

Sr

�

tcalcceutical
� value � � �
�������������������� �
� g � �

����������������������������������������
Ascorbic acid� 0.100 �0.096�0.005 � 0.005 � 2.0
with glucose � � � �
Hexavit � 0.030 �0.026�0.004 � 0.004 � 2.4
Ascorutin � 0.250 �0.243�0.009 � 0.008 � 2.1
Karinat � 0.010 �0.014�0.006 � 0.006 � 1.6
Dolmatin S � 0.050 �0.054�0.008 � 0.008 � 1.2
Mumivit � 0.030 �0.027�0.003 � 0.003 � 2.4
����������������������������������������

and tracing paper, washed with double-distilled water,
and activated by repeated potential sweeping in 0.5 M
H2SO4. PVP films were applied from acetonitrile
solutions of PVP and LiClO4, which, in turn, were
prepared by dissolution of weighed portions of these
substances in magnetically stirred acetonitrile. Aceto-
nitrile was purified by the known procedure [26]. The
polymeric film was removed from the XME surface
by immersion in acetonitrile.

Solutions of ascorbic acid were prepared by dis-
solution of its weighed portions in water. Solutions
with lower concentrations were prepared by dilution
of the initial solution prior to the experiment. The
supporting electrolyte was 1 M H2SO4. Required pH
was adjusted by adding NaOH to this solution. pH
was measured with a pH-150 pH-meter. Solutions of
pharmaceuticals were prepared by dissolution of their
weighed portions in 0.1 M H2SO4. When a pharma-
ceutical contained fillers insoluble in water, the pre-
cipitate was filtered off and the filtrate was studied.

CONCLUSIONS

(1) Palladium particles plated on carbon glass or
polyvinylpyridine film catalyze oxidation of ascorbic
acid.

(2) Conditions for preparing composite film on
carbon glass surface and for obtaining the maximal
catalytic effect of this electrode were determined. Pal-
ladium plated on poly(2-vinylpyridine) film increase
the catalytic activity of the electrode and improve the
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metrological parameters of voltammometric deter-
mination of ascorbic acid.

(3) A carbon glass electrode coated with poly-
(2-vinylpyridine) film and palladium-plated was used
for voltammetric determination of ascorbic acid in
some pharmaceuticals. The components of pharma-
ceuticals that do not interfere with ascorbic acid deter-
mination were found.
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Abstract�The possibility of exhaustive purification of aqueous solutions with schungite to remove phenol to
the MPC level and effects of the initial phenol concentration, sorption time, and other factors on the efficiency
of phenol recovery are studied.

In wastewater treatment by sorption, diverse syn-
thetic and natural materials are used, including acti-
vated and oxidized coals and active anthracites.
Theoretical and practical aspects of the use of car-
bonaceous adsorbents in wastewater treatment to re-
move organic substances are thoroughly examined
in [1, 2].

Apart from the known advantages, activated car-
bons have a series of drawbacks such as low abrasion
resistance, thermal regeneration loss, and, finally, high
cost. Furthermore, one of the significant drawbacks of
activated carbons is their low selectivity with respect
to many readily soluble organic compounds [3].

Recently good results were obtained with various
natural sorbents and also with some combinations of
sorbents, particularly, of activated carbon and mineral
sorbents (silica gels etc.) [3].

Among materials showing considerable promise are
Karelian schungite materials, which, thanks to their
complex mineral composition (quartz, aluminosili-
cates, carbon, etc.) are of interest as potential in-
tegrated sorbents simultaneously having properties of
carbonaceous and silicate materials. Schungite rocks
are characterized by high mechanical strength and
thermal and chemical resistance, and lower cost (com-
pared to activated carbons).

Gorshtein and Baron [4} reported on sorption of
phenol from aqueous solutions with modified schun-
gite obtained by alkaline, autoclave alkaline, or basic
aluminum nitrate treatment, etc. Note that most of
the works on phenol sorption with various sorbents,
including schungite, were performed for an initial
phenol concentration of 100�500 mg l�1, not covering
the concentration range practically important from the

exhaustive purification standpoint, i.e., with phenol
concentrations lower by 2�3 orders of magnitude.

Because of extremely low maximal permissible
concentration (MPC) accepted for phenol (0.001 mg l�1

for fishponds), finishing treatment of weakly polluted
water is of particular importance. As follows from
published data, exhaustive water purification to re-
move phenol remains till now one of the most dif-
ficult problems, since none of the existing methods
provides a desired efficiency at reasonable per-
formance characteristics [5]. Here we report data on
phenol sorption from aqueous solutions (initial phenol
concentration 0.1�2 mg l�1) with schungite.

According to [6], Karelian schungite rocks are sub-
divided into five types by the free carbon content in
them (wt %): I 98, II 35�75, III 20�35, IV 10�20,
and V 5�10. In sorption experiments we used schun-
gite sorbent (SchS) samples obtained by crushing
type III schungite rock from the Zazhogino deposit to
the 2.5�0.5 mm size grade and also that modified
with aqueous NaOH. The contents of basic chemical
components in SchS, obtained by the photometric
(SiO2 �Al2O3, and Fe2O3), gasometric (C), atomic
absorption (CaO and MgO), and flame photometric
methods (K2O and Na2O), were as follows (wt %):
SiO2 56.46, C 26.26, Al2O3 4.05, Fe2O3 1.01, CaO
0.12, MgO 0.56, K2O 1.23, and Na2O 0.36.1

According to quantitative X-ray diffraction analysis
data, the major rock-forming minerals of schungite
rock are quartz (52%), hydromica (15%), schungite
matter (20%), feldspar (10%), and pyrite (2%).
��������������
1 Analyses were made at the Analytical Center for Certification

Testing, Russian Institute of Mineral Raw Materials.
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Table 1. Static sorption capacity and surface coverage of SchS and MSchS with phenol* (sorption time 24 h)
������������������������������������������������������������������������������������

m, g
�

Vl, l
�

Vl/Vs

�
cres,** mg l�1

�
Sorption, mg g�1

� Degree, %, of
� � � � ����������������������������
� � � � � phenol recovery � surface coverage

������������������������������������������������������������������������������������
Schungite sorbent

75 � 0.150 � 2 � 0.017 � 0.004 � 99.10 � 0.13
25 � 0.125 � 5 � 0.077 � 0.009 � 95.93 � 0.31
15 � 0.150 � 10 � 0.320 � 0.015 � 83.07 � 0.52
5 � 0.125 � 25 � 0.995 � 0.022 � 47.35 � 0.76
3 � 0.150 � 50 � 1.690 � 0.010 � 10.58 � 0.34
1 � 0.100 � 100 � 1.790 � 0.010 � 5.29 � 0.34

Modified schungite sorbent

5.000 � 0.050 � 10 � 0.105 � 0.018 � 94.47 � 0.25
2.000 � 0.050 � 25 � 0.390 � 0.038 � 79.47 � 0.52
1.000 � 0.050 � 50 � 0.650 � 0.063 � 65.79 � 0.87
0.200 � 0.100 � 500 � 1.700 � 0.100 � 10.52 � 1.39

������������������������������������������������������������������������������������
* Initial phenol concentration c0 was 1.89 and 1.90 mg l�1 for SchS and MSchS, respectively.

** Residual phenol concentration.

Among secondary minerals are carbonates (calcite and
dolomite) and gypsum.

The BET specific surface area of the samples was
determined by the nitrogen thermal desorption method
[7]. To increase the specific surface area and sorption
capacity, schungite sorbents were modified by alkaline
treatment [8] (NaOH concentration 250 mg l�1, liquid
to solid phase ratio l : s = 10, treatment time 2 h, and
temperature 80�85�C). Modification increased the
specific surface area from 6.8 to 17.0 m2 g�1. Also
the micropore structure became more developed, as
judged from an increase in the sorption capacity for
iodine from 2.4 to 24.1 mg g�1.

The sorption of phenol was studied in both the
static and dynamic modes. The phenol concentration
in solutions was monitored by the fluorescence spec-
tra. In the kinetic experiments, 15-g SchS and MSchS
samples were contacted with solutions of fixed phenol
concentrations in flasks with ground-glass stoppers.
The flasks were shaken at 135 rpm for 5�90 min.
Then the sorbent was filtered off, and the filtrate was
taken for analysis.

The kinetic curves of phenol recovery with SchS
and MSchS at an initial phenol concentration of
1.9 mg l�1 are presented in Fig. 1.

Figure 1 shows that, at such a low phenol concen-
tration, sorption proceeded quite rapidly, especially on
MSchS. In the first 5 min, the degree of phenol re-
covery was 50 and 40% on MSchS and SchS, respec-

tively. Then phenol recovery decelerated with both
sorbents, and practically stopped 30 min after for
SchS and 60 min after for MSchS. Finally, the degree
of phenol recovery was above 60 and about 80% with
SchS and MSchS, respectively.

The static sorption capacity of SchS and MSchS
was determined at various solution to sorbent volume
ratios (Vl /Vs). The initial phenol concentration (c0)
was 1.9 mg l�1. As 1 day passed, the liquid phase was
decanted and analyzed for residual phenol.

From the sorption capacity a we estimated the sur-
face coverage of the sorbents �:

� = a/am, (1)

where am is the amount of phenol required to saturate
a monolayer (2.88 and 7.19 mg l�1 for SchS and
MSchS, respectively), estimated previously from the
Langmuir equation [9].

Conditions and results of the static experiments are
summarized in Table 1.

�, %

�, min

Fig. 1. Kinetic curves of the phenol recovery � with
(1) SchS and (2) MSchS. Initial phenol concentration
1.9 mg l�1. (�) Time.
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�, %

V/Vs

Fig. 2. Degree of phenol recovery � as a function of the
ratio of the volume of the solution passed V to the sorbent
volume Vs: (1, 1�) SchS and (2) MSchS. Initial phenol con-
centration (mg l�1): (1, 2) 0.1 and (1�) 1.2.

Comparison of the residual phenol concentrations
shows that, to attain the same degree of phenol re-
covery, the amount of MSchS can be about half that
of SchS (94.5�96.0% recovery is reached at Vl/Vs =
10 with SchS and 5 with MSchS). The surface cover-
age with phenol in sorption was no more than 0.31%.

With increasing l : s, the sorption of phenol on
SchS and MSchS somewhat increased, but the degree
of phenol recovery decreased (in the case of MSchS,
to 80% and even stronger), and the surface coverage
increased to 1.4%.

With increasing sorption time from 1 to 7 days, the
sorption on SchS increased to about 0.5 mg g�1 (� �

7%), suggesting a considerable contribution of slow
sorption of phenol from weak solutions. It may be

Table 2. Initial and residual phenol concentrations in
dynamic sorption experiments
����������������������������������������

Sorbent
�

Vl/Vs

� Phenol concentration, mg l�1

� �������������������������
� � initial solution � eluate

����������������������������������������
MSchS � 88 � 0.1 � <0.0005

� 128 � 0.1 � <0.0005
� 168 � 0.1 � 0.0009
� 238 � 0.1 � 0.0008
� 298 � 0.1 � 0.0110
� 368 � 0.1 � 0.0120

SchS � 98 � 0.1 � 0.0060
� 138 � 0.1 � 0.0060
� 298 � 0.1 � 0.0060
� 368 � 0.1 � 0.0090
� 438 � 0.1 � 0.0100
� 90 � 1.2 � 0.1900
� 130 � 1.2 � 0.0200
� 190 � 1.2 � 0.0100
� 300 � 1.2 � 0.0100
� 370 � 1.2 � 0.0100
� 430 � 1,2 � 0.0100

����������������������������������������

suggested also that such a slow sorption reflects diffu-
sion control of the sorption rate.

Dynamic sorption experiments were performed
with SchS and MSchS in fresh 0.1 and 1.2 mg l�1

aqueous phenol solutions. The solution was passed
through a column 15 cm high and 3.5 cm in diameter.
The sorbent volume in the column was 50 ml.

The eluate was analyzed for residual phenol at in-
tervals of 100�200 column volumes. The solution
feed rate was 3 volume parts per hour (relative to the
sorbent volume).

In Figure 2 the degree of phenol recovery is plotted
vs. the ratio of the volume of the solution passed to
the sorbent volume (V /Vs) for the most dilute initial
phenol solution (0.1 mg l�1, which corresponds to
100 MPC). The curves demonstrate the possibility of
practically 100% removal of phenol from 200 volumes
of the solution with MShcS and of 95% removal from
800 volumes. The corresponding values for SchS are
94 and 92%.

Curve 1� in Fig. 2 shows that, at the initial phenol
concentration corresponding to 1200 MPC, 99�99.5%
removal of phenol from more than 800 volumes of the
solution can be realized with SchS.

The residual phenol concentration in the eluate at
increasing number of the solution volumes passed
through the column is given in Table 2 for two dif-
ferent initial concentrations of phenol.

The results show that, at an initial phenol concen-
tration of 0.1 mg l�1, the use of MSchS allows treat-
ment of about 240 volumes of the solution to remove
phenol to a level below MPC accepted for fishpond
water. With further increasing volume, the residual
phenol concentration remains within the limits ac-
cepted for industrial water.

After passing 300 volumes of the solution of the
same initial concentration through SchS, the residual
phenol concentration was found to be 0.006 mg l�1,
and after passing about 400 volumes, 0.01 mg l�1.
At the initial phenol concentration of 1.2 mg l�1,
the residual phenol concentration after passing
400 volumes was 0.01 mg l�1 also.

Adsorbed phenol cannot be removed from the sur-
face of the sorbents by treatment with NaOH, suggest-
ing the chemisorption mechanism.

The performance characteristics of the sorbents are
summarized in Table 3.

As seen, with SchS and MSchS, at the initial
phenol concentration of 0.1 mg l�1, the residual phenol
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Table 3. Performance characteristics of SchS and MSchS
������������������������������������������������������������������������������������

Sorbent
� c0, �

Performance characteristics� mg l�1 �
������������������������������������������������������������������������������������

SchS � 0.1 �1180 volumes passed. Residual phenol concentration 0.03 mg l�1. Sorption 0.152 mg g�1. Surface
� �coverage � = 5.3%

MSchS � 0.1 �1094 volumes passed. Residual phenol concentration 0.020 mg l�1. Sorption 0.142 mg g�1. Surface
� �coverage � = 2.0%

SchS � 1.2 �801 volumes passed. Residual phenol concentration 0.028 mg l�1. Sorption 1.038 mg g�1. Surface
� �coverage � = 36.0%

������������������������������������������������������������������������������������

concentration after passing 1100�1200 volumes of the
solution was 0.030 and 0.020 mg l�1, respectively,
and the surface coverage was found to be not high,
ranging from 2 to 5.3%.

After passing about 800 volumes of 1.20 mg l�1

solution through SchS, the residual phenol concentra-
tion was about 0.03 mg l�1 and the surface coverage,
36%. In this case, the residual phenol concentration
(about 0.03 mg l�1, which is lower than the initial
phenol concentration in the other series of solutions)
suggests the possibility of finished treatment of fish-
pond water to the MPC level (0.001 mg l�1), if the
sorbent bed will be increased or two columns will
be used.

CONCLUSIONS

(1) Natural and modified schungites demonstrate
high sorption characteristics in exhaustive purification
of aqueous solutions to remove phenols.

(2) The use of the modified schungite sorbent
allows finished treatment of more than 200 volume
parts of an aqueous solution with the initial phenol
concentration of 0.1 mg l�1 to remove phenol to the
MPC level accepted for wastewaters from the fish
industry.

(3) The surface coverage of the schungite sorbents
with phenol in sorption from dilute solutions does not
exceed 36%.
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Abstract�The article reports on the impurity composition and toxicological hazard of the wastewater from
production of chemicothermomechanical mass for manufacturing pressboard and different types of paper.

Pulp and paper industry consumes large amounts of
wood and fresh water. Large amounts of wastewater
are discharged into water basins, thus significantly
contributing to environmental pollution. Conventional
pulp production procedures are characterized by
�50% yield of the target product. The remaining 50%
of the wood matter contaminates the environment as
part of gas and dust emissions and wastewater (vari-
ous compounds of lignin, lignin-like substances,
phenolic compounds, and various sulfur-containing
substances such as sulfur dioxide, hydrogen sulfide,
methyl mercaptan, etc.).

This makes urgent development and introduction in
pulp and paper industry of low-waste procedures.
Of special interest is development of procedures for
preparation of intermediate products in high yields
from deciduous wood. Large-scale application of such
procedures will allow simultaneous solution of three
important problems: (1) to facilitate supply of in-
dustrial enterprises with wood raw materials by utiliz-
ing wood of lower quality, (2) to meet strengthening
requirements on the environmental protection, and
(3) to decrease the prime cost of the products.

Recently, numerous procedures have been sug-
gested for preparing intermediate products in high
yield. These procedures are mainly based on milling
chips at elevated temperature and pressure. Production
of thermomechanical (TMM), chemicothermomech-
anical (CTMM), and chemicomechanical (CMM)
masses rapidly grows. The application field for these
intermediate products is steadily widening, and they

replace less economical cellulose in many applications
[1, 2].

The yield of the target product in wood mass pro-
duction is almost twice that in pulp production, and
the amount of the process emissions and discharges
decreases correspondingly. Replacement of soda
hemicellulose by CTMM allows reduction of the
specific (per ton of the end product, pressboard) con-
sumption of water from 80 to 13 m3 (by a factor of
6.15) [3]. Thus, a changeover to CTMM production
brings appreciable environmental and economic bene-
fits. At the same time, the wastewater from production
of high-yield intermediate products is highly toxic,
which is mainly due to the extractive substances pas-
sing into wastewater from wood [4, 5].

The wastewater is generated in the following pro-
duction phases: (1) chips washing; (2) CTMM
thickening; and (3) pressboard production on a press-
board-making machine (PMM).

The wastewater from wood pretreatment and
CTMM production comes to a sewerage system; the
PMM wastewater also comes partially to a sewerage
system and partially, to a local plant for wastewater
treatment by pressure flotation [3]. The fibers en-
trapped at the plant are utilized in pressboard produc-
tion (incorporated into its formulation), and the decon-
taminated water is used for washing chips and waste
paper.

A closed-loop water use system would allow even
greater reduction of the amount of the wastewater
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discharged. However, this requires knowledge of the
chemical composition of the wastewater from CTMM
production. Such data are also necessary for develop-
ing the most efficient and economical system for treat-
ment of this wastewater.

The aim of this work is to identify the impurities
and to make a toxicological assessment of the waste-
water from production of CTMM and multilayer
pressboard thereof, as well as to propose an efficient
and economical method for its treatment.

EXPERIMENTAL

Samples for determining the chemical composition
and toxicity of wastewater were taken from the circu-
lating water freed from suspended matter at the pres-
sure flotation plant and from the wastewater generated
by the CTMM production shop. The flow rate of the
forming wastewater was 250 m3 h�1. The results of
the wastewater analysis by standard procedures are
given below:

pH 7.0�9.9
Suspended matter, mg l�1 300
BOD5, mg O2 l�1 600
Oxidizability, mg O2 l�1 1000�1500
Ammonia, mg l�1 2.2�2.8
Nitrates, mg l�1 2.3�2.5
Nitrites, mg l�1 0.3�1.2
Iron, mg l�1 0.6�3.3
Phosphates, mg l�1 2.1�2.9
Sulfates, mg l�1 158�192
Chlorides, mg l�1 85�112
Oil products, mg l�1 0.01�0.20
COD (single determinations), mg O2 l�1 1500

To identify toxic compounds in the samples, we deter-
mined volatile organic compounds (VOCs) by gas
chromatography-mass spectrometry (CC�MS).

The GC�MS analysis was carried out on a Shi-
madzu (Japan) instrumental complex comprising a
GC-17A gas chromatograph, a QP 5000 mass spec-
trometer equipped with a quadrupole analyzer, and
a data processing system. Ionization was effected by
electron impact (ionizing electron energy 70 eV, ion
source temperature 280�C). The instrument parameters
were adjusted automatically. We used a 25 m�
0.2 mm capillary column made of melted quartz
(0.33-�m-thick film of the DB-5 stationary phase;
helium carrier gas, flow rate 1 ml min�1). Liquid sam-
ples (1 �l) were introduced in the splitless (0.3 min),
and gaseous samples (1 ml), in the split mode. The
injector temperature was 250�C; the column was

Table 1. Content of low-boiling organic compounds in
water samples as determined by head-space GC�MS
analysis
����������������������������������������

Compound
� Content in the sample, mg l�1

��������������������������
� circulating water � wastewater

����������������������������������������
Ethanol � 0.10 � 0.15
Acetone � � � 0.06
Dimethyl sulfide � � � 0.02
Carbon disulfide � 0.08 � �

Butyral � � � 0.05
Limonene � 0.34 � 0.48
����������������������������������������

heated in a programmed mode from 40 to 270�C at
a rate of 5 deg min�1 and kept at 270�C for 15 min.

For analyzing low-boiling organic compounds, we
took a 20-ml portion of each sample, saturated with
sodium chloride, placed into hermetically sealed glass
flasks with Teflon stoppers, thermostated for 1 h at
40�C, and analyzed by GC�MS the equilibrium vapor
phase. The results are presented in Table 1.

For analyzing moderately volatile organic com-
pounds, we took a 1-l portion of each sample. The
analytical procedure consisted of successive repeated
extractions of the aqueous sample with methylene
chloride at pH 8 (a basic-neutral fraction) and pH 2
(acid fraction). Next, the fractions were combined,
dried, concentrated, and aliquots were analyzed by
GC�MS [7]. The results (tentative, semi-quantitative
data) are presented in Table 2.

Tables 1 and 2 show that the samples analyzed
contain a significant amount of VOCs from various
classes: alcohols, aldehydes, ketones, acids, etc. Most
of them are components of natural extractive sub-
stances contained in wood or are lignin degradation
products.

Though only slightly contributing to COD of the
wastewater, VOCs include highly toxic compounds.
Table 3 lists the maximum permissible concentrations
(MPCs) for some of them [8�10].

It should be noted that not nearly all the actual or
potential polluting substances have their established
MPCs. For example, such substances as guaiacol and
p-ethylphenol have no MPCs but this by no means
suggests that these compounds are not toxic.

Toxicological control consisted in biotesting with
two testing objects from different taxonometric
groups, D. Magna and Paramecium Caudatum.
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Table 2. Content of moderately volatile organic compounds in water samples as determined by head-space GC�MS
������������������������������������������������������������������������������������

Compound
�Content in the sample, mg l�1	

Compound
�Content in the sample, mg l�1

����������������������
 ����������������������
�closed-loop water�wastewater 	 �closed-loop water�wastewater

������������������������������������������������������������������������������������
Propioin � � � 0.01 	Salicyl alcohol � 0.07 � 0.14
2-Methyl-2-cyclopentenone� 0.01 � 0.02 	Acetylanisole* � 0.03 � 0.13
2,4-Hexadienoic acid � � � 0.02 	Phenylacetic acid � � � 0.05
(Sorbistat) � � 	Dimethoxyphenol* � 0.31 � 0.52
2,4-Hexadienal (sorbalde- � � � 0.008 	Vanillin � 0.09 � 0.28
hyde) � � 	Cinnamic acid � 0.007 � 0.14
Acetylmethylfuran* � � � 0.005 	Propenylguaiacol* � 0.06 � 0.15
Phenol � 0.50 � 0.63 	Acetovanillone (apocynine) � 0.06 � 0.18
Cyclooctane � � � 0.05 	Guaiacylacetone � � � 0.26
Benzyl alcohol � 0.11 � 0.19 	Raspberry ketone � 0.03 � 0.12
Dimethylcyclopentenone* � � � 0.02 	Acetylveratrone � 0.06 � 0.25
Salicylaldehyde � 0.02 � 0.03 	Methoxyeugenol* � 0.05 � 0.07
Dimethylcyclopentanedione� 0.04 � 0.05 	Homovanillic acid � 0.14 � 0.29
Benzocatechol � 0.06 � 0.02 	Jasminaldehyde � 0.22 � 1.7
Guaiacol (2-methoxyphenol)� 0.18 � 0.24 	Acetoxyjasmine ketone � � � 0.61
Ethylresorcinol* � 0.02 � � 	Coniferyl alcohol � 0.72 � 1.7
Ethylresorcinol alcohol* � � � 0.02 	Dimethyl dimethylmucate � 0.19 � 0.57
2,5-Xyloquinone � 0.01 � 0.02 	Verartryl alcohol � 0.29 � 0.59
Phenylethyl alcohol � 0.01 � 0.02 	Dibutyl phthalate � 0.19 � 0.54
Dimethylheptene � 0.01 � 0.02 	Dimethoxypropenylbenzene*� 0.28 � 1.0
p-Ethylphenol � 0.14 � 0.05 	Dimethoxycoumaric alcohol*� 1.2 � �

Benzoic acid � 0.13 � 0.48 	alcohol* � �
p-Resorcinolcarbaldehyde � 0.02 � 0.08 	Aliphatic hydrocarbons � 16.8 � 3.5
Hydroxycinnamic acid* � � � 0.13 	(total)* � �
������������������������������������������������������������������������������������
* Compounds whose structures could not be established exactly due to the lack of reference samples and information about the

chromatographic retention indices.

The concentration of dissolved oxygen in the sam-
ples was brought to the optimal level of 7.0�
8.0 mg l�1, and pH, to 7.5�8.0. The samples were
filtered off using paper filters intended for biological
studies. Each test took 96 h.

Table 3. MPCs of selected toxic compounds in water
basins
����������������������������������������

Compound

� PC, mg l�1, in indicated
� water basins
���������������������
� sanitary and �

fisheries� domestic �
����������������������������������������
Acetone CH3COCH3 � � 0.05
Dimethyl sulfide (CH3)2S � 0.01 � 1�10�5

Carbon disulfide CS2 � 1.0 � 1.0
Phenol C6H5OH � 0.001 � 0.001
Dibutyl phthalate � 0.2 � 0.001
C6H4(COOC4H9)2 � �
����������������������������������������

The indices calculated in biotests were as follows.
For D. Magna: A, the percentage of daphnias pe-
rished in the tested medium relative to the control
water; LT50, the average time within which 50%
daphnias perished in the tested water; Ldd50, the
degree of dilution at which 50% of daphnias survived
in the tested water within 96 h; Ldd0, the minimal
degree of dilution of the tested water at which daph-
nias survived within 96 h; and T, toxicity. For Pa-
ramecium Caudatum: Tun, the toxicity index for undi-
luted water; T16, the toxicity index for water diluted
by a factor of 16; and DT, the degree of toxicity.

The biotests performed (see Table 4) allow qualifi-
cation of the water in the samples tested as moderately
toxic with respect to D. Magna but as highly toxic
with respect to Paramecium Caudatum cultures.

Thus, the wastewater generated by multilayer press-
board production from CTMM is characterized by a
high content of suspended matter and toxic organic
substances and, thus, needs treatment before discharg-



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 5 2003

CHEMICAL COMPOSITION AND TOXICITY OF WASTEWATER 769

Table 4. Biotesting results
������������������������������������������������������������������������������������

Water
�

pHin

�
pHtest

� O2in � O2test � D. Magna �Paramecium Caudatum
� � ����������������������������������������������������������������
� � � mg l�1 � A, % � L50, h � Ldd50 � LTdd0 � T � Tun � T16 � DT

������������������������������������������������������������������������������������
Wastewater� 12.65 � 7.6 � 2.4 � 7.8 � 100 � 20 � 5.16 � 20.9 �Medium� 0.95 � 0.25 �High
Circulating � 6.6 � 7.8 � 3.8 � 7.7 � 100 � 20 � 4.09 � 16.0 �Low � 0.89 � 0.36 �
water � � � � � � � � � � � �
������������������������������������������������������������������������������������

ing into sewerage system for the subsequent biologi-
cal treatment.

Finely dispersed suspended and soluble organic
impurities can be removed from wastewater by coagu-
lation, adsorption, and biological methods. However,
the recommended aerobic and anaerobic biological
methods of wastewater treatment are unsuitable for
enterprises lacking their own facilities for biological
treatment of wastewater.

In our opinion, electrochemical coagulation is
promising in this case. This process can be run in an
electrolyzer provided with a set of aluminum or iron
plates where the treated water flows in the interplate
spaces [10].

Electrocoagulation offers such advantages as com-
pactness and easy operation of the setup, no need in
chemicals, and low sensitivity to the changing treat-
mental condition, as well as good structural and mech-
anic properties of the resulting slurry.

A drawback of electrocoagulation is increased
power and metal consumption. The amount of sheet
metal consumed can be decreased by using electrodes
filled with metal chips which are metal processing
waste.

We studied the treatment of wastewater generated
by CTMM production in a specially assembled elec-
trocoagulation cell. The initial wastewater was sup-
plied to the bottom of the electrocoagulator and en-
riched with the required portion of the coagulant. The
treatment efficiency was estimated from the perman-
ganate oxidizability of the treated wastewater. The
electric scheme provided permanent control over the
current strength and voltage at the electrodes. The
wastewater consumption in the installation was kept
constant at 3 l h�1.

The optimal results were obtained for the waste-
water treated with aluminum electrodes at the current
density of 8.5�9.5 A dm�2, voltage of 30�35 V, and
preliminary dilution by a factor of 2�4. Under these
conditions, the averaged treatment efficiency was esti-

mated from the permanganate oxidizability at 94%,
and the current efficiency, at 55%.

It should be noted that wastewater from CTMM
production contains large amounts of low-molecular-
weight organic compounds which cannot be removed
from water by coagulation. Thus, the efficiency
achieved in this work should be regarded as high,
though insufficient for the wastewater to be safely
discharged or recycled into the production process.
For this reason, we finally treated the wastewater by
adsorption on activated carbon.

CONCLUSIONS

(1) Wastewater from production of chemicother-
momechanical mass and multilayer pressboard there-
of contains over 40 dissolved organic substances.

(2) The amounts of the pollutants contained in
the wastewater generated by production of chemico-
thermomechanical mass and their toxicities were
estimated.

(3) A method was proposed for local treatment of
the wastewater generated by production of chemico-
thermomechanical mass.
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Abstract�The efficiency of water pretreatment at heat and electric power plants using low-molecular-weight
cationic Praestols (coagulants) in combination with lime, iron sulfate, and flocculant (high-molecular-weight
anionic Praestol) was studied.

Desalted water for heat and electric power plants
(HEPPs) is often prepared in two main stages: pre-
treatment to remove coarse, colloidal, and dissolved
mineral and organic admixtures and demineralization
with ion-exchange resins. Pretreatment is performed
with mineral coagulants such as iron(II) sulfate
and aluminum sulfate or chloride, with subsequent
clarification of water and removal of precipitates
using clarifiers and mechanical filters. As shown
in [1], the pretreatment of water at about a half of heat
and electric power stations in Russia is performed
using iron(II) sulfate (liming and coagulation). In the
recent decades, organic polymeric coagulants with low
molecular weight and positive charge, providing
destabilization of negatively charged colloidal par-
ticles and rapid flocculation, have found expanding
application in advanced countries along with common
mineral coagulants. In the presence of organic coagu-
lants, the precipitate particles become coarser, and
thus the solutions are easier clarified and filtered,
whereas the mineral composition of water and its pH
remain unchanged. Water pretreatment can be intensi-
fied by simultaneous use of organic and mineral
coagulants and flocculants [2]. As shown in [3],
iron(II) sulfate coagulant in combination with high-
molecular-weight cationic and anionic Praestol floc-
culants shows high performance in the water pretreat-
ment at heat and electric power plants.

In this work we studied the performance of low-
molecular-weight cationic Praestol coagulants used
in combination with lime, iron(II) sulfate, and floc-

culant (high-molecular-weight anionic Praestol) in
water treatment at HEPP facilities.

EXPERIMENTAL

In the tests we used commercial1 cationic Praestol
655 (sample K-1) [copolymer of acrylamide (AA)
with N-acrylamidopropyl-N,N,N-trimethylammonium
chloride (APTMAC)] and anionic Praestol 2530 (sam-
ple A) [copolymer of AA with sodium acrylate
(Na-AA)]. The properties of these polymers are listed
in Table 1. The samples of cationic Praestols (K-2�
K-8) with various intrinsic viscosities [�] (Table 1)
were prepared according to [4] by degradation of
sample K-1 in 0.1% aqueous solutions in the presence
of potassium persulfate (PP) radical degradation agent
at [PP] = 0.06% (in water) and 50�C for various
times. The above degradation conditions provided
preparation of copolymers with various [�] and con-
stant chemical composition of macromolecules [5].
The degradation process was monitored by viscometry
[6]. The [�] values in the reaction mixture were calcu-
lated using the linear dependences �sp/cp = f (cp), ob-
tained at isoionic dilution of the copolymer solutions
with 0.5 M NaCl solution at 25�C using a VPZh-3
viscometer (dc = 0.56 mm). The content of the
APTMAC units in cationic Praestols was evaluated
from the content of chloride ions, determined by mer-
������������
1 Produced by Moscow�Stockhausen�Perm Russian�German

Joint-Stock Company.
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Table 1. Properties of anionic and cationic Praestols*
����������������������������������������

Sample

�
[�],

� Content of ionic fragments
�

cm3 g�1
� in copolymer, mol %

� �������������������������
� � AA � Na-AA � APTMAC

����������������������������������������
A � 1800 � 80 � 20 � �

K-1 � 440 � 67 � � � 33
K-2 � 370 � 67 � � � 33
K-3 � 280 � 67 � � � 33
K-4 � 220 � 67 � � � 33
K-5 � 170 � 67 � � � 33
K-6 � 100 � 67 � � � 33
K-7 � 50 � 67 � � � 33
K-8 � 40 � 67 � � � 33

����������������������������������������
* Structures:

Praestol A

�(�CH�CH2)m�(CH�CH2�)n�
�

O=C
�
NH2

�
O=C

�
O

_
Na+

�(�CH�CH2)m�(CH�CH2�)n�
�

O=C
�
NH2

�
O=C

�
O

_
Na+

Praestols K-1�K-8

�(�CH�CH2)m�(CH�CH2�)n�
�

�
NH2

O=C
�

�
NH
�

(CH2)3
�

�
CH3

O=C

Cl
_

H3C�N+�CH3

�(�CH�CH2)m�(CH�CH2�)n�
�

�
NH2

O=C
�

�
NH
�

(CH2)3
�

�
CH3

O=C

Cl
_

H3C�N+�CH3

curimetry [7], and the content of the Na-AA units in
the anionic Praestols, by potentiometric titration [8].

In this work, iron(II) sulfate [GOST (State Stan-
dard) 6981�75] and saturated solution of construction
lime (GOST 9179�79) were used as coagulants. Solu-
tions were prepared in distilled water. The content of

[�], cm3 g�1

�, cm�1

Fig. 1. Natural water turbidity � (1) 5 and (2) 10 min after
sedimentation start as a function of the intrinsic viscosity of
the cationic Praestol solutions [�]. Concentration: lime
3.55 mg-equiv l�1 and cationic Praestol 0.4 mg l�1.

suspended particles and organic compounds in the
purified water was evaluated by the turbidity and
permanganate oxidizability of solutions, respectively.
In accordance with standards [9], after pretreatment
the permanganate oxidizability of water should com-
prise 40�50% of that of the initial water sample.
The samples of the initial and clarified water were
analyzed by common procedure [10] using chemically
pure and analytically pure grade reagents. The coagu-
lation pretreatment was performed using the Volga
river water sampled at the water scoop of the Kazan
HEPP-2 (total hardness 3.3 mg-equiv l�1, alkalinity
2.3 mg-equiv l�1). The liming, coagulation, and clari-
fication of the natural water samples were carried out
in 250-ml cylinders. For this purpose, natural water
was successively treated with solutions of lime,
iron(II) sulfate, and cationic Praestol; in some tests,
anionic Praestol was also used. In accordance with
[11], the lime dosage was calculated from the follow-
ing expression using the data on the chemical com-
position of the initial water sample:

Dl = [CO2]i + Ai + Dc,

where [CO2]i is the concentration of carbon dioxide in
the initial water (mM), Ai is the alkalinity of the ini-
tial water (mg-equiv l�1), and Dc is the coagulant
dosage (mg-equiv l�1).

All the reagents were added successively at 1-min
intervals. Then the mixture was stirred on a magnetic
stirrer for 5 min, and variation of the optical density
of the resulting suspension was monitored on an
LAM-1 device (� 670 nm, l 35.2 mm). The measure-
ments were carried out in the same cylinder (at a
depth of 90 mm from the surface) after its placing in
the device. After sedimentation, the precipitate was
settled for 20 min and filtered off on a paper filter,
and the resulting filtrate was analyzed for the perman-
ganate oxidizability.

First, we evaluated the effect of cationic Praestols

log cp [mg l�1]

�, cm�1

Fig. 2. Natural water turbidity � (1) 5 and (2) 10 min
after sedimentation start as a function of the cationic Pra-
estol (sample K-4) concentration cp. Lime concentration
3.55 mg-equiv l�1.
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(a)

t, min

�, cm�1
(b)

t, min

�, cm�1

Fig. 3. Turbidity � as a function of the sedimentation time t of natural water in the presence of (1) lime and iron(II) sulfate;
(2) lime, iron(II) sulfate, and cationic Praestol (sample K-4); (3) lime, iron(II) sulfate, cationic Praestol (sample K-4), and anionic
Praestol (sample A); and (4) lime, cationic Praestol (sample K-4) and anionic Praestol. (a) Concentrations: lime 3.8 mg-equiv l�1,
iron(II) sulfate 0.8 mg-equiv l�1, and cationic Praestol 1 mg l�1. (b) Concentrations: lime 3 mg-equiv l�1, iron(II) sulfate
0.4 mg-equiv l�1, cationic Praestol 1 mg l�1, and anionic Praestol, 0.4 mg l�1.

with various [�] on the water pretreated with lime.
The data on the water turbidity, measured in 5 and
10 min after the sedimentation start, are shown in
Fig. 1. As seen, the greatest decrease in the water
turbidity is observed on adding cationic Praestol with
[�] = 220 cm3 g�1, and further experiments were per-
formed with this copolymer.

To determine the optimal dosage of the copolymer,
we studied the dependence of the water turbidity 5
and 10 min after sedimentation start on the concentra-
tion of cationic Praestol with [�] = 220 cm3 g�1. As
seen from Fig. 2, the optimal concentration of this
copolymer is 1 mg l�1.

Consider the effect of cationic Praestol ([�] =
220 cm3 g�1) additives on the turbidity (Fig. 3) and
permanganate oxidizability (Table 2) after pretreat-
ment of water with lime and iron(II) sulfate. As seen
from Figs. 3a and 3b, the sedimentation rate of the
precipitate particles increases with addition of cationic
Praestol (curves 1, 2). The comparison of these curves
at a given sedimentation time t also indicates that
the degree of clarification increases with Praestol
addition, which promotes more complete removal of
organic impurities and decreases the permanganate
oxidizability of water (Table 2). However, our attempt
to decrease the dosage of mineral or organic floccu-
lants failed, because in both cases the quality of water
(with respect to the content of organic compounds)
got worse.

It should be noted that water purification is notice-
ably improved on additional treatment of the clarified
water with anionic Praestol 2530. Addition of the

flocculant decreases the turbidity of water (Figs. 3a,
3b, curves 2, 3). This can be explained by coarsening
of the aggregates due to the fact that the flocculant
macromolecules form bridges between the flakes
formed from colloidal and suspended particles in the
course of coagulation, which, in turn, accelerates
sedimentation. The content of organic compounds
in water remains constant in the process (Table 3).

We also examined the possibility of excluding the
mineral coagulant from the process of water treatment.
The experimental data (Figs. 3a, 3b) show that high
sedimentation efficiency with respect to suspended
particles is retained (curves 3, 4), whereas the per-
manganate oxidizability of clarified water strongly in-

Table 2. Oxidizability of clarified water as influenced by
cationic Praestol (sample K-4)
����������������������������������������

Reagent concentration �
Oxidizability,������������������������������

lime, � FeSO4, � Praestol, � % of the

mg-equiv l�1� mg-equiv l�1 � mg l�1 � initial

����������������������������������������
3.8 � 0.8 � � � 69
3.8 � 0.8 � 1.0 � 54
3.5 � 0.6 � � � 65
3.5 � 0.6 � 1.0 � 50
3.1 � 0.4 � � � 60
3.1 � 0.4 � 1.0 � 48
2.9 � 0.6 � � � 40
2.9 � 0.6 � 0.2 � 47
2.5 � 0.2 � � � 69
2.5 � 0.2 � 0.2 � 75

����������������������������������������
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Table 3. Oxidizability of clarified water as influenced by cationic Praestol (sample K-4) and anionic Praestol (sample A)
������������������������������������������������������������������������������������

Reagent concentration �
Oxidizability,����������������������������������������������������������������������

lime, mg-equiv l�1 � FeSO4, mg-equiv l�1 � Praestol K-4, mg l�1 � Praestol A, mg l�1 � % to the initial

������������������������������������������������������������������������������������
3.0 � 0.4 � � � � � 50
3.0 � 0.4 � 0.2 � � � 49
3.0 � 0.4 � 0.2 � 0.4 � 47
1.8 � � � 1.0 � � � 87

������������������������������������������������������������������������������������

creases. As seen from our experimental data (Table 3
and Figs. 3a, 3b), the best results are obtained when
adding mineral and organic coagulants in combination
with anionic Praestol 2530.

CONCLUSIONS

(1) Cationic Praestol with [�] = 220 cm3 g�1 can
be used as organic coagulant for pretreatment of water
for heat and electric power plants.

(2) The combined use of mineral and organic
coagulants provides more profound removal of organ-
ic compounds from purified water.

(3) With addition of organic coagulant only, the
rate of precipitate sedimentation increases, but the
content of organic impurities in water grows also.

(4) The most exhaustive and rapid removal of
organic compounds from water is ensured by com-
bined use of mineral and organic coagulants with a
flocculant, anionic Praestol 2530.
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Abstract�Curing of the compound of acetone�formaldehyde resin with natural silk sericin in the presence
of inorganic salts and its effect on a salted sandy soil were studied.

Acetone�formaldehyde resin (AFR) is cross-linked
to form a three-dimensional network in aqueous solu-
tions in the presence of a base catalyst and, being an
efficient binder, is used in various compounds [1]. For
example, development of the AFR compounds with
biologically active substances (in particular, biopoly-
mers), which can be used for consolidation of unstable
salted sandy soils and their melioration, is of practical
importance [2, 3]. A wide assortment of biopolymers
is available for this purpose. In this work we studied a
compound of AFR with sericin (SR), a globular pro-
tein obtained as by-product at uncoiling of natural silk
cocoons [4, 5].

EXPERIMENTAL

The required compound was prepared using com-
mercial acetone�formaldehyde resin (3M) as 65%
aqueous oligomer solution. This resin forms a kinet-
ically stable system at addition of the silk sericin in
moderate amounts. It is known [1, 2] that AFR cross-
linked in the presence of a catalyst (NaOH) at 10 : 1
ratio is used as a binder of neutral substances. This
condition was taken into account in searching for the
optimal composition of a compound of AFR with silk
sericin and inorganic salts (S): Na2SO4, NaCl, CaCl2,
and MgSO4. In our tests we also used the salt mixture
NaCl�Na2SO4�CaCl2�MaSO4 (SM) with a 0.25 :
0.25 : 0.25 : 0.25 weight ratio. We found that the
optimal component weight ratios are as follows:
AFR�NaOH�SR, 10 : 1 : 2; AFR�NaOH�SR�S,
10 : 1 : 2 : 2; AFR�NaOH�S, 10 : 1 : 2; AFR�NaOH�
SR�SM; 10 : 1 : 2 : 2, and AFR�NaOH�SM, 10 : 1 : 2.

The initial AFR solutions and their mixtures with
SR and S are transparent colorless or light brown
liquids. At curing, they acquire yellowish color and
lose transparency, e.g., the intensity of the light trans-
mission decreases to the greatest extent. The process
was monitored using a Spectromom-410 unit and a
polarization microscope (� 560 nm).

The degree of AFR cross-linking in the samples
was determined by extraction with water of the non-
cross-linked polymer fraction, SR, and S from the
cured compositions in a Soxhlet apparatus. The inter-
action of AFR with SR and S was studied by IR spec-
troscopy [6]. The experiments on the sand consolida-
tion were carried out by the direct application of the
AFR compound onto the surface of model systems of
salted sandy soils. These model systems were prepared
from the barkhan sand, which was thoroughly mixed
with the salt solutions after its washing and screening
through a sieve (0.125 cm pore size). After drying, the
content of salts in the samples was about 2%, which is
permissible for the plant growth. The average thick-
ness of the surface layer consolidated with AFR com-
pound was about 0.1 cm.

The mechanical strength of the consolidated sand
layer was determined directly by the critical impact
load (g) providing breakdown of the sample with a
surface area of 1 cm2 [7]. The efficiency of meliora-
tion was monitored by germination and growth of
wheat seeds.

Under the laboratory conditions, the AFR systems
were cured with deposition of a 0.1-cm layer on the
cover glass surface. It was found that the light trans-
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T, %

�, cm�1�

Fig. 1. IR spectra of the cured samples. (T) Transmission
and (��) wave number; the same for Fig. 2. (1) AFR,
(2) AFR�SR, (3) AFR�MgSO4, (4) AFR�CaCl2, and
(5) AFR�NaCl.

T, %

�, cm�1�

Fig. 2. IR spectra of the cured samples after water treat-
ment: (1�) AFR�SM and (2�) AFR�SR�SM. (1, 2) The re-
spective samples before water treatment.

log P [g]

�, %
Fig. 3. Critical mechanical load P of the cured AFR�SR
composition on consolidated salted sandy soil as a function
of the volume fraction of water �. Salt present in water:
(1) NaCl, (2) Na2SO4, (3) CaCl2, (4) MgSO4, (5) SM, and
(6) none.

mission through the samples strongly changes with
curing. The AFR�NaOH�H2O (10 : 1 : 2) system is
cured completely in 30 min, and this time decreases to
10�15 min in the presence of Na2SO4 or NaCl. This
is obviously due to the increasing concentration of
sodium cations acting as catalyst in these systems; at
the same time, the other salts or their mixtures and
SR decelerate the curing. For example, the samples
containing MgSO4 and SR + SM mixture are cured in
90 and 80 min, respectively. This is probably due to
the inhibiting effect of the corresponding ions on
the AFR curing. As shown in [1], the rate of the AFR
cross-linking strongly decreases in the presence of
the other catalysts and fillers [1]. Based on our experi-
mental data, the following degrees of the AFR cross-
linking were determined (%): AFR, 70; AFR�SR, 65;
AFR�Na2SO4, 60; AFR�NaCl, 62; AFR�CaCl2, 72;
AFR�MgSO4, 75; AFR�SM, 68; and AFR�SR�SM,
66.

The reaction of AFR with SR and S was studied by
IR spectroscopy. The IR spectra of the samples in
question exhibit similar absorption bands at 2900 and
3400 cm�1, characterizing the stretching vibrations
of the CH2, CH3, and OH groups. The characteristic
bands of the stretching vibrations of the C=O and
CH3 groups in AFR appear at 1440 and 1700 cm�1.
The intensity of these bands strongly depends on the
additives: in the presence of SR, the intensity of the
band at 1440 cm�1 increases, whereas in the case of
inorganic salts S the intensity of these bands depends
on particular metal ion. In general, these data suggest
that filled AFR compounds are obtained without for-
mation of new chemical bonds. After treatment with
water, the intensity of the characteristic bands in the
spectra of the cured compounds becomes close to that
of the bands in the spectra of AFR cured without
additives (Fig. 2). This trend is especially pronounced
in the IR spectra of the samples cured in the presence
of SM (Fig. 2). Our experimental data showed that the
excess filler and non-cross-linked AFR fraction are
efficiently removed with water.

The salted sandy soil consolidated using AFR com-
positions with SR exhibits certain mechanical strength.
This resistance to the external effects strongly depends
on the water content in the initial compound, which is
confirmed by our experimental data characterizing the
effect of various loads on the strength of a 0.1-cm
layer of the salted sandy soil consolidated with AFR
compound (Fig. 3). As seen, the strength of the con-
solidated soil layer decreases with increasing water
content in the compound. In general, the strength
characteristics of our experimental samples meet the
requirements to soil-fixing agents [2].
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Comparative data on the germination of wheat seeds in salted sandy soils consolidated with AFR compounds
������������������������������������������������������������������������������������

Fixing agent � Fixing agent : product : H2O � Germination, %
������������������������������������������������������������������������������������
AFR : NaOH : H2O = 5 : 0.5 : 100 � 1 : 5 : 10 � 80
SR : H2O = 2 : 100 � 1 : 5 : 10 � 95
AFR : SR : NaOH : H2O = 5 : 2 : 0.5 : 100 � 1 : 5 : 10 � 90
AFR : NaOH : H2O : SM = 5 : 0.5 : 100 : 2 � 1 : 5 : 10 � 50
AFR : SR : NaOH : H2O : SM = 5 : 2 : 0.5 : 100 : 2 � 1 : 5 : 10 � 85
No fixing agent � 0 : 5 : 10 � 80
������������������������������������������������������������������������������������

The sandy soil consolidated with AFR compound
contains small amounts of water, which are insuffi-
cient for the crop (e.g., wheat) germination. The
required water (in amounts by an order of magnitude
greater than the weight of the AFR compound) was
added directly into the soil. As a result, a sufficiently
humid medium was formed under the consolidated
soil layer (1-cm thickness), in which SR was gradual-
ly transferred. As a result, the soil was enriched with
the biologically active substance.

To evaluate the melioration effect of the AFR�SR
compounds, the germination and growth of wheat
seeds were studied (see table). With the compound
containing no SR, inorganic salts exhibit the negative
affect on the dynamics of the seed germination.

It should be noted that SR, being added into the
AFR compound, completely eliminates this negative
effect and improves germination. It also enhances
the performance of the AFR compound as a sand-
fixing agent.

CONCLUSION

The strength properties of the salted sandy soil
consolidated with the acetone�formaldehyde resin

compound were determined, and the positive meliora-
tion effect of the compounds on the wheat seed ger-
mination was revealed.
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Abstract�Thermal reactions of H complexes formed by methyl and ethyl diesters of aromatic tetracarboxylic
acids with diamines were studied by thermal analysis. Some kinetic parameters of formation and degradation
of polyimides during thermolysis in the self-generated atmosphere were determined.

The problems of thermal stability and thermal
transformations of H complexes formed by dimethyl
dihydrogen benzophenonetetracarboxylate with a seri-
es of diamines were considered previously in the con-
text of developing a process for production of foamed
polyimides [1, 2]. Dialkyl dihydrogen arenetetracar-
boxylates are formed by dissolving the corresponding
aromatic dianhydrides in refluxing alcohols [3�5].
Addition of various diamines to the resulting alcoholic
solutions at room temperature causes spontaneous
formation of H complexes. Probable structures of var-
ious H complexes were determined from kinetic data
and by quantum-chemical calculations [6]; a mechan-
ism of their thermal imidization, favorable from the
energetic and steric viewpoints, was suggested.

An H complex (see below), when heated at a con-
stant rate, undergoes transformations involving virtu-
ally simultaneous release of the alcohol and water in
the first step and formation of the polyimide in the
final step:
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In this work, using thermogravimetric (TG), dif-
ferential thermal (DTA), and thermovolumetric (TVA)
analyses, we examined how the chemical structure of
the initial H complexes affects the kinetics of their
thermal cyclization (imidization).

EXPERIMENTAL

The H complexes were prepared by the procedure
described in [6]. The dried samples were subjected to
vacuum thermolysis on a TVA installation [7]. The
heating rate was varied from 3 to 7 deg min�1. Some
samples were kept at a fixed temperature (250 or
400�C) for 3 h. Pyrolysis in the self-generated atmos-
phere (SGA) was performed by a standard procedure
on a C-1500 derivatograph (Hungary) at a heating rate
of 5 deg min�1.

A characteristic pattern of the evolution of volatile
products in the course of thermal transformation of the
H complex into polyimide at linear heating in a vacu-
um is shown in Fig. 1. It was demonstrated by the
example of the H complex of dimethyl dihydrogen
diphenyltetracarboxylate with an equimolar mixture of
m-phenylenediamine and 4,4�-diaminodiphenylmeth-
ane that volatile imidization products (methanol and
water) vigorously evolve in the range 80�200�C. It
is seen that the reaction occurs in two overlapping
steps. As expected, at the lower heating rate the peaks
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are observed at lower temperatures (100 and 140�C).
As the heating rate is increased, the peak temperatures
grow and the difference between them decreases. This
indicates that the rate constants of the release of vola-
tiles in the first and second steps of imidization are
different; this difference is due to structural features
of the system, which is confirmed in [2].

It should be noted that curve 1 in Fig. 1 also has
a noticeable peak at 78�C, assignable to evolution of
residual solvent, not incorporated into the complex.
At the higher heating rate, this peak coalesces with the
peak due to evolution of volatiles.

Thus, lower heating rate favors better separation of
the two steps of thermal imidization of the H com-
plex. The temperature of the first step of the evolution
of volatile products decreases by approximately 40�C.
On further heating in the range 170�300�C (Fig. 1),
no volatile products are released, suggesting imidiza-
tion completion.

To confirm this, we performed experiments in
which the samples were heated at the same rate to
96 and 250�C and then kept at these temperatures for
3 h. Comparison of the observed weight losses with
the calculated loss for the case of complete imidiza-
tion shows that the amount of the released methanol
and water, relative to the calculated amount, is 75�
80% at 96�C and almost 100% at 250�C. This fact
suggests that, on heating to 200�C, the H complex in
question fully transforms into the polyimide, which
is thermally stable up to 300�C. It should be noted
that agreement between the experimental and calcu-
lated weight losses is far from being a common fea-
ture for all the H complexes under consideration. For
example, the complexes containing fragments of bis-
(dicarboxyphenyl) ether, diaminodiphenyl ether, and
ethyl esters show excessive weight loss when kept at
250�C, which may be due either to the presence of the
residual solvent in the H complex or to structural dif-
ferences between the forming polyimides and those
considered above [8].

Further heating in the range 300�400�C (Fig. 1)
is again accompanied by the release of volatiles, indi-
cative of degradation of the formed polyimide. As in
the case of thermal imidization, the peak position,
shape, and intensity depend on the heating rate (varia-
tion of the heating rate is actually equivalent to varia-
tion of the heat treatment time). Apparently, the heat-
ing rate is a decisive factor in initiation of degradation
and cross-linking starting at approximately 400�C. As
seen from curves 1 and 2 in Fig. 1, the higher heating
rate favors development of degradation reactions with
the evolution of a large amount of volatiles. Further-

T, �C

Fig. 1. TVA curves of thermolysis of the H complex
formed by dimethyl dihydrogen tetracarboxylate with an
equimolar mixture of m-phenylenediamine and 4,4�-diami-
nodiphenylmethane. (�P) Pressure difference in the TVA
manometric system and (T) sample temperature. Heating
rate, deg min�1: (1) 3 and (2) 7.

more, the structure of the H complex also affects the
degradation of polyimides. Experiments on isothermal
heating of all the samples at 400�C showed that, irre-
spective of the chemical structures of the ester and
amine components, the weight loss varies within 40�
55%. This indicates that, in the range 300�400�C,
polyimides partially decompose. Above 400�C, the
second step of thermal degradation is observed; the
weight loss is 14�35% of the total weight, with the
difference apparently associated with the structural
features of the H complexes. The largest weight loss
is observed with the samples derived from benzo-
phenonetetracarboxylic acid, and the smallest weight
loss, in those derived from ethyl esters.

The final products of thermal degradation of the
H complexes in a vacuum are carbonized residues;
their formation is complete at 800�C. Their weight
does not exceed 15�20% of the initial sample weight.

In thermolysis of the H complexes in SGA, the
yield of the carbonized residue is higher (�35%), dem-
onstrating an appreciable effect of diffusion factors
and certain oxidation reactions on the cross-linking of
the H complexes and their imidization products. The
TG and DTA data obtained under SGA conditions
(Fig. 2) show that the alcohol and water are released
in the range 130�200�C with a total weight loss of
16.6% (calculated weight loss 20%), showing an unre-
solved endothermic effect with a maximum at 143�C.
In the range 270�410�C, in contrast to the TVA
experiment, virtually no gases are evolved. Hence, in
this range the imidization product undergoes internal
rearrangement, probably with partial intermolecular
cross-linking and certain ordering of the intramolec-
ular organization. This is suggested by an endothermic
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T, �C

�m, %

Fig. 2. (1) TG and (2) DTA curves of the same H complex
as in Fig. 1. Heating rate 5 deg min�1, SGA. (�m) Weight
loss and (T) temperature.

effect at 270�C and an exothermic effect at 353�C,
assignable to melting and crystallization or cross-link-
ing of the ordered regions of the polyimide. Above
560�C, the polymer undergoes further degradation
with an appreciable weight loss (�30%), followed by
carbonization.

CONCLUSION

The chemical structure of H complexes formed by
aromatic tetracarboxylic acid diesters with diamines
affects the kinetics of their thermal imidization and of
degradation and carbonization of the resulting poly-
imides. The yield of the carbonized product is 2�3

times higher when thermolysis is performed under the
conditions of diffusion control.
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Abstract�Hydrolytic copolycondensation of ethyl silicate with cobalt salts and manganese chloride was
studied under conditions of base (NH4OH) catalysis.

Sol�gel process based on hydrolytic copolymeriza-
tion of alkoxysilanes in aqueous�organic media is one
of the most efficient methods of preparing polymetal-
losiloxanes [1, 2]. This reaction is difficult to control.
Even when certain optimal conditions (pH, tempera-
ture, organic diluent and catalyst, reactant ratio) are
followed, characteristics of the resulting cohydrolysis
products are not always reproducible.

Earlier, we studied the possibility of controlling the
sol�gel process, in particular, the synthesis of poly-
cuprosiloxanes, by varying the copper salt anion [3].
Copper salts were taken because of their capability to
form stable ammonia complexes within a wide pH
range. Proceeding with these studies, we considered in
this work the use in the sol�gel process of metals
forming weaker complexes with ammonia.

EXPERIMENTAL

Commercial ethyl silicate-40 (partially hydrolyzed
tetraethoxysilane), cobalt salts Co(NO3)2 �6H2O,
CoCl2 �6H2O, CoSO4 �7H2O, Co(CH3COO)2 �H2O,
and manganese chloride MnCl2 �5H2O were used as
initial reagents.

Cobalt salts form ammonia complexes only with
excess ammonia, and manganese salts form no ammo-
nia complexes. The synthesis conditions were similar
to those described in [3]. The products of hydrolytic
copolycondensation were thoroughly washed by
decanting, dried to the xerogel state at 120�0.5�C for
16 h, and studied by thermal analysis (MOM deriva-
tograph, heating rate 10 deg min�1 in air) and IR spec-
troscopy (Specord-75 IR spectrometer, KBr pellets).
The sorbed water was determined gravimetrically after
keeping the samples in a dessicator for 72 h at 98%
relative humidity.

The hydrolytic copolycondensation of ethyl silicate
with CoSO4, CoCl2, and Co(NO3)2 under conditions
of base catalysis gives polymeric structures containing
endo- and exoskeleton Si�O�Co�O and Si�O�Si
groups, residual ethoxy groups, and isopropoxy
groups, originating from ester interchange of the
ethoxy groups.

Similar structures are probably formed with cobalt
acetate and manganese chloride, but only at the reac-
tion temperature of 45�C. This is confirmed by shift
of the �(Si�O) band relative to its frequency of
1093 cm�1 in the spectrum of silica xerogel contain-
ing no metal. The above shift depends of both salt
cation and anion (for cobalt salts) (Table 1).

In the IR spectra of polycobaltoalkoxysiloxanes
prepared from Co(NO3)2, the �(Si�O) shift ranges
from �33 to +20 cm�1. This suggests formation of
thermodynamically unstable structures with random
distribution of mobile components in the siloxane
matrix. In the case of CoCl2 and CoSO4, temperatures
of 25 and 35�C, and reaction times of 3 and 5 h, the
�(Si�O) shift becomes approximately constant. The
half-width ��1/2 and optical density D of this band,
which characterize the degree of cross-linking, also
show a clear trend in variation (Table 2). The shift of
the band �(Si�O) 1093 cm�1 and a decrease in both
��1/2 and optical density indicate that various poly-
meric structures are formed: from cross-linked to
three-dimensional�cyclic or cyclic�linear structures
mainly consisting of cyclic trimeric and tetrameric
units bound by oxygen bridges [4]. The stabilization
of the �(Si�O) shift indicates their thermodynamic
stability.

Cobalt acetate and manganese chloride at 25 and
35�C give more stable metal polysiloxane structures
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Table 1. Shifts of absorption bands �(Si�O) at 1093 and 800 cm�1, ��, in the IR spectra of polymetalloalkoxysiloxane
xerogels containing cobalt or manganese heteroatoms*
������������������������������������������������������������������������������������

Synthesis conditions � ��, cm�1

������������������������������������������������������������������������������������
T, �C � �, h � Co(NO3)2 � CoCl2 � CoSO4 � Co(OCOCH3)2 � MnCl2

������������������������������������������������������������������������������������
�(Si�O) = 1093 cm�1

25 � 1 � +20 � +13 � +15 � 0 � 0
25 � 3 � +13 � +7 � +10 � 0 � 0
25 � 5 � 0 � +7 � +10 � 0 � 0
35 � 1 � 0 � +23 � 23 � 0 � 0
35 � 3 � �9 � +10 � +13 � 0 � 0
35 � 5 � +13 � +10 � +13 � 0 � 0
45 � 1 � �33 � �6 � �6 � �13 � �9
45 � 3 � +10 � �10 � �6 � �13 � �12
45 � 5 � �6 � �6 � �8 � �16 � �16

�(Si�O) = 800 cm�1

25 � 1 � +6 � +6 � +12 � 0 � 0
25 � 3 � 0 � +6 � +6 � 0 � 0
25 � 5 � �6 � +6 � +6 � 0 � 0
35 � 1 � �8 � +6 � +12 � 0 � 0
35 � 3 � 0 � +6 � +6 � 0 � 0
35 � 5 � +14 � +6 � +6 � 0 � 0
45 � 1 � �7 � 0 � 0 � 0 � �12
45 � 3 � +6 � 0 � 0 � �6 � �6
45 � 5 � +8 � 0 � 0 � �6 � �12

������������������������������������������������������������������������������������
* Shift: (+) to higher frequencies and (�) to lower frequencies.

compared to Co(NO3)2, as shown by a fixed position
of �(Si�O) and by regular variation of ��1/2 and D.

The constancy of �(Si�O) shows that exoskeleton
Si�O�M groups (M = metal) are primarily formed. In-
crease in the temperature to 45�C in all cases promotes
deeper transformations and is accompanied by a de-
crease in the thermodynamic stability of the structure
[in this case, the optical characteristics of the �(Si-O)
band at 1093 cm�1 change irregularly].

The formation of thermodynamically stable struc-
tures at 25 and 35�C with CoCl2, CoSO4, and
Co(CH3COO)2 can be explained by the lower energy
barrier of the reaction as compared to Co(NO3)2.
However, the nitration (oxidation) of alkoxy groups
with cobalt nitrate is more probable.

The specific structure of polymanganoalkoxysil-
oxanes is probably due to features of MnCl2 behavior
in aqueous ammonia, which is described by the fol-
lowing reactions:

Mn2+ + 2NH4OH � Mn(OH)2 + 2NH4
+,

2Mn(OH)2 + O2 + (2x � 2)H2O � 2MnO2 � xH2O.

At 25 and 35�C, manganese dioxide only partially
reacts with ethyl silicate to form mixed oxides and
surface Si�O�Mn groups. At 45�C, the reaction shifts
toward formation of intraskeleton (endo) Si�O�Mn
groups.

The structural changes in Si�O�Si groups are char-
acterized by the band of symmetrical stretching vibra-
tions of the SiO4 tetrahedron at 800 cm�1, which over-
laps, however, with bands of two other vibrations [4].

In the IR spectra of metal polymetalloalkoxysilox-
ane xerogels prepared from Co(NO3)2, the shift of this
band is variable in sign and value. On the contrary, in
the IR spectra of the polymers prepared with CoCl2
and CoSO4 at 25 and 35�C, this band shifts by 6 cm�1

to higher wave numbers, while at 45�C this shift is
absent. In the spectra of the products prepared with
Co(CH3COO)2 and MnCl2, the band shifts (to lower
wave numbers) only in products synthesized at 45�C,
while at 25 and 35�C the band shift is absent. In all
the above cases, the band half-width and optical den-
sity vary only slightly (within 23�26 cm�1 and 0.03�
0.08, respectively).

All these data show that the polysiloxane structure
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Table 2. Half-width ��1/2 and optical density D of absorption bands �(Si�O) at 1093 and 800 cm�1 in the IR spectra of
polymetalloalkoxysiloxane xerogels containing cobalt or manganese heteroatoms
������������������������������������������������������������������������������������

Synthesis conditions � ��1/2, cm�1/D
������������������������������������������������������������������������������������

T, �C � �, h � Co(NO3)2 � CoCl2 � CoSO4 � Co(OCOCH3)2 � MnCl2
������������������������������������������������������������������������������������

�(Si�O) = 1093 cm�1

25 � 1 � 103/0.82 � 109/0.88 � 113/1.17 � 129/0.91 � 198/0.64
25 � 3 � 109/0.88 � 103/0.82 � 109/1.12 � 123/0.86 � 193/0.60
25 � 5 � 120/1.18 � 103/0.79 � 109/1.07 � 106/0.49 � 173/0.54
35 � 1 � 90/0.71 � 113/0.87 � 103/0.87 � 159/1.74 � 186/0.80
35 � 3 � 86/0.69 � 109/0.85 � 91/0.84 � 140/0.93 � 172/0.79
35 � 5 � 120/1.10 � 100/0.83 � 91/0.85 � 116/0.72 � 159/0.62
45 � 1 � 80/0.68 � 100/0.80 � 117/1.08 � 199/1.45 � 173/0.67
45 � 3 � 103/0.80 � 93/0.79 � 103/0.98 � 123/1.21 � 153/0.54
45 � 5 � 113/0.97 � 76/0.59 � 86/0.86 � 126/0.81 � 146/0.54

�(Si�O) = 800 cm�1

25 � 1 � 26/0.07 � 26/0.05 � 26/0.07 � 23/0.04 � 26/0.05
25 � 3 � 26/0.07 � 23/0.09 � 23/0.06 � 23/0.05 � 26/0.05
25 � 5 � 26/0.08 � 23/0.05 � 26/0.06 � 23/0.03 � 26/0.04
35 � 1 � 26/0.05 � 26/0.06 � 23/0.06 � 26/0.08 � 23/0.05
35 � 3 � 26/0.05 � 23/0.06 � 23/0.06 � 23/0.05 � 26/0.04
35 � 5 � 26/0.08 � 23/0.03 � 23/0.05 � 23/0.08 � 26/0.04
45 � 1 � 25/0.05 � 26/0.06 � 26/0.06 � 26/0.08 � 23/0.04
45 � 3 � 23/0.07 � 26/0.04 � 26/0.06 � 26/0.07 � 26/0.05
45 � 5 � 26/0.06 � 26/0.04 � 26/0.06 � 26/0.08 � 23/0.04

������������������������������������������������������������������������������������

consisting of Si�O�Si fragments in the polymers
prepared with CoCl2 and CoSO4 at 25 and 35�C
also tends to rearrangements. At 45�C, the initial
siloxane structure of these polymers does not change.
On the contrary, in the polymers prepared with
Co(CH3COO)2 and MnCl2, the basic siloxane skele-
ton changes only when they are prepared at 45�C
(at 25 and 35�C, the structure remains unchanged).
The structure of the siloxane skeleton of polymetallo-
siloxanes prepared with cobalt nitrate is unstable.
As a whole, the structure of polymetallosiloxanes is
determined by the ratio of the rates of hydrolysis and
copolycondensation depending on the salt anion (and
cation) and reaction conditions.

Under the experimental conditions, polymetalloal-
koxysiloxane xerogels (which are mainly metal-con-
taining silicas) are formed. As shown by thermo-
gravimetry, the content of metal-containing silica
depends on the salt cation and anion and amounts to
86.0�90.5 wt %. The presence of small amounts of
alkoxy groups is confirmed by the weight loss at
200�450�C and the corresponding exothermic effects
in the DTA curves (Tables 3, 4).

In all cases, the exothermic peak shifts to higher
temperatures when the synthesis time and temperature

are increased. The DTA curves of polymetallosilox-
anes based on cobalt salts have one exothermic peak
shifted to higher temperatures by 5�10�C. In the case
of MnCl2, two exothermic peaks are observed at 210
and 310�C. Their shift with increase in the synthesis
temperature and time amounts to 60 and 140�C, re-
spectively. Depending on synthesis conditions, poly-
metallosiloxanes obtained are both low- and high-
molecular-weight polymers (exothermic effects at
200�210 and 310�C, respectively). The high-molecu-
lar-weight polymers are formed under more rigid syn-
thesis conditions (temperature, synthesis time). The
larger weight loss by polymetallosiloxanes based on
Co(CH3COO)3 and MnCl2 is probably caused by
condensation of the residual alkoxy groups.

Thus, the sol�gel process based on hydrolytic
copolycondensation of ethyl silicate with cobalt and
manganese salts in 2-propanol under conditions of
base (NH4OH) catalysis gives polymetalloalkoxy-
siloxanes with three-dimensional and cyclic�linear
structures. This process can be controlled by the salt
anion and cation, temperature, and synthesis time.
Thermodynamically stable structures containing endo-
and exoskeleton Si�O�M and Si�O�Si fragments are
formed when the synthesis is performed with CoCl2,
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Table 3. Weight loss �m of cobalt and manganese polyalkoxysiloxane xerogels at heating within the 200�450�C range
������������������������������������������������������������������������������������

Synthesis conditions � �m1/2, wt %
������������������������������������������������������������������������������������

T, �C � �, h � Co(NO3)2 � CoCl2 � CoSO4 � Co(OCOCH3)2 � MnCl2
������������������������������������������������������������������������������������

25 � 1 � 2.8 � 2.7 � 2.4 � 3.5 � 2.6
25 � 3 � 2.6 � 2.7 � 1.8 � 3.5 � 2.4
25 � 5 � 2.3 � 2.5 � 1.6 � 3.2 � 2.0
35 � 1 � 2.5 � 2.0 � 2.2 � 4.0 � 2.5
35 � 3 � 2.5 � 2.0 � 1.7 � 4.2 � 2.5
35 � 5 � 2.0 � 1.8 � 1.5 � 3.8 � 2.3
45 � 1 � 2.9 � 3.2 � 2.6 � 4.0 � 3.7
45 � 3 � 3.1 � 3.2 � 2.5 � 3.8 � 3.3
45 � 5 � 3.1 � 2.8 � 2.5 � 3.8 � 2.9

������������������������������������������������������������������������������������

Table 4. Temperature of the exothermic peak Tmax in DTA curves of cobalt and manganese polyalkoxysiloxane xerogels*
������������������������������������������������������������������������������������

Synthesis conditions � Tmax, �C
������������������������������������������������������������������������������������

T, �C � �, h � Co(NO3)2 � CoCl2 � CoSO4 � Co(OCOCH3)2 � MnCl2
������������������������������������������������������������������������������������

25 � 1 � 200 m** � 210 w � 210 m � 200 w � 210 w/310 w
25 � 3 � 205 m � 215 w � 210 m � 200 w � 210 s/310 w
25 � 5 � 200 m � 215 w � 210 m � 200 w � 230 s/370 w
35 � 1 � 200 m � 210 w � 210 m � 200 w � 220 s/405 w
35 � 3 � 200 m � 210 w � 210 w � 200 w � 230 s/410 m
35 � 5 � 210 m � 215 w � 215 w � 200 w � 230 s/410 w
45 � 1 � 205 m � 215 w � 210 w � 200 w � 250 s/410 w
45 � 3 � 210 m � 210 w � 210 w � 200 w � 270 s/440 w
45 � 5 � 210 m � 215 w � 215 w � 210 w � 270 s/450 m

������������������������������������������������������������������������������������
* Silica xerogel, 250�C.

** Intensity of the exothermic effect: (s) strong, (m) medium, and (w) weak.

CoSO4, and Co(CH3COO)2 at 25 and 35�C. In the
case of cobalt acetate, Si�O�Co fragments are mainly
formed on the surface by heterofunctional condensa-
tion

�Si�OR + CH3COOCo� � �Si�OCo� + CH3COOR.

The kind of the starting salts also affects the water
absorption by the polymetallosiloxanes synthesized. It
amounts to 17.1, 29.4, 25.4, 28.9, and 32.5 wt % for
Co(NO3)2, CoCl2, CoSO4, Co(CH3COO)2, and
MnCl2, respectively.

CONCLUSIONS

(1) The composition, structure, and properties of
polymetallosiloxanes formed by hydrolytic copoly-
condensation of ethyl silicate with metal salts are
determined by the salt anion and cation, and by the
synthesis temperature and time.

(2) The synthesis of polymetallosiloxanes based
on CoCl2, CoSO4, Co(CH3COO)2, and MnCl2 in

2-propanol at 25 and 35�C under conditions of base
(NH4OH) catalysis gives thermodynamically stable
polysiloxane structures with predictable character-
istics. Structures with random distribution of mobile
fragments of the siloxane matrix are formed when
cobalt nitrate is used.
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Abstract�A mathematical model of selective oxidation of methylcyclohexane with ozone�oxygen mixtures
was substantiated.

The methylcyclohexane molecule has three non-
equivalent C�H bonds (at primary, tertiary, and five
secondary carbon atoms at the �-, �-, and �-positions
relative to the methyl substituent). Therefore, selective
oxidation of this molecule at a definite C�H bond can
hardly be expected, the more so as thermal oxidation
of methylcyclohexane with oxygen occurs at a notice-
able rate only at elevated temperatures (above 120�C)
and is low-selective [1].

The procedures for oxidation and analysis of reac-
tion products were described in [2]. Ozonolysis of
methylcyclohexane is active at 20�C (Fig. 1) and
yields hydroperoxides, alcohols, ketones, acids, and
esters.

Among methylcyclohexyl hydroperoxides formed
by oxidation of methylcyclohexane, the major isomer
(95�96%) is 1-methylcyclohexyl hydroperoxide.
Among methylcyclohexanols, all possible isomers are
detected (Table 1), with 1-methylcyclohexanol pre-
vailing. The yield of the tertiary alcohol decreases
with increasing conversion, temperature, and ozone
concentration (Table 1, Fig. 1). Among isomeric
methylcyclohexanones, 2-methylcyclohexanone pre-
vails (Table 1). As the methylcyclohexane conversion
increases, the yield of the alcohols and ketones de-
creases, with a simultaneous slight increase in the
relative yield of hydroperoxides, acids, and esters
(Fig. 2). The tertiary hydroperoxide at low tempera-
tures (20�C) is consumed in the reaction with ozone
slowly (rate constant 19 � 10�3 l mol�1 s�1); therefore,
its yield increases with conversion of methylcyclo-
hexane. Ozonolysis of methylcyclohexane is highly
selective with respect to the yield of 1-methylcyclo-
hexanol at conversions of up to 12%. An increase in
the yield of acids in the developed ozonolysis of
methylcyclohexane is due to further oxidation of

secondary and tertiary methylcyclohexanols and iso-
meric methylcyclohexanones.

Among carboxylic acids, ozonolysis of methylcy-
clohexane yields monocarboxylic, dicarboxylic, and
keto acids. The ratio of the yield of monocarboxylic
acids to the total yield of keto and dicarboxylic acids
in the examined temperature range (20�80�C, [O3] =
4 vol %) is 0.6�0.7 at the methylcyclohexane conver-
sion of 12�82%. This ratio varies within a narrow
range (0.4�0.7) [1] as the ozone concentration is
varied within 2�4 vol %. The composition of the
acids is given in Tables 2 and 3. Among monocarbox-

(b)

(d)

(f)

[ROOH], M (a)

(c)

(e)

[R=O], M

[RCO2H], M

[ROH], M

[RCO2R�], M

�, h�, h

[H2O2], M

Fig. 1. Kinetic curves of accumulation of (a) hydroperox-
ides ROOH, (b) hydrogen peroxide H2O2, (c) ketones R=O,
(d) alcohols ROH, (e) acids RCO2H, and (f) esters RCO2R�
in oxidation of methylcyclohexane ([O3] = 4 vol %).
(�) Time; the same for Fig. 3. T, �C: (1) 20, (2) 40, and
(3) 80; the same for Figs. 2 and 3.
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Table 1. Composition of neutral products of methylcyclohexane ozonolysis ([O3] = 4 vol %)*
������������������������������������������������������������������������������������

™, �C
�

�**
�

�,** h
� Alcohols, mol % � Ketone, mol %

� � �����������������������������������������������������������
� � � 1-MCHL � 2-MCHL � 3- + 4-MCHL � 2-MCHN � 3- + 4-MCHN

������������������������������������������������������������������������������������
20 � 12 � 2 � 93 � 5.5 � 1.5 � 95 � 5

� 35 � 4 � 93 � 5.0 � 2.0 � 93 � 7
� 57 � 6 � 90 � 8.0 � 2.0 � 90 � 10

40 � 20 � 2 � 85 � 12 � 3 � 90 � 10
� 55 � 4 � 81 � 15 � 4 � 86 � 14
� 77 � 6 � 75 � 16 � 9 � 80 � 20

80 � 35 � 2 � 80 � 15 � 5 � 85 � 15
� 82 � 4 � 75 � 17 � 8 � 80 � 20

40*** � 26 � 6 � 95 � 4 � Traces � 96 � 4
������������������������������������������������������������������������������������

* 1-, 2-, 3-, and 4-MCHL denote the respective isomers of methylcyclohexanol, and 2-, 3-, and 4-MCHN, the respective isomers of
methylcyclohexanone.

** (�) Degree of conversion and (�) ozonolysis time.
*** [O3] = 2 vol %.

ylic acids, acetic acid prevails (70�87%). We also
identified propionic, butyric, valeric, and capric acids.
Among dicarboxylic and keto acids, we identified
�-ketoenanthic (16.2�35.1%), �- and �-methyladipic
(40.7�53.2% in total), oxalic, succinic, methylsuccinic,
�- and �-methylglutaric, and glutaric acids (Table 3).
As the ozone concentration and temperature are in-
creased, the yield of acetic and �-ketoenanthic acids
decreases. Keto acids are formed by ozonolysis of the
tertiary hydroperoxide, 1- and 2-methylcyclohexanols,
and 2-methylcyclohexanone [3�6].

Low-temperature ozonolysis of methylcyclohexane
is a radical-chain reaction. Calculations show that, as
in oxidation of cyclohexane, the chain-propagating

(a)
(b)

(c)
(d)

(e)

�ci, M �ci, M

�i, %
�i, %

�i, %
�i, %

�i, %

Fig. 2. Yield 	i of (a) hydroperoxides ROOH, (b) alcohols
ROH, (c) ketones R=O, (d) acids RCO2H, and (e) esters
RCO2R� as a fuinction of methylcyclohexanol conversion
at [O3] = 2 vol %. (
ci) Sum of ozonolysis products.

species are alkoxy radicals rather than less active RO
.
2

radicals. Alkoxy radicals are apparently generated by
recombination of tertiary peroxy radicals and by reac-
tion of RO

.
2 radicals with ozone. The tertiary hydro-

peroxide is formed by cross recombination of RO
.
2

and HO
.
2 radicals and is mainly consumed with forma-

tion of 1-methylcyclohexanol.

At low (4�7%) methylcyclohexane conversions,
ozonolysis occurs to 92�93% at the tertiary C�H
bond. For example, at 20�C ([O3] = 0.5�2.5 vol %),
the total yield of 1-methylcyclohexanol and 1-methyl-
cyclohexyl hydroperoxide is 92�93%, that of other
methylcyclohexanols and of methylcyclohexanones,
6�6.5%, and that of acids, 0.5�2%. The whole set of
the data obtained allow us to propose the following
mechanism of methylcyclohexane ozonolysis at low
conversions:
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Table 2. Content of monocarboxylic acids formed by ozonolysis of methylcyclohexane ([O3] = 4 vol %)
������������������������������������������������������������������������������������

T, �C
�

�, %
�

�, h
� Acid, mol %

� � ���������������������������������������������������
� � � C2 � C3 � C4 � C5 � C6

������������������������������������������������������������������������������������
20 � 12 � 2 � 69.8 � 13.4 � 5.0 � 5.0 � 6.8

� 35 � 4 � 71.0 � 12.5 � 4.7 � 5.0 � 6.5
� 57 � 6 � 74.0 � 10.0 � 5.0 � 5.3 � 6.1

40 � 20 � 2 � 74.1 � 10.0 � 5.2 � 8.0 � 2.3
� 55 � 4 � 75.0 � 10.0 � 5.1 � 7.0 � 2.9
� 77 � 6 � 76.0 � 9.5 � 4.8 � 6.0 � 3.6

80 � 35 � 2 � 76.0 � 9.5 � 2.9 � 7.0 � 4.5
� 82 � 4 � 80.0 � 8.3 � 3.5 � 5.0 � 3.0

40 � 26 � 6 � 87.0 � 1.0 � Traces � Traces � 12.0
������������������������������������������������������������������������������������

Table 3. Content of keto and dicarboxylic acids formed by ozonolysis of methylcyclohexane ([O3] = 4 vol %)
������������������������������������������������������������������������������������

T, �C

�

�, %

�

�, h

� Acid, mol %
� � ���������������������������������������������������������������
� � �

oxalic
� methylsuccinic + � glutaric and �

�-ketoenanthic
�

(�+�)-methyladipic� � � � succinic � methylglutaric � �
������������������������������������������������������������������������������������

20 � 12 � 2 � 15.0 � 7.5 � 11.6 � 20.6 � 45.4
� 35 � 4 � 13.0 � 7.0 � 12.0 � 18.8 � 49.2
� 57 � 6 � 12.5 � 6.9 � 12.4 � 16.2 � 52.0

40 � 20 � 2 � 10.5 � 5.1 � 8.0 � 28.1 � 48.3
� 55 � 4 � 8.5 � 4.3 � 10.3 � 27.5 � 49.4
� 77 � 6 � 6.1 � 3.1 � 12.5 � 26.6 � 51.7

80 � 35 � 2 � 4.0 � 2.7 � 10.8 � 32.3 � 50.1
� 82 � 4 � 2.7 � 2.1 � 11.5 � 30.5 � 53.2

40 � 26 � 6 � 10.0 � 5.9 � 8.3 � 35.1 � 40.7
������������������������������������������������������������������������������������

where k** are the estimated values of the constants,
refined during further optimization.

The steady-state concentrations of the ith radical
are determined from the condition d[Xi]/d
 = 0.
Taking into account the yields of products formed by
the attack of ozone and radicals at the tertiary and
secondary C�H bonds of the methylcyclohexane mol-
ecule, we can write
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	OO

�
�
�
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.
The rates of elementary reactions (1)�(14) of meth-

ylcyclohexane ozonolysis are expressed as follows:
R1 = k1[RH][O3], R2 = k2[ROOOH], R3 = k3 �
[ROOOH][O3], R4 = k4[O3][HO3

�], R5 = k5[HO2
�] �

[HO3
�], R6 = k6[O2

�][R�], R7 = k7[RO2
�]2, R8 = k8 �

[RO2
�][HO2

�], R9 = k9[RO2
�][O3], R10 = k10[ROOH] �

[RO�], R11 = k11[O3][ROOH], R12 = k12[RH][RO�],
R13 = k13[HO�]2, and R14 = k13[RO2

�]2.

The initial reactant concentrations are [RH] = 7.8,
[O3] = 1.3 � 10�3, and [O2] = 5.6 � 10�3 mol l�1 s�1.
The concentrations of the radicals are found from the
following relationships:

[RO2
� ] = [(2R2 + R4 + R11 + �R1)/(2k�7)]1/2,

�R1 + R12
[R�] = ��������,

[O2]k6

[�OH] = [(�R1 + R4 + R11)/(2k13)]1/2,

[HO3
� ] = R3/([O3]k4 + k5[HO2

� ]),

[RO� ] = (R2 + R3 + 2R7 + R9)/(k10[ROOH] + k12[RH]),

[HO2
� ] = (R2 � R3 + R4)/([RO�]k8).

The constants k5�k7, k10, k12, k13, and k�13 were
taken from [7�12], and the constants k1, k9, and k11
were measured by us in special experiments.
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The rates of consumption of methylcyclohexane
(RH) and accumulation of 1-methylcyclohexanol
(ROHt), 1-methylcyclohexyl hydroperoxide (ROOH),
hydrogen peroxide, sum of secondary methylcyclo-
hexanols (ROHs), methylcyclohexanones (R=O),
and hydrotrioxide (ROOOH) are described by the
differential equations

d[RH]/d� = �R1 � R12, d[ROH]t/d� = R10 + R12 + �R1,

d[ROOH]/d� = R8 � R10 + �R11,

d[H2O2]/d� = R5 + R13, d[ROH]s/d� = �R1 + k�13[R�O2
� ]2,

d[R=O]/d� = k�13[R�O2
� ]2, d[ROOOH]/d� = �R1 � R2 � R3.

Integration of this sytem of differential equations
allows refinement of the constants k1�k13** and coeffi-
cients �, �, �, and �. The values of these parameters
are given in the scheme of the mechanism of methyl-
cyclohexane ozonolysis. The calculated data reasona-
bly agree with the experiment (Figs. 1�3). The steady-
state concentrations of the radicals are as follows:
[RO�

2] = (1.32�1.36) � 10�5, [RO�] = (3.62�3.68) �
10�10, [�OH] = (3.13�3.21) � 10�8, [HO�

2] = (5.48�
5.72) � 10�7, and [HO�] = (1.04�1.07) � 10�7 M (
 =
10�60 min).

According to the suggested mechanism, methyl-
cyclohexane is consumed by the nonchain and chain
pathways. Linear consumption (Fig. 3) is observed
only at small conversions. In the developed process,
the kinetic curves of methylcyclohexane (RH) con-
sumption are nonlinear and are described by the fol-
lowing equation in the entire range of reactant con-
centrations up to deep conversions:
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Computer processing of the experimental data gave
the following expressions: k1app = 1.25 � 102 �
e�(25500� 3500)RT l mol�1 s�1 and k = 3.5 � 10�1 �
e�(25500� 3500)RT l mol�1 s�1.

The bimolecular rate constant of the reaction of
1-methylcyclohexyl hydroperoxide with ozone is low.
However, in the developed reaction of methylcyclo-
hexane ozonolysis, it is possible that the associate of
1-methylcyclohexyl hydroperoxide and 1-methylcy-
clohexanol (their association was detected by 1H

�, h

[RH], M

Fig. 3. Kinetic curves of consumption of methylcyclohex-
ane RH ([O3] = 1.3 � 10�3 M): (I) experiment and (II) cal-
culation.

�, h

A � 10�4, counts s�1 mol�1 � � 104, mol l�1 min�1

Fig. 4. Variation of the (1) specific activity A and of the
rates � of (2) formation and (3) consumption of 1-methyl-
cyclohexyl hydroperoxide in the course of methylcyclohex-
ane ozonolysis (20�C, [O3] = 4 vol %).

NMR [13]) reacts with ozone at the same rate as does
nonassociated 1-methylcyclohexyl hydroperoxide. To
reveal the role of this reaction in the overall ozonol-
ysis of methylcyclohexane, we added at the stage of
the developed reaction (20�C, [O3] = 4 vol %, 30 min
after the start of the experiment) 14C-labeled 1-meth-
ylcyclohexyl hydroperoxide. The specific activity of
the added hydroperoxide decreases (Fig. 4) owing to
both its consumption and dilution with the forming
nonradioactive 1-methylcyclohexyl hydroperoxide.
The labeled compound transforms into the following
14C-labeled products: 1-methylcyclohexanol, �-keto-
enanthic acid, and acetic acid. From variation of the
specific activity of the hydroperoxide in the course of
the experiment, we calculated the rates of its forma-
tion. Taking into account the experimental rates of
1-methylcyclohexyl hydroperoxide accumulation, we
calculated the rates of its consumption (Fig. 4).

Among the products of 1-methylcyclohexyl hydro-
peroxide transformations, 1-methylcyclohexanol com-
prises only 6�7%. An increase in the rate of formation
of the tertiary hydroperoxide with the conversion of
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the hydrocarbon is apparently due to increase in the
rate of HO.

2 generation. Unstable methylcyclohexyl
hydrotrioxide may be a source of HO.

2. A decrease in
the yield of hydrogen peroxide (Fig. 1), seemingly
contradicting this assumption, may be due to catalysis
of its decomposition with acids.

CONCLUSION

In contrast to nonselective high-temperature non-
catalytic oxidation of saturated hydrocarbons contain-
ing primary, secondary, and tertiary C�H bonds, their
low-temperature ozonolysis at small conversions, as
demonstrated by the example of methylcyclohexane,
occurs selectively at the tertiary C�H bond and yields
the corresponding alcohols. The tertiary alcohols are
formed by recombination of the R. and OH. radicals
generated by primary initiation, by radical-chain trans-
formations of tertiary hydroperoxides, and by attack
of the starting substrate by RO. radicals.
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Abstract�Effect of the formation procedure on the structure and transport characteristics of poly(2,2,3,3,4,4,
5,5-octafluoro-n-amyl acrylate)�polyamidoimide composite membranes in separation of O2/N2 gas mixture
(air) over a wide temperature range is studied.

Studies of the structural features of multilayer
polymer systems, as influencing their mass-exchange
characteristics, are necessary in designing high-
performance gas separation membranes. Among these
systems are composite membranes (CMs) of the diffu-
sion type, in which the surface of a microporous
support with an asymmetrical cross section structure
is coated from the side of a denser layer (skin layer)
with a thin continuous layer of one or more polymers
of different chemical nature (cover layer). If the cover
layer is applied by deposition of a polymer from a
dilute solution, pores of the skin layer may be par-
tially or totally filled with this polymer. Therefore,
composite membranes can be regarded as a mor-
phologically complex multilayer object consisting of
(a) polymer layer of the support with unfilled pores,
(b) skin layer of the support with pores partially or
totally filled with a polymer of the cover layer, and
(c) cover layer over the support surface (Fig. 1).

To estimate the contribution of polymers compos-
ing a multilayer membrane to its selective transport
properties, the Henis�Tripodi resistance model is used
[1, 2]. According to this model, the selectivity of
separation of a gas mixture (separation factor f ) is
controlled by the characteristics of all the nonporous
layers of a composite membrane in combination (dif-
fusion layer of a composite membrane). If the resist-
ance of the CM cover layer to mass transfer of gases
is considerably higher than that of the support, the
total CM selectivity approaches that of the covering
polymer. The reverse can be realized when pores of
the skin layer of the support are partially or totally

blocked with the covering polymer, i.e., when the
support demonstrates a higher resistance to a gas flow
as compared to the covering polymer. In this case,
the mass transfer rate across the composite membrane
is controlled by transport of gases across the support,
and the separation selectivity approaches the value
typical of the support polymer. As a result, the separa-
tion factor can change over a wide range from some
intermediate values to those typical of the polymers
composing the cover layer and the support, depending
on the structure of the CM diffusion layer. Generally,
the contribution of each polymer composing a com-
posite membrane to the mass transfer can be charac-
terized by some arbitrary parameter expressed as the
product of the effective thickness of diffusion layer
of this polymer (volume fraction of a given polymer
in the diffusion layer) by its selectivity.

It should be pointed out that the basic principles of
the resistance model were formulated without taking
into account possible structural transformations in the
boundary layer of the covering polymer at the support
surface [3]. However, such an effect was demonstrated
to occur in a series of polymer/inorganic support
composites and also in polymer/polymer composites
not related to membrane systems [3�5]. It was demon-
strated that a polymer in such a boundary layer has
a structure different from that typical of the same
polymer, but in the layers more distant from the sup-
port surface. It is known also that the structural order-
ing in polymers, reflected in the nature of thermal
(phase) transitions, has an effect on the gas permeabil-
ity and selectivity of diffusion membranes [6, 7]. Par-
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Fig. 1. Schematic representation of the cross section
of a composite membrane.

ticularly, the selectivity of a diffusion membrane in
separating binary gas mixtures (O2, N2, He, etc.) is
determined by the diffusion coefficient ratio of the
components to be separated, depending, therefore, on
the nature of intra- and supramolecular structural
organization of a polymer [8].

The selectivity of the existing diffusion CMs (gas-
separation and pervaporation) is mostly consistent
with that predicted by the Henis�Tripodi model [9�
12]. However, for some composite membranes this
was not the case [9, 11]. The most significant incon-
sistencies were found for CMs with cover layers from
polymers having low glass transition points (Tg),
especially for comb-shaped poly(2,2,3,3,4,4,5,5-octa-
fluoro-n-amyl acrylate) (PFAA). Particularly, some
CMs with a PFAA cover layer on the surface of an
aromatic polyamidoimide (PAI) support demonstrated
a higher selectivity in separating O2 and N2 (air) than
that typical of both PFAA and the corresponding PAI
taken separately. Therefore, the goal of this work is
to study in more details the mechanism of selective
transport of O2/N2 mixture across PFAA/PAI com-
posite membranes and the effect of the structural fea-
tures of a polymer of the cover layer on the transport
properties.

EXPERIMENTAL

Poly(2,2,3,3,4,4,5,5-octafluoro-n-amyl acrylate)
(Tg 248 K, MW 2.5 �106) was synthesized according
to the procedure described in [13] and used as a poly-
mer of the cover layer. The polymer is characterized
by a narrow unimodal molecular-weight distribution,

as demonstrated by GPC with polystyrene as a refer-
ence.

To prepare asymmetrical porous supports, we used
aromatic PAIs of the general formula

[�CO�R1�CONH�R2�NH�]n,

where R1 is a disubstituted 2-phenylisoindole-
1,3-dione, and R2 is as follows:
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Microporous supports were prepared under similar
conditions of the phase inversion process using wet
molding [14]. Composite membranes were fabricated
by casting a cover polymer solution on the support
working surface under the conditions described else-
where [9].

The transport properties of CMs were tested with
regard to a mixture of the major components of air,
O2 and N2, having close kinetic diameters of their
molecules (3.46 and 3.64 �, respectively) [15]. The
gas permeability was determined chromatographically
over the temperature range 303�393�C at a constant
gas pressure loss on the membrane of 1 bar. The
effective surface area of the samples was 28.3 or
5.7 cm2.

The morphology of CMs was studied by the low-
temperature chip method using scanning electron
microscopy and also by the Cr�C replication of the
surfaces using transmission electron microscopy [9,
15]. The cover layer thickness was estimated by
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Table 1. Transport characteristics of composite membranes and polymers composing them at 303 K
������������������������������������������������������������������������������������

Parameter

� Samples formed on indicated PAI supports �

no 10,
���������������������������������������������������������
� no. 1 �no. 2* � no. 3 � no. 4 � no. 5 � no. 6, � no. 7, � no. 8 � no. 9 �

PFAA**������������������������������� � �������������
� PAI-1 ( f ** = 5.1) �

PAI-2
�

PAI-3
�PAI-4 ( f = 2.3)�� �( f = 1.5)�( f = 2.5)� �

������������������������������������������������������������������������������������
Concentration of covering � 2 � 2 � 2 � 5 � 5 � 2 � 2 � 2 � 2 �
polymer solution, wt % � � � � � � � � � �
Number n of coating stages� 1 � 1 � 2 � 1 � 2 � 2 � 1 � 1 � 2 � �

Thickness of covering poly- � 2 � 2 � 8 � 4 � 22 � 4 � 3.5 � 2 � � � �40
mer layer l1, �m � � � � � � � � � �
Permeability (P/l) �106, � � � � � � � � � �
cm3 cm�2 s�1 cm�1 Hg: � � � � � � � � � �

for O2 � 0.56 � 0.56 � 0.25 � 0.49 � 0.39 � 3.63 � 2.01 � 0.69 � 0.77 � �

for N2 � 0.19 � 0.16 � 0.05 � 0.09 � 0.04 � 1.04 � 0.44 � 0.13 � 0.09 � �

f (O2/N2) � 3.0 � 3.5 � 5.15 � 5.4 � 7.4 � 3.5 � 4.6 � 5.2 � 8.2 � 2.8
F(O2/N2)*** � 5.9 � � � � 10.0 � 3.7 � � � �
������������������������������������������������������������������������������������

* Sample is identical to sample no. 1 after heating to 393 K and keeping under normal conditions for 20 h.
** Characteristics of homogeneous films.

*** Obtained just after cycling (heating to 393 K�cooling to 303 K).

averaging values measured on various areas of the
membrane.

X-ray photoelectron spectra were recorded on a
PHI 5400 electron spectrometer (Perkin�Elmer) using
MgK�1, 2

excitation. The operating vacuum in the
spectrometer was 2 �10�8 torr. The thickness of
analyzable layer was 100 � and less. The binding
energy (Eb) scale was calibrated by C1s line of the
benzene ring (Eb 284.7 eV [16]). Binding energies
were determined to within 0.1 eV. The quantitative
analysis was based on the integral intensities of photo-
electron peaks and on the ionization cross sections
included in the Perkin�Elmer software.

The SEM results revealed similar morphology of
all PAI supports used [9, 14, 15]. PAI1�PAI-4 sup-
ports have finger-shaped pores in the base cross sec-
tion, tapering in the direction of the skin layer surface
(working surface of the support). According to the
SEM data, the pores in the skin layer are no more than
200 � in diameter. The use of the TEM surface re-
plication method allowed more precise determination
of the mean pore size on the surfaces of PAI-1 and
PAI-3 supports (50 and 125 �, respectively, at a broad
spectrum of the pore size distribution) [15]. All the
supports demonstrate similar surface topography.
However, on passing from PAI-1 to fluorine-contain-
ing supports, the pore size somewhat increases and
their profile becomes more perfect. The characteristics
of pores of the surfaces, controlling the resistance
of the supports to mass transfer, correlate with the

gas permeability of the supports for N2, which was
found to be 4.1 � 10�3, 95.2 � 10�3, and 13.6 �
10�3 cm3 cm�2 s�1 cm�1 Hg for PAI-1, PAI-2, and
PAI-3, respectively. Similar correlation was also ob-
served for PFAA�PAI composite membranes with
close thicknesses of PFAA cover layers, whose gas
permeability increased in the order PAI-1 < PAI-3 <
PAI-2 (see results below). This result suggests that
PFAA, having higher molecular weight, only in-
significantly penetrates into pores of the skin layers of
the PAI supports.

All the composite membranes under consideration
have thin uniform layers of a covering polymer, char-
acterized by a smooth surface of the PFAA layer and
distinct interface with the support (with no remarkable
filling of pores of the skin layer with the covering
polymer). This allows application of the TEM data to
estimating the effective thickness of the cover layer
of composite membranes.

The transport properties of CMs in separation of
the O2/N2 mixture (air) were analyzed in terms of the
Henis�Tripodi resistance model. Characteristics of
PFFA�PAI composite membranes and homogeneous
films of polymers composing these membranes, deter-
mined under similar conditions, are given in Table 1.
First of all, it should be pointed out that the selectivity
coefficients f (O2/N2) of all the composite membranes
are higher than that typical of the covering polymer
( f (PFAA) = 2.8). Increasing thickness of the cover
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l1, �m

Fig. 2. Selectivity coefficient f (O2/N2) as a function of the
thickness l1 of the cover layer of PFAA�PAI composite
membranes. Support: (1) PAI-1, (2) PAI-2, and (3) PAI-3.

layer l1 results in decreasing permeability of CM.
In this case, for PFAA�PAI-1, PFAA�PAI-2, and
PFAA�PAI-3 membranes, the nitrogen permeability
decreases more rapidly than the oxygen permeability,
resulting in a considerable increase in f from 3 to
about 10. On the contrary, for PAI-4 coated with
PFAA in n stages, increase in the selectivity is as-
sociated with increasing permeability for oxygen
against the background of decreasing permeability
for nitrogen.

These trends are clearly demonstrated in Fig. 2 in
which f is plotted against l1 for PFAA�PAI mem-
branes. Analysis of this dependence is necessary not
only for determining the general trend of f, but also
for clarifying the question about predominant effect of
the cover layer thickness on the selectivity of com-
posite membranes. The dependence with a maximum,
observed for PFAA�PAI-1, is consistent, in general,
with that typical of the known composite membranes
with cover layers from low-selective elastomers [1, 9,
11, 17�20]. However, the position of the maximum is
remarkably different in our case. According to the
resistance model, this position corresponds to the
minimal effective thickness of the cover layer (suf-
ficient for complete covering of the pores on the sup-
port surface, i.e., for formation of a diffusion layer of
the composite membrane). Table 1 shows that, in the
case of PFAA�PAI-1, this condition is met at l1 =
4 �m ( f > 5.1). Since for all the membranes of the
PFAA�PAI-1 series, at l1 � 4 �m, the total contribu-
tion of the support and skin layer (including pores
covered by PFAA) to the total resistance of the com-
posite membrane is constant, it should be expected
that, with increasing l1 within the experimental range,
the selectivity will vary monotonically, tending to the
value typical of PFAA ( f = 2.8), rather than pass
through an extremum. This is associated with increase

in the volume fraction of the less selective polymer
(PFAA) in the diffusion layer of CM and its contribu-
tion to the transport. However, actually, at l1 = 22�
30 �m the dependence has a maximum of the selectiv-
ity, whose values is considerably higher than that of
PAI-1 ( f = 7.4 at l1 = 22 �m against 5.1 for PAI-1).
At such a thickness of elastomer cover layers, the
separating characteristics of the known CMs deterio-
rate, approaching those typical of the covering poly-
mers [17�20]. At the same time, in the case of PFAA�
PAI-1 composite membranes, the decrease in the
selectivity to the value typical of PFAA ( f = 2.8) is
observed only at l1 = 30�40 �m.

It should be pointed out that single coating of a
PAI-1 skin layer with 2 wt % PFAA provides forma-
tion of a 2-�m cover layer, while two-stage coating
gives approximately 8-�m cover layer. With 5 wt %
PFAA, we also observed nonadditive increase in l1
(4 �m at n = 1 and 22 �m at n = 2). Furthermore,
small increase in the contact time of the support sur-
face and the polymer solution in the course of second
coating with 5 wt % PFAA results in formation of
a 24-�m cover layer, the selectivity of the composite
membrane being considerably increased ( f = 9.8).

In the case of PAI-2, under similar conditions
(n = 1, c = 2 wt %), a thicker cover layer is formed
(about 1 �m, Fig. 2), which, evidently, is associated
with larger pore size in the skin layer. After recoating,
l1 increases nonadditively from 1 to 4 �m, but to a
lesser extent than with PAI-1. In the case of a PAI-3
support, at n = 1 and c = 2 wt %, a thicker cover layer
is formed (about 3.5 �m), though the mean pore size
on the PAI-3 support is larger as compared to the
PAI-1 support. At the same time, PFAA�PAI-3 com-
posite membranes are more selective than PFAA�
PAI-1 membranes prepared at the same n and c.

Table 1 shows that, at close l1 of about 4 �m, the
selectivity of PFAA�PAI membranes increases in the
order PAI-2 < PAI-3 < PAI-4 < PAI-1, for all the
composite membranes being higher as compared to
the corresponding PAI. The PFAA cover layers
formed on various supports under similar conditions
(same n and c, which corresponds to similar contribu-
tion of PFAA to formation of the effective diffusion
layer of CM) differ from each other not only in the
thickness, but also in the permeability for nitrogen
(corrected for the transport characteristics of the sup-
port). Presumably, these differences are caused by the
transport characteristics of the diffusion layers.

The contradictory results noted above can be inter-
preted with the assumption that PFAA cover layers
formed on various PAI supports differ in the nature
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and degree of structural organization. The observed
trends are associated, evidently, not so much with
participation of the polymer of the support in separa-
tion, but with the features of the supramolecular struc-
ture of PFAA in the cover layers of the composite
membranes under consideration. Simultaneous con-
siderable increase in f and l1 on passing to two-stage
coatings and also the trends in l1 as a function of
n suggest that these effects are caused not by compac-
tion of the cover layer, but by formation of more
ordered structure of the PFAA diffusion channels
capable of distinguishing molecules of gases even
close in size.

Evidently, in the stage of formation of the cover
layer by adsorption of PFAA from a dilute solution,
a structure is formed on the PAI support surface,
which differs in the degree of ordering from that typi-
cal of the covering polymer in the bulk. Based on
the general views of the dynamics of adsorption of
macromolecules [4], it may be suggested that the
structural ordering in the PFAA cover layer is con-
trolled by just the adsorption structure formed in the
course of contacting the support with a PFAA solution
and fixed as a condensed cover layer (so-called
primary structural effect).

This hypothesis is supported by the published data
[21, 22] on structural self-organization of PFAA in
both a solution and condensed state. X-ray diffraction
study of PFAA showed that, despite the lack of frag-
ments characterized by a remarkable level of nonuni-
formity, the X-ray diffraction pattern of amorphous
PFAA demonstrates a definite order in arrangement
of the backbone and side chains of the polymer. Hav-
ing a considerably lower degree of ordering, the struc-
ture of amorphous PFAA in a continuous film is simi-
lar to that of its regular homologs with n 8 or 10, char-
acterized by mutual arrangement of the side chains
with formation of a hexagonal lattice in the plane per-
pendicular to the axis of the side difluoromethylene
chain (mean diameter 5.7 �). Based on the concept of
the mesomorphic structure of comb-shaped polymers
at n = 10, a 3D model was proposed, involving layers
formed by antiparallelly arranged side groups.

Figure 3 shows the temperature dependences of the
selectivity of PFAA�PAI-1 composite membranes
with a 2-�m cover layer in the first (Table 1, sample
no. 1) and second cycles of thermal treatment (Table 1,
sample no. 2). As seen, the dependences have a maxi-
mum in both thermal cycles. The selectivity coeffi-
cients f determined for PFAA�PAI-1 composite mem-
branes (sample nos. 1 and 5) just after the cycle heat-
ing to 393 K�cooling to the initial temperature are

T, K

Fig. 3. Selectivity coefficient f (O2/N2) of PFAA�PAI com-
posite membrane (l1 = 2 �m) as a function of the tempera-
ture T. (1) First and (2) second heating�cooling cycles.

given in Table 1. In this case we obtained the selectiv-
ity coefficients considerably higher than those before
heating. At the same time, after the samples were
heated, cooled, and held at 293 K for about 20 h,
f returned to nearly the initial values (Fig. 3, curve 1)
[after the second thermal cycle and exposure to 293 K,
f (303 K) = 3.2]. This effect is probably due to thermal
transitions in the polymers composing the membrane.
Since the covering polymer (PFAA) is characterized
by a low glass transition point (Tg = 248 K), and that
of the polymer of the support (PAI-1) (513 K) is
much higher than the experimental temperature range
studied in this work, one can speak of a characteristic
thermal transition in just the PFAA cover layer. Evi-
dently, the increase in the thermal mobility of the
macromolecules, generally leading to regularly de-
creasing selectivity, in this case is compensated by
some additional transformation of the supramolecular
organization of PFAA in the cover layer (the sec-
ondary structural effect).

If the structuring mode in the cover layer really
depends on the nature of the supporting polymer, this
effect should be manifested in the temperature depen-
dences of the selectivity of PFAA�PAI composite
membranes with PAI-1�PAI-4, whose study, there-
fore, is of a particular interest.

The temperature dependences of f (O2/N2) and
P/l for PFAA�PAI-1 composite membranes with vari-
ous l1, and also for a PFAA continuous film formed
on an inert support are given in Fig. 4A. The separat-
ing capacity of PFAA gets worse with heating, which
is typical of homogeneous polymeric membranes, par-
ticularly those having a low Tg. For PFAA�PAI com-
posite membranes, the f (O2/N2)�T curves have a
maximum, and, starting from 343 K, f monotonically
decreases in parallel to the curve observed for PFAA
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(A)
(a)

T, K

(b)

T, K
(B)

(a)

T, K

(b)

T, K

(P/l) � 106, cm3 cm�2 s�1 (cm�1 Hg)

(P/l) � 106, cm3 cm�2 s�1 (cm�1 Hg)

Fig. 4. Temperature dependences of (a) permeability P/l and (b) selectivity coefficient f (O2/N2) of (A) PFAA�PAI-1 and
(B) PFAA�PAI-2 and PFAA�PAI-3 having various thickness of the cover layers. (T) Temperature (K); the same for Fig. 5.
(A) (a) P/l: (1�5) for O2 and (6�10) for N2; c (wt %): (1, 2, 6, 7) 2, (3, 4, 8, 9) 5, and (5, 10) continuous PFAA film; n: (1, 3,
6, 8) 1 and (2, 4, 7, 9) 2. (b) c (wt %): (1, 2) 2, (3, 4) 5, and (5) continuous PFAA film. (B) (a) P/l: (1�3) for N2 and (4�6) for
O2; c (wt %): (1, 2, 4, 5) 2 and (3, 6) continuous PFAA film; n: (1, 4) 2 and (2, 5) 1; (1, 4) PAI-2 and (2, 5) PAI-3. (b) c (wt %)
(1, 3) 2 and (4) continuous PFAA film; n: (1, 3) 1 and (2) 2; (1, 2) PAI-2 and (3) PAI-3.

(Fig. 4A). All the composite membranes of this series
demonstrate higher selectivity as compared to the
covering polymer in the bulk. The behavior of the
curves in Fig. 4Ab (including the position of the
maximum) reveals that heating to 343 K initiates
transformation of the initial supramolecular structure
of the cover layer of each CM (l1 = 2�24 �m) into
even more ordered �secondary� structure. It is clear
that the observed effect cannot be related to some ir-
reversible process, for example, removal of the resi-
dual solvent from the membrane, since the tempera-
ture dependences of f are similar in both the first and
second heating�cooling cycles, as was demonstrated
even for CM with l1 = 2 �m, in which the pores of the
skin layer are blocked with PFAA incompletely, and
the selectivity at 303 K does not exceed that of PAI-1
(3.0 and 5.1, respectively) (Fig. 4).

The only conclusion that can be made from the
above results is that some structural transformation of

PFAA occurs in the cover layers of all the PFAA�PAI
series studied (primary and secondary structural
effects). However, it remains unclear whether the
boundary effect is the only cause for ordering and
whether the chemical nature of the supporting poly-
mer and, therefore, the structural and energy character-
istics of the support surface influence the primary
and secondary effects in the PFAA cover layer. If it is
the boundary effect that controls formation of the
cover layer, the temperature dependences of f (O2/N2)
and P /l for PFAA�PAI-2, PFAA�PAI-3, and PFAA�
PAI-4 should be similar to those for PFAA�PAI-1.

Figure 4B shows the temperature dependences of
f (O2/N2) and P /l for PFAA�PAI-2 and PFAA�PAI-3
composite membranes having practically identical
thickness of the cover layer [4 and 3.5 �m, respec-
tively, Table 1)]. On passing from PAI-2 to PAI-3, the
permeability of the resulting membranes decreases,
and the selectivity considerably increases. However,
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generally, all the temperature dependences of the
selectivity are parallel to the curve typical of PFAA
(Fig. 5). Therefore, the range of thermal transforma-
tion (secondary structural effect) in lacking in the
cases of PFAA�PAI-2 and PFAA�PAI-3, which, in
comparison with data on PFAA�PAI-1 (Fig. 5), sug-
gests that the structural organization of the coverung
polymer depends on the chemical nature of the sup-
porting polymer.

The same conclusion follows from comparative
analysis of the transport properties of composite
membranes formed on PAI-I and PAI-4 supports.
Sample nos. 1 and 3 (PFAA�PAI-1) and 8 and 9
(PFAA�PAI-4) (Table 1) were prepared under similar
formation conditions. Despite higher permeability and
close thickness of the cover layer, PFAA�PAI-4 mem-
branes are considerably more selective under the same
conditions. The P /l�T curves (Fig. 5) show that, in
contrast to PFAA�PAI-1, PFAA�PAI-4 membranes
are characterized by higher permeability for oxygen.
On passing from PFAA�PAI-1 to PFAA�PAI-4, the
behavior of the temperature dependences of the selec-
tivity changes. Above 343 K, the f (O2/N2)�T curves
demonstrate no parallelism not only with the corre-
sponding curves for PFAA�PAI-1, but also with the
curves observed for the covering polymer. It may be
suggested that membranes of the PFAA�PAI-4 type
have cover layers in which the PFAA ordering mode
strongly differs from that in PFAA on PAI-1�PAI-3
supports as well as in a continuous PFAA film.

Therefore, comparative analysis of the transport
properties of PFAA�PAI composite membranes with
PAI-1�PAI-4 supports and also of PFAA films reveals
that the structural order levels in the cover layers on
various supports are considerably different, in all
cases differing from that characteristic of PFAA in the
bulk. Formation of PFAA layers of different structural
organization is reflected in the transport characteristics
of the resulting composite membranes and cannot be
interpreted by the boundary effect only. Evidently,
changing chemical nature of the polymer on passing
from PAI-1 to fluorine- and silicon-containing sup-
ports, accompanied by modification of the chemical
structure of the surface, results in changes in the con-
centration and (or) nature of adsorption sites on this
surface. The latter controls formation of the primary
adsorption structure of PFAA in the boundary layer of
each CM series, which, in its turn, governs the struc-
tural organization of PFAA layers more distant from
the boundary.

Comparative angle-resolved XPS study of the
boundary layers of PAI-1 and PAI-2 supports and

T, K

(a)

(b)

T, K

(P/l) � 106, cm3 cm�2 s�1 (cm�1 Hg)

Fig. 5. Temperature dependences of (a) permeability P/l
and (b) selectivity coefficient f (O2/N2) of composite mem-
branes with PAI-1 and PAI-4. (a) c = 2 wt %, n = 2; P/l:
(1, 2) for O2 and (3, 4) for N2; (1, 3) PAI-1 and (2,
4) PAI-4. (b) c (wt %): (1, 2, 4, 5) 2 and (3) continuous
PFAA film; n: (1, 5) 1 and (2, 4) 2; (1, 2) PAI-4 and
(4, 5) PAI-1.

PFAA�PAI model composite films with cover layers
up to 100 � thick allowed more accurate determina-
tion of the nature of the active sites on the working
surface of the supports as well as the formation mode
of the PFAA primary structure at the PAI-I surface.
Varying the photoelectron sampling angle 	, we per-
formed layer-by-layer examination of the atomic com-
position near the surface of each sample at a depth of
96, 87, 70, and 26 �, which correspond to sampling
angles of 75�, 60�, 45�, and 15�, respectively. The
chemical composition of the supports were demon-
strated to be identical to that of the free surfaces, cor-
responding to the stoichiometry of PAI-1 or PAI-2
molecular units. As seen from Table 2, the atomic
compositions of the surfaces of PAI-1 and PAI-2 sup-
ports are identical to those of deeper boundary layers
(skin layers). Therefore, in the skin layers of the
PAI-1 and PAI-2 supports, the macromolecules are
arranged coplanarly to planes of the corresponding
surfaces, which is consistent with X-ray diffraction
data obtained for PAI-1-based films and supports [23].

Study of PFAA�PAI-1 film composites showed
considerable differences between the state of the car-
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Fig. 6. X-ray photoelectron spectra of 1s core levels of (a) C, (b) N, (c) O, and (d) F in (1) PAI-1, (2) PFAA, and (3) PFAA�
PAI-1 model composite. (I) Intensity and (E) binding energy.

bon atoms in both �CF2� groups of polyfluoroalkyl
acrylate and �CON< groups of PAI near the PFAA/
PAI-1 boundary (	 = 45�) and the state of these atoms
on the surface of continuous films of the correspond-
ing polymers. The chemical shifts of photoemission
lines of these atoms are shown in Fig. 6a. The PE
spectrum of nitrogen (contained in PAI-1 molecule
only) (Fig. 6b) reveals that the investigated layer
of the composite is at the PAI/polyfluoroacrylate

Table 2. Atomic composition of the boundary layers of
PAI-1 and PAI-2 asymmetrical supports, determined at
various photoelectron sampling angles �

����������������������������������������

PAI
�

�,
� Content, %

� ����������������������������
� deg � C � O � N � F

����������������������������������������
PAI-1 � 15 � 76.00 � 15.65 � 8.35 � �

� 45 � 75.50 � 15.68 � 8.81 � �

� 75 � 76.22 � 14.72 � 9.06 � �

PAI-2 � 15 � 68.36 � 12.81 � 5.31 � 13.52
� 60 � 68.43 � 12.60 � 5.43 � 13.50

����������������������������������������

boundary, as lines of the both polymers are observed.
Change in the electronegativity (EN) of the nitrogen
atoms of the >NC=O group (from 400.4 eV in PAI-1
to 400.0 eV in the composite) and of fluorine (from
688.8 eV in PFAA to 689.2 eV in the composite) at
the cover layer/support boundary (Figs. 6b and 6d,
respectively) relative to their characteristic values on
the surface of PFAA and PAI-1 films is accompanied
by decrease in the electron density on the carbon
atoms (Fig. 6a) in >CF2 groups (290.7 eV in PFAA
and 292.2 eV in the composite) and also in EN of the
carbonyl carbon (288.4 eV in PAI-1 and 289.2 eV in
the composite). Changes in EN of the carbonyl oxy-
gen from 531.8 eV in PAI-1 to 531.3 eV in the com-
posite and from 532.0 eV in PFAA to 532.5 eV in
the composite, and also changes in EN of oxygen in
�C�O�C� (E 533.3 eV) and �O�C�CF2� groups
(E 533.6 eV) to the state with E 534.0 eV also show
that, at the interface, interaction of the electronic
shells of fluorine (electron donor) and nitrogen atoms
(electron acceptor), accompanied by redistribution
of the electron density of neighboring atoms, is the
most probable.
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Finally, the results obtained reveal that (1) forma-
tion of PFAA cover layer in the course of adsorption
from a dilute solution is accompanied by orientation
of the fluorine-containing fragments (in the boundary
layer at the support) in the direction to the PAI-1 sur-
face; (2) the main adsorption sites on the support sur-
face are, most likely, PAI-1 fragments containing
>NC=O groups; and (3) the observed changes in the
electronegativity of the fluorine and nitrogen atoms
suggest the formation of stable adsorption structures,
i.e., of the PFAA primary structure at the boundary
with the support (primary structural effect).

CONCLUSIONS

(1) Comparative analysis of the experimental data
shows that, in designing high-performance composite
membranes of the diffusion type using the Henis�
Tripodi resistance model, it is necessary to take into
consideration not only the morphological features of
the diffusion layers of membranes and selectivity and
transport characteristics of polymers used, but also
possible structural effects in the boundary layers of
the covering polymer. The diffusion layers of com-
posite membranes, formed in the course of adsorption
interaction of a polymer from a dilute solution with
the surface of a support based on another polymer,
in some cases can demonstrate a structural organiza-
tion different from that typical of the cover polymer
in the bulk.

(2) It was demonstrated with an example of poly-
(2,2,3,3,4,4,5,5-octafluoro-n-amylacrylate)�polyami-
doimide composite membranes that highly selective
diffusion layers, particularly of low-selective elasto-
mers, can be realized on the support by optimization
of the chemical structure of PAI, i.e., by varying the
nature and (or) concentration of adsorption sites on the
support surface and, therefore, its energy characteris-
tics. This allows manufacture of diffusion membranes
whose separating characteristics differ from those
predicted theoretically on the basis of the resistance
model in that they surpass the selectivity of all indi-
vidual polymers composing the composite membrane.
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Abstract�The statistical ensembles of supramolecular formations (microdomains) on the surface of films of
the polyamido acid derived from pyromellitic dianhydride and 4,4�-oxydiphenylenediamine and evolution
of these ensembles in the course of thermal and chemical imidization were studied using the reversible aggre-
gation model. The regular trends in variation of the distribution parameters (aggregation energy and mean
microdomain size) in the course of thermal imidization were established. The distribution parameters were
compared for polyimide films prepared by thermal and chemical imidization.

Aromatic polyimides (PIs) are heat-resistant poly-
mers; they are used in various branches of engineering
[1]. The most common polyimide material is that
derived from pyromellitic dianhydride and 4,4�-oxy-
diphenylenediamine (PI PM). PI PM films are pro-
duced in Russia and the United States under the trade
names Arimid and Kapton, respectively.

PI items are usually prepared in two steps. In the
first step, the prepolymer, polyamido acid (PAA), is
prepared in an aprotic solvent; in the second step,
PAA items are heated stepwise to 300�400�C in a
vacuum or in an inert medium (thermal imidization),
or are kept in a dehydrating medium (chemical imidi-
zation) [1].

The morphology of PI PM films and its evolution
in the course of solid-phase thermal transformation
PAA � PI have been fairly well studied by X-ray
scattering and electron microscopy [2, 3]. In particu-
lar, the scale-invariant nature of the supramolecular
structure of the PI PM film surface was established
using the fractal approach [3].

In this work, we studied by transmission electron
microscopy the statistical ensembles of microdomains
on the PAA PM film surface and their evolution in the
course of thermal and chemical imidization.

EXPERIMENTAL

We studied films of PAA PM and its imidization
product, PI PM, formed by the reaction
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The films (30�60 	m thick) were prepared from
12% solutions of PAA PM in dimethylformamide
(DMF) by casting onto glass supports followed by
drying in air at 50�C for 1 day.

Thermal imidization was performed in a vacuum
by stepwise heating of PAA PM films to 400�C in
a thermal cycling device at a rate of 2 deg min�1.
Chemical imidization was performed by keeping PAA
PM films in a dehydrating mixture (solution of acetic
anhydride, pyridine, and triethylamine in benzene [4])
until the o-carboxamide units of PAA completely
cyclized. The absence of isoimide units in the cycliza-
tion product was checked by IR spectroscopy.

Electron-microscopic examination was performed
with a Tesla BS-500 transmission electron microscope
at a magnification from 40 000 to 59 000. To create a
surface relief, PAA PM and PI PM films were etched
from the air-contacting side with an oxygen high-
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frequency (HF) discharge plasma, with subsequent
vapor deposition of platinum and preparation of car-
bon�platinum (C�Pt) replicas [3, 5, 6]. A 100-W
generator was the source of HF discharge. The dis-
charge parameters were as follows: oxygen pressure
0.05 Pa, distance from the discharge gap to the film
surface 0.2 m, and electron energy 4�5 eV. The etch-
ing time was varied from 15 (PAA PM) to 60 min (PI
PM imidized at 350 and 400�C). Such an etching
mode is considered as 
mild,� since the film surface is
heated by no more than 50�C and the erosion of the
layer surface is minimal [3, 5]. The C�Pt replicas
were deposited on the etched film surface with a
VUP-5 vacuum unit. The platinum shading angle was
45�, and the calculated thickness of the replicas, 5 nm.

Figure 1 shows the electron micrographs of single-
step C�Pt replicas of the etched surface of films of
(a) PAA PM, (b, c) PI PM prepared by thermal imidi-
zation, and (d) PI PM prepared by chemical imidiza-
tion. Supramolecular formations (microdomains) of
approximately spherical shape are clearly seen; their
size depends on the imidization mode and conditions.
The etched relief depth and distance between micro-
domains vary in the course of thermal imidization,
reaching a maximum at 170�180�C, which may be
due to removal of the disordered polymer phase with
the residual solvent (DMF) and water formed in the
course of thermal imidization [1].

Figure 2 shows the microdomain diameter distribu-
tions h(y) obtained by statistical processing of the
micrographs. In each micrograph we analyzed from
500 to 2900 structural formations. It is seen that, for
both PAA PM and PI PM, in all the stages of thermal
imidization and also after chemical imidization, the
microdomain ensembles show monomodal asym-
metric distributions which were described in terms of
the reversible aggregation model [7, 8].

The model suggests that a substance in the liquid
state undergoes continuous fluctuations, generating a
sequence of equivalent microstructures, and only one
of the set of possible configurations is realized on
cooling. Structural elements (aggregates) are dynamic
units characterized by a disordered internal structure.
The aggregates continuously arise and disappear, giv-
ing rise to a set of optimized configuration of ensem-
bles characterized by a steady-state aggregate size
distribution. Formation of an aggregate ensemble can
be represented as a set of simultaneously occurring
reversible chemical reactions. The thermodynamic
interpretation of the rate constant leads to the expres-
sion [7, 8]

(a)

(b)

(c)

(d)

Fig. 1. Electron micrographs of C�Pt replicas taken from
the surfaces of (a) PAA PM films; (b, c) PI PM films
heated to 180 and 350�C, respectively; and (d) PI PM
films prepared by chemical imidization. Magnification:
(a, b) 44 000 and (c, d) 40 000.
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(a)

y, nm

h(y)

h(y) (b)

y, nm

h(y) (c)

y, nm

(d)
h(y)

y, nm
Fig. 2. Microdomain size distribution h(y) on the surface of
films of (a) PAA PM; (b, c) PI PM prepared at 180 and
350�C, respectively; and (d) PI PM prepared by chemical
imidization.

h(y � y0) = A(y � y0)2 exp [�(y � y0)
U0 (kT)�1], (1)

where A is a normalizing factor; �U 
 (y � y0)�U0,
energy of aggregate formation depending on the re-
duced linear size of the microdomain (y � y0); �U0,

standard aggregation energy per unit linear size of the
microdomain, J m�1; y0, size of the microdomain
nucleus; k, Boltzmann constant; and T, absolute tem-
perature.

In statistical physics, Eq. (1) is a canonical distri-
bution of the thermodynamic probability of the energy
fluctuation (Gibbs distribution) at constant volume [9].

We successfully used this model previously for
describing the microdomain diameter distribution on
the surface of films of PAA derived from 3,3�,4,4�-
diphenyltetracarboxylic dianhydride and p-phenylene-
diamine (PAA DP PP) and its evolution in the course
of thermal imidization, including the process in the
presence of a thermal stabilizer [10, 11].

The results of calculations with Eq. (1) are shown
in Fig. 2 as curves. In the calculations, the values of
A, y0, and �U0 were taken as free parameters. Figure 2
shows that Eq. (1) fairly adequately describes the
experimental microdomain diameter distribution on
the surface of PAA PM and PI PM in all the steps of
thermal imidization and after chemical imidization.

The mean microdomain diameter �y� in an ensem-
ble was determined as the normalized population
mean:

�

�
� (y � y0)h(y � y0)dy

3kT0
�y� = ������������������� = ����� + y0. (2)

�

�
�h(y � y0)dy


U0

0

Figure 3 shows how the distribution parameters
[reduced standard aggregation energy U (U = �U0/kT)
and �y�] depend on the temperature of thermal imidi-
zation. As seen from Fig. 3a, in the initial step (50�
130�C), U varies insignificantly, after which it de-
creases, reaching a minimum at about 160�C. It is
known [1] that, in this temperature range, the PAA �
PI transformation is accompanied by intense degrada-
tion with a decrease in the molecular weight of the
polymer. In the range 180�200�C, the activation
energy substantially grows, reaching a virtually con-
stant level in the final step of thermal imidization
(T > 300�C). In the process, the molecular weight of
the polymer is restored [1]. The dependence �y�(T) in
Fig. 3b shows an opposite trend. Such trends in varia-
tion of the distribution parameters were observed pre-
viously in studies of the effect exerted by thermal
imidization on the morphology of PI DP PP films
[10, 11].

In Fig. 3 we also compare the distribution param-
eters of the microdomain ensemble on the surface of
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(a)

T, 
C

U, nm�1

(b)�y�, nm

T, 
C
Fig. 3. (a) Reduced standard aggregation energy U and
(b) mean microdomain diameter �y� as functions of the
imidization temperature T. Imidization: (1) thermal and
(2) chemical.

PI PM films prepared by thermal and chemical imidi-
zation. It is seen that the aggregation energy of the
microdomain ensemble on the surface of a PI PM film
prepared by thermal imidization is approximately
1.5 times higher compared to the film prepared by
chemical imidization, i.e., the microdomain size dis-
tribution in the first case is narrower. Hence, micro-
domains on the surface of a PI PM film prepared by
thermal imidization are more uniform in size. Further-
more, the mean size of microdomains on the surface
of a PI PM film prepared by thermal imidization is
approximately 1.5 times smaller compared to the film
prepared by chemical imidization (15 and 23 nm, re-
spectively). The previously revealed correlation be-
tween �y� and the mechanical strength of PI films [10,
11] suggests that the PI PM films prepared by thermal
imidization will be stronger than those prepared by
chemical imidization. Indeed, the strength of thermal-
ly and chemically imidized PI PM films determined
in [12] appeared to be 200 and 160 MPa, respectively.

CONCLUSIONS

(1) The microdomain diameter distribution on the
surface of films of a polyamido acid derived from
pyromellitic dianhydride and 4,4�-oxyphenylenedi-
amine and its evolution in the course of thermal and
chemical imidization can be described in terms of the
reversible aggregation model.

(2) The mechanical strength of polyimide films is
inversely proportional to the mean diameter of micro-
domains.

(3) The surface of a polyimide film prepared by
thermal imidization is characterized by the narrower
microdomain size distribution and by the smaller
mean microdomain diameter, as compared to the film
after chemical imidization.
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Abstract�The luminescence and scintillation properties of poly(methyl methacrylate) containing 1,1,3-tri-
methyl-3-phenylindan were studied.

Plastic scintillators (PSs), i.e., solid solutions of
luminophores in polymeric matrices, are widely used
as components of scintillation counters for detecting
ionizing radiation. Light flashes (scintillations) arising
under the action of radiation [1] are detected with a
photomultiplier (PM). In PSs based on polystyrene,
polyvinylstyrene, and polyvinylxylene, the primary
fluorescence emitter is the polymer itself, efficiently
transmitting the excitation energy to luminescence
additives such as polyarenes and aryl-substituted ox-
azoles and oxadiazoles: p-terphenyl (PPP), 2,5-di-
phenyloxazole (PPO), 1,4-di(5-phenyl-2-oxazolyl)ben-
zene (POPOP), 2-phenyl-5-(4-biphenylyl)-1,3,4-oxadi-
azole (PBD), etc. [1�3]. The transparency of these PSs
is low because of absorption of UV and visible radia-
tion by benzene groups of the polymer.

The PS containing poly(methyl methacrylate)
(PMMA) having no absorption bands in the UV (250�
400 nm) and visible ranges is highly transparent, but
PMMA, in contrast to polymers containing a system
of conjugated double bonds, shows no luminescence.
Therefore, large (up to 20 wt %) amounts of lumines-
cent aromatic compounds (naphthalene, its deriva-
tives, etc.) acting as primary luminescence emitters
are added to PMMA-based PSs as an active filler. The
energy incident on the luminophore (playing the role
of a secondary solvent) and on the polymeric matrix
is absorbed by the luminophore. A weak emission of
naphthalene (fluorescence quantum yield 0.17 [4]) is
sensitized by an activator, luminescent additive with
a strong intrinsic luminescence, such as PPO, PPP, or
PBD [1�3]. The light emitted by the activators is
shifted toward the range of the highest PM sensitivity
by introduction of one more luminescent additive,
a spectrum shifter, the most effective of which is

POPOP [3]. Furthermore, this luminophore decreases
the probability of absorption of the activator fluores-
cence by the solvent, eliminating self-absorption and
making the system more transparent.

Naphthalene in more effective as intermediate sol-
vent than any other known solvents [3]; however, it
inhibits polymerization of methyl methacrylate; it is
also toxic and volatile. In this work, we attempted
to use for this purpose 1,1,3-trimethyl-3-phenylindan
(TMPI), a cyclic �-methylstyrene dimer exhibiting
fluorescence properties [5]. This compound is highly
soluble in both methyl methacrylate [up to 25 wt %
at room temperature and up to 60 wt % at 40�C (tem-
perature of the polymer synthesis)] and PMMA (up to
60 wt %). In the course of methyl methacrylate poly-
merization, TMPI does not react with the propagating
radical and is present in PMMA as a solute [6]. Fur-
thermore, TMPI is nontoxic, nonvolatile, and highly
resistant to heat, chemicals, and radiation [7, 8].

EXPERIMENTAL

PS samples were prepared by bulk polymerization
of methyl methacrylate at 40�C in the presence of
various amounts of TMPI, PPP, and POPOP, with
substance initiation. The upper limits of the concentra-
tions of the additives were determined by their solu-
bility in the polymerizing mixture. Samples for study-
ing scintillation characteristics were prepared as pol-
ished disks 20 mm in diameter and 10 mm high, and
samples for optical studies, as disks 20 mm in diam-
eter and 1 mm high.

1,1,3-Trimethyl-3-phenylindan was prepared as
described in [9] and recrystallized from heptane. The
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product purity was checked by GLC and by IR and
1H NMR spectroscopy; mp 52�C, bp 183�C/20 mm
Hg. PPP and POPOP were of scintillation chemically
pure grade.

The absorption spectra of the luminophores in
heptane were recorded on a Specord UV-Vis spectro-
photometer. The fluorescence spectra of the lumino-
phores in heptane and PMMA were taken on a Hitachi
MPF-4 spectrofluorimeter. The luminescence excita-
tion wavelength was 250 and 280 nm. The lumines-
cence quenching constants were calculated according
to [10].

The scintillation characteristics of PS were taken
in a 137Cs �-radiation field. The light output was
determined according to [11] by comparison with that
of samples of a reference PS: PMMA + 15% naph-
thalene + 0.3% PPO + 0.06% POPOP [12]. The effec-
tive transparency of PS for the own emission was
measured according to [13]. The light transmission
was calculated according to the Lambert�Beer equa-
tion [10].

1,1,3-Trimethyl-3-phenylindan efficiently absorbs
in the range 210�280 nm (� = 1.69 �103 l mol�1 cm�1

at � = 269 nm) and shows fluorescence with a short
lifetime (8 ns) and quantum yield of 0.27 in the range
260�320 nm [5]. The transparency of TMPI at � >
300 nm allows its large amounts (up to 60 wt %) to
be introduced into PMMA, which, in combination
with the short fluorescence lifetime, makes TMPI
promising for development of large PSs for detecting
�-radiation and long-path high-energy particles. An-
other favorable property of TMPI as a primary emitter
is its high boiling point, so that, in contrast to naph-
thalene, TMPI does not volatilize from the scintilla-
tion formulation in the course of service.

As a sensitizer of TMPI luminescence we chose
PPP exhibiting high quantum yield (0.93) and short
lifetime (0.95 ns) of the fluorescence. The quantum
yield of the PPP fluorescence is higher compared to
TMPI; in this case, according to [10], the acceptor
utilizes the quanta emitted by the donor more effi-
ciently. In such cases, the number of quanta emitted
by the mixture is higher than the total number of
quanta emitted by the donor and acceptor in separate
solutions.

The overlap integrals between the absorption bands
of the acceptor and fluorescence bands of the donor
are considerably larger than those of the absorption
and luminescence bands of related molecules (Fig. 1),
which is due to higher molar extinction coefficients
of the acceptor (� = 3.4 � 104 l mol�1 cm�1) and full

�, nm

� � 10�4, l mol�1 cm�1; I, arb. units

Fig. 1. (1, 3, 5) Absorption and (2, 4, 6) luminescence
spectra of (1, 2) TMPI, (3, 4) PPP, and (5, 6) POPOP. Solu-
tions in heptane (2 � 10�2 M). (�) Molar extinction coeffi-
cient, (I) luminescence intensity, and (�) wavelength.

I, arb. units

c � 102, M
Fig. 2. (1) Intensity I of TMPI fluorescence at � = 282 nm
and (2) the quantity I0/I � 1 as functions of the PPP concen-
tration c in PMMA.

coincidence between the luminescence range of the
energy donor (TMPI) and absorption range of the ac-
ceptor (PPP). As a result, the efficiency of the induc-
tive-resonance dipole�dipole energy transfer is high.

As seen from Fig. 2, the TMPI luminescence is
efficiently quenched by PPP and virtually is not ob-
served at the PPP concentration c � 3 � 10�2 M.

The quenching effect of one luminescent additive
on another may be due either to a chemical reaction
between them or to energy transfer. Under the condi-
tions of the polymer synthesis, these compounds are
inert [6]. The luminescence quenching is due to the
energy transfer from TMPI to PPP and, as follows
from the linear dependence of (I0/I � 1) on c (Fig. 2,
curve 2), is described by the Stern�Volmer law [10]
with the bimolecular quenching rate constant Kq=
6.8 �109 l mol�1 s�1 (PMMA, 298 K). To compare, in
such a well-known formulation as naphthalene�PPO,
the quenching rate constant appeared to be almost
an order of magnitude lower: 8.7 � 108 l mol�1 s�1

(PMMA, 298 K).
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Properties of PMMA-based PSs
������������������������������������������������������������������������������������

PS components,
� Light � Absorption � Block length for �Number of radiation damages � �-Irradiation doze

%
� output, � coefficient, � 41.5% transmis- � in PMMA macromolecule � causing 25% decrease
� % � cm�1 �sion at 420 nm, m�after �-irradiation to 5.0 Mrad�in light output, Mrad

������������������������������������������������������������������������������������
TMPI, 17.0; � 105 � 0.0020 � 2.0 � 3.0 � 11
PPP, 0.2; � � � � �
POPOP, 0.010; � � � � �
PMMA,* 98.79; � � � � �
TMPI, 30.0; � 115 � 0.0020 � 2.0 � 1.9 � 14
PPP, 0.6; � � � � �
POPOP, 0.013; � � � � �
PMMA,* 69.27; � � � � �
TMPI, 60.0; � 120 � 0.0025 � 1.6 � 1.2 � 15
PPP, 0.85; � � � � �
POPOP, 0.015; � � � � �
PMMA,* 39.0; � � � � �
TMPI, 40.0; � 130 � 0.0020 � 1.9 � 1.4 � 14
PPP, 0.40; � � � � �
POPOP, 0.015; � � � � �
PMMA,* 59.59; � � � � �
Naphthalene, 15.0;� 100 � 0.0040 � 1.0 � 7.0 � 8
PPO, 0.30; � � � � �
POPOP, 0.08; � � � � �
PMMA,** 84.62 � � � � �
������������������������������������������������������������������������������������
* PMMA molecular weight 10 � 106. ** PMMA molecular weight 2 � 106.

To shift the luminescence spectrum of the TMPI�
PPP binary system toward the range of the highest
PM sensitivity, it is appropriate to use POPOP exhib-
iting a strong fluorescence in the range 370�480 nm;
its absorption spectrum efficiently overlaps with the

(a)

(b)

I � 10, arb. units

I � 102, arb. units

c, M

Fig. 3. Fluorescence intensity I of (1) PPP at � = 338 nm,
(2) PPP at � = 323 nm, and (3) POPOP at � = 415 nm as a
function of the PPP concentration c. Excitation wavelength,
nm: (a) 280 and (b) 250.

luminescence spectrum of PPP (Fig. 1). When PMMA
samples containing TMPI, PPP, and POPOP are irrad-
iated at � = 280 nm (with no TMPI absorption), the
intensity of the PPP luminescence grows as its con-
centration is increased to 1.15 M (Fig. 3a). Further
increase in the PPP concentration decreases the fluor-
escence intensity, probably owing to concentration
quenching, whereas the intensity of the POPOP emis-
sion remains unchanged. Apparently, the energy trans-
fer from PPP to POPOP occurs faster than self-
quenching of the PPP fluorescence. When similar
samples are irradiated at � = 250 nm, TMPI strongly
absorbs the energy along with PPP. An increase in the
PPP concentration is accompanied by quenching of
the TMPI luminescence (Fig. 2) and enhancement of
the PPP luminescence (Fig. 3b), probably, owing to
increased probability of the energy transfer from
TMPI to PPP. In turn, POPOP accepts the excitation
energy from both TMPI and PPP, causing the light
pulse in the emission range of this luminophore to
grow in intensity with increasing PPP concentration.

Calculations performed according to [14] show
that, in the system TMPI (1.27 M, or 30 wt %)�PPP
(8.5 �10�3 M, or 0.2 wt %)�POPOP (3 �10�4 M, or
0.01 wt %) in PMMA, the energy transfer from TMPI
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to PPP occurs with 70% efficiency, and from PPP to
POPOP, with 73% efficiency. As the PPP concentra-
tion is increased to 3.4 � 10�2 M, the efficiency of
the energy transfer from TMPI to PPP increases to
96%.

The PMMA-based plastic scintillator containing
TMPI, PPP, and POPOP is an optically uniform high-
ly transparent block showing a high scintillation effi-
ciency (table). The low extinction coefficients and
high light transmission coefficients allow fabrication
of a scintillator with the two times larger linear
dimensions as compared to the scintillator containing
the naphthalene�PPO�POPOP additives, with the
other parameters being the same.

The scintillation efficiency of PMMA-based PS
containing TMPI, PPP, and POPOP can be enhanced
by introducing polystyrene fragments in the poly-
meric chain in the course of copolymerization of
methyl methacrylate with styrene. Figure 4 shows that
the PS scintillation efficiency grows with increasing
content of styrene units (curve 1). However, introduc-
tion of styrene units makes the scintillation block
less transparent: The absorption coefficient of the
material containing 15 wt % styrene units is as high
as 0.015 cm�1.

Copolymerization of �-methylstyrene with methyl
methacrylate in the presence of TMPI, PPP, and
POPOP yields a PS whose scintillation efficiency is
even lower than that of PMMA-based PS, decreasing
as the �-methylstyrene content is increased (Fig. 4,
curve 2). It is known that �-methyl groups in the
polystyrene chain impair the scintillation characteris-
tics of PSs; the scintillation efficiency of poly-�-
methylstyrene is zero [2].

It should be noted that the scintillation efficiency
of PMMA containing TMPI, PPP, and POPOP con-
siderably grows with increasing TMPI content (Fig. 5,
curve 1) and only slightly grows with increasing PPP
content (curve 2).

The concentration dependence of the intensity of
TMPI fluorescence passes through a maximum at
0.85 M (25 wt %) content in PMMA [5]. The scintil-
lation efficiency of PS monotonically grows with
increasing TMPI concentration; the curve is steeply
ascending at TMPI content below 0.85 M and gradu-
ally flattens out at higher TMPI content (Fig. 5).
The different trends in variation of the intensity of
TMPI fluorescence in PMMA and of the PS scintilla-
tion efficiency suggest that the rate constant of the
energy transfer from TMPI to PPP molecules in the
scintillator is higher than the rate constant of self-

c, wt %

Fig. 4. PS scintillation efficiency � as a function of the
content c of (1) styrene and (2) 	-methylstyrene in the
copolymer. PS composition, wt %: (1) 75.29 methyl meth-
acrylate�styrene copolymer + 24.5 TMPI + 0.2 PPP + 0.01
POPOP; (2) 75.29 methyl methacrylate�	-methylstyrene
copolymer + 24.5 TMPI + 0.2 PPP + 0.01 POPOP.

c, wt %

c, wt %

Fig. 5. PS scintillation efficiency � as a function of con-
centration c of (1) TMPI and (2) PPP. PS composition,
wt %: (1) PMMA + 0.2 PP + 0.01 POPOP + TMPI and
(2) PMMA + 24.5 TMPI + 0.01 POPOP + PPP.

quenching. Also, this may due to physical differences
between scintillation and luminescence. In excitation
with, e.g., a 60Co source (�-ray energy 1.17 and
1.33 MeV), molecules pass to a higher excited state
than in UV excitation (energy about 10 eV). The sub-
sequent energy redistribution over vibrational levels
can affect the scintillation light output.

The TMPI inertness in polymerization of methyl
methacrylate allows wide variation of its concentra-
tion in scintillation blocks. The presence of large
amounts of this luminophore in the polymerizing mix-
ture results in dilution of the monomer and 	smear-
ing
 of the gel effect (sharp acceleration of the poly-
merization on reaching 15�20% conversion of the
monomer), which facilitates removal of the heat re-
leased in the process and prevents overheating of the
block. The molecular weight of the polymer does not
decrease, and the concentration of double bonds which
can form by disproportionation termination of the
propagating chain (a mechanism competing with re-
combination) and absorb in the short-wave range does
not grow. It is known that double bonds reduce the
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polymer transparency and enhance its sensitivity to
external effects.

The high transparency and high light output are
attained owing to a combination of TMPI with PPP
and POPOP. All the additives used have several func-
tions. They transfer the energy and ensure the maxi-
mally complete conversion of the incident energy to
the light energy. They exhibit high radiation resistance
and show radioprotective properties [15]. Owing to
absorption of the energy incident on the polymer,
followed by its emission in the form of fluorescence,
they protect the polymer from the radiation aging,
which is seen from the table. The numbers of radia-
tion damages in the PMMA macromolecule decrease
with increasing TMPI content, and the irradiation dose
causing a 25% decrease in the light output grows.
Prevention of the degradation of the polymeric base
favors stabilization of the scintillation characteristics
of PS in the course of service.

Thus, the use of TMPI as a luminescent additive to
PMMA widens the range of luminophores suitable as
secondary solvents for PSs, allows fabrication of
large PS blocks (more than 100 mm thick and more
than 2 m long), improves their scintillation character-
istics, and enhances their resistance to heat, light, and
radiation.

CONCLUSIONS

(1) Since 1,1,3-trimethyl-3-phenylindan absorbs
in the short-wave range only, its addition to poly-
(methyl methacrylate) does not deteriorate the effec-
tive transparency of the polymer.

(2) The energy transfer from the donor (1,1,3-tri-
methyl-3-phenylindan) to acceptor (p-terphenyl) oc-
curs at a high rate, virtually without energy loss.

(3) The plastic scintillator based on poly(methyl
methacrylate) and containing as luminescent additives
1,1,3-trimethyl-3-phenylindan, p-terphenyl, and 1,4-
di(5-phenyl-2-oxazolyl)benzene is characterized by
low absorption coefficient (0.0020�0.0025 cm�1) and
high light output (110�130%) relative to the plastic
scintillator with additions of naphthalene, 2,5-diphen-
yloxazole, and 1,4-di(5-phenyl-2-oxazolyl)benzene.
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Abstract�The size of coherent scattering regions formed in carbon fibers was studied as influenced by
the preparation conditions of the initial polyacrylonitrile thread and conditions of preliminary (�200�C) and
flash high-temperature (�2400 and �3200�C) thermomechanical treatments.

Carbon fibers with good mechanical properties are
produced by multistep thermomechanical treatment
(TMT) of polyacrylonitrile (PAN) threads at tempera-
tures of up to 3200�C. Carbon fiber well-textured
along the filament axis is formed after complex struc-
tural-chemical transformations during high-tempera-
ture treatment. The texture and average sizes L002 and
L110 of the coherent scattering regions (CSRs) formed
in the carbon fiber largely determine its physico-
chemical properties and depend on both preparation
conditions of PAN threads and conditions of the ther-
momechanical treatment [1�6]. The dependence of the
average sizes of CSRs (L002 and L110) on the heat
treatment temperature and the correlation of L002 and
L110 were studied in [3�5]. Since flash thermal treat-
ment lasts for no more than 10 s [1], CSRs are formed
under strongly nonequilibrium conditions.

In this work we analyzed the average sizes of CSRs
(L002 and L110) formed in carbon PAN threads in the
course of their preparation by flash thermal treatment
of a braid of 7200 PAN threads at 2400 and then
at 3200�C. The following experimental parameters
were varied: (a) thermal stabilization conditions (ex-
tent of oxidation F of the threads determined by the
procedure in [6]), (b) preparation conditions of the ini-
tial PAN thread (temperature and concentration of
the precipitating solution), and (c) mechanical loading
on the braid during the high-temperature treatment
(variation of the relative elongation of the braid). In
some experiments the time of the high-temperature
isothermal treatment was also varied. The average
values of L002 and L110 in carbon fibers was deter-
mined by conventional X-ray diffraction analysis
(DRON-3 diffractometer, CuK� radiation).

Experimental average sizes of CSRs (L002 and
L110) and the L110 /L002 ratio in carbon fibers prepared
under different heat-treatment conditions are presented
in Tables 1 and 2. Let us consider the influence of the
thermal stabilization conditions on the average sizes
of CSRs in the carbon fibers treated at 2400�C. The
extent of oxidation F of PAN threads in the range
from 0.44 to 0.7 was afforded by varying the tempera-
ture and time of the thermal stabilization. As seen
from Table 1, the average sizes of CSRs in the carbon
fiber prepared under these conditions appreciably
differ. The L002 in the carbon fibers ranged from 2 to
2.5 nm, whereas L110 characterizing the length of car-
bon CRS varied in a wider range, from 4 to 11.6 nm.
The minimal and maximal values of L110 /L002 were
1.9 and 5.4, respectively.

Carbon fibers with L002 and L110 in the range 1.9�
2.5 and 5.9�7.4 nm, respectively, were prepared by
varying in a wide range the axial mechanical loading
providing 10 and 20% increase in the specific elonga-
tion as compared to the preset value. In these experi-
ments, L002 and L110 changed to a similar extent
(L110 /L002 = 3).

The preparation conditions of the initial PAN
thread (temperature and concentration of the pre-
cipitating solution) negligibly affect L002 and L110,
which are in the range 2.1�2.3 and 3.9�5.2 nm, re-
spectively. In these experiments, the L110/L002 ratio
varied from 1.9 to 2.4.

The average sizes
�
L002 and

�
L110 in all the sam-

ples prepared at 2400�C are 2.2 and 5.2 nm, respec-
tively, and

�
L110/

�
L002 = 2.3. The least-squares plot
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Table 1. Structural parameters of carbon fiber prepared by TMT under similar conditions of the flash high-temperature
treatment
������������������������������������������������������������������������������������

Preparation conditions of carbon fiber

� 2400�C � 3200�C
������������������������������������������������
� L002 � L110 �

�L110/�L002

� L002 � L110 �
�L110/�L002����������������� �����������������

� nm � � nm �
������������������������������������������������������������������������������������
From braids thermally stabilized under different � 2.4 � 6.2 � 2.6 �

7.0
�

16.6
�

2.4conditions (the extent of oxidation F of PAN � 2.2 � 5.5 � 2.5 � � �
thread ranged from 0.44 to 0.7) � 2.1 � 4.9 � 2.3 �

�
�

�
�

�� 2.1 � 4.7 � 2.2 � � �
� 2.5 � 6.5 � 2.6 � � �� � � � 6.6 � 18.7 � 2.8� 2.2 � 5.2 � 2.4 � � �
� 2.1 � 4.4 � 2.1 � � �� � � � 8.9 � 22.8 � 2.6� 2.1 � 4.0 � 1.9 � � �
� 2.1 � 5.0 � 2.4 � � �� � � � 8.1 � 24.6 � 3.0� 2.1 � 5.5 � 2.6 � � �
� 2.2 � 5.4 � 2.5 � � �� � � � 8.6 � 20.2 � 2.3� 2.5 � 6.1 � 2.4 � � �
� 2.0 � 7.6 � 3.8 � 9.7 � 59.0 � 6.1
� 2.4 � 11.6 � 4.8 � 9.4 � 51.8 � 5.5
� 2.1 � 10.9 � 5.1 � 9.3 � 52.8 � 5.7
� 2.0 � 10.9 � 5.4 � 9.0 � 54.3 � 6.0
� 2.0 � 7.8 � 3.9 � 9.6 � 61.3 � 6.4
� 2.0 � 7.6 � 3.7 � 9.6 � 57.9 � 6.1
� � � � � �From PAN thread prepared at different temperatures� 2.2 � 4.7 � 2.1 � 8.1 � 14.1 � 1.7

and concentrations of the precipitating solutions � 2.3 � 4.8 � 2.1 � 6.8 � 12.5 � 1.8
and thermally stabilized under the same conditions � 2.2 � 4.7 � 2.1 � 9.2 � 16.5 � 1.8

� 2.1 � 3.9 � 1.9 � 7.5 � 13.5 � 1.8
� 2.1 � 4.6 � 2.2 � 6.7 � 12.8 � 1.9
� 2.2 � 5.2 � 2.4 � 6.5 � 12.6 � 1.9
� 2.3 � 5.1 � 2.2 � 6.2 � 12.5 � 2.0
� 2.3 � 4.7 � 2.0 � 8.8 � 17.3 � 2.0
� 2.2 � 4.9 � 2.2 � � � � � �

� 2.3 � 5.1 � 2.2 � 6.6 � 11.8 � 1.8
� 2.2 � 4.9 � 2.2 � 7.0 � 12.6 � 1.8
� � � � � �From PAN threads drawn under different conditions� 2.5 � 7.4 � 3.0 � 4.8 � 13.5 � 2.8

(preset elongation increased by 10 and 20%) and � 1.9 � 5.9 � 3.1 � 5.0 � 14.2 � 2.8
thermally stabilized under the same conditions � 2.3 � 6.8 � 3.0 � 4.5 � 13.3 � 3.0
������������������������������������������������������������������������������������

of L002 vs. L110 is virtually parallel to the L110 axis
(Fig. 1a).

This indicates that the sizes of CSRs in carbon
fibers thermomechanically treated at the temperatures

(a)

L110, nm

relatively low for carbon materials increase mainly
along the carbon layers.

The average sizes of
�
L002 and

�
L110 regions in PAN

threads prepared at 2400�C and thermomechanically

L110, nm

(b)
L002, nm

L002, nm

Fig. 1. Correlation of L002 and L110 sizes of CSR regions in carbon fibers heated (a) at 2400 and (b) at 2400 and additionally
at 3200�C.
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Table 2. Structural parameters of carbon fiber prepared by flash high-temperature treatment
������������������������������������������������������������������������������������

Preparation conditions of carbon fiber
�

Variable parameter
� L002 � L110 �

�L110/�L002� ��������������������
� � nm �

������������������������������������������������������������������������������������
Prolonged isothermal high-temperature treatment, �1��6 ��1 = 2.2 s � 6.6 � 22.0 � 3.4

� � 7.2 � 20.6 � 2.9
� � � ���2 = 1.8 s � 8.9 � 27.4 � 3.1
� � 8.0 � 26.7 � 3.3
� � 8.0 � 28.1 � 3.5
� � � ���3 = 1.55 s � 7.3 � 26.7 � 3.7
� � 8.3 � 27.0 � 3.3
� � � ���4 = 1.35 s � 6.9 � 21.7 � 3.1
� � 7.1 � 26.0 � 3.7
� � � ���5 = 1.2 s � 6.4 � 20.9 � 3.3
� � 7.3 � 23.7 � 3.2
� � � ���6 = 1 s � 8.9 � 29.7 � 3.3
� � � �Heating from T1 �3050 to T7 �3150�C under 1.5 kg axial� T1 � 6.5 � 20.4 � 3.1

loading on the braid � T2 � 7.3 � 26.3 � 3.6
� T3 � 8.3 � 30.3 � 3.7
� T4 � 8.3 � 33.6 � 4.0
� T5 � 10.3 � 53.0 � 5.1
� � � �Heating from T1 �3050 to T7 �3200�C under 0.75 kg � T1 � 7.2 � 25.8 � 3.6

axial loading on the braid � T3 � 7.6 � 32.6 � 4.3
� T5 � 9.4 � 41.7 � 4.4
� T6 � 8.3 � 33.1 � 4.0
� T7 � 9.8 � 50.8 � 5.2
� � � �Heating from T1 �3050 to T7 �3200�C under 0.375 kg � T1 � 7.5 � 30.7 � 4.1

axial loading on the braid � T3 � 7.5 � 27.1 � 3.6
� T5 � 7.2 � 27.1 � 3.8
� T6 � 7.5 � 31.1 � 4.1
� T7 � 8.0 � 34.2 � 4.3
� � � �Heating from T1 �3050 to T7 �3200�C under 0.125 kg � T1 � 7.0 � 26.1 � 3.7

axial loading on the braid � T2 � 6.8 � 24.6 � 3.6
� T3 � 7.7 � 29.8 � 3.9
� T4 � 6.7 � 24.3 � 3.6
� T5 � 8.2 � 33.1 � 4.0
� T6 � 8.3 � 30.7 � 3.7
� T7 � 8.4 � 35.4 � 4.2

������������������������������������������������������������������������������������

treated at 3200�C reached 7.5 and 28.2 nm, respec-
tively (i.e. they increased by a factor of 3.4 and 5.4,
respectively, as compared to those in the thread treated
at 2400�C), and the

�
L110/

�
L002 ratio reached 3.1 (i.e., it

increased by a factor of 1.4). The sizes L002 and L110
in the carbon fibers range from 12 to 60 and from 5
to 10 nm, respectively (Tables 1, 2). As seen from
Table 1, the largest CSR regions with L110/L002 from
5.5 to 6.4 are formed in the threads pretreated at
2400�C with L110 exceeding 6.7 nm.

The L002 vs. L110 dependence for carbon fibers

additionally heated at 3200�C can be fitted by a linear
function L002 = 0.065L110 + 6 (see Fig. 1b). In this
case, unlike carbon fibers heated at 2400�C, larger
L002 corresponds to larger CSR size in the (110)
direction. The L110 size in the direction along the fila-
ment axis can be substantially changed by mechanical
drawing in the course of heat treatment (Table 2). The
sizes of CSRs did not change when the isothermal heat
treatment at 3200�C was shortened from 2.2 to 1 s.

Thus, CSRs are formed in carbon fiber upon flash
high-temperature treatment. The sizes L002 and L110
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strongly and simultaneously increase upon additional
heat treatment at 3200�C. The difference in the ratio
of the length of CSRs to their height (L110/L002) for
the threads heated both at 2400 and 3200�C is proba-
bly due to structural differences produced under dif-
ferent conditions of formation and thermal stabiliza-
tion of PAN threads and different conditions of TMT.

CONCLUSIONS

(1) The L002 and L110 sizes of coherent scattering
regions in the carbon fibers rapidly heated to high
temperatures are determined by conditions of ther-
mal stabilization and formation of polyacrylonitrile
threads.

(2) The L002 and L110 sizes increase several times
after additional high-temperature (�3200�C) thermo-
mechanical treatment of the carbon fiber. In this case,
the final structure also depends on the conditions of
thermal stabilization and formation of the polyacrylo-
nitrile thread.
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Abstract�The influence exerted by the copolymer concentration, ionic strength, and kind of single- and
multicharged ions on the reduced Thoms effect was examined for ionic acrylamide copolymers as additives
reduciong the hydraulic resistance of turbulent aqueous-salt flows. Synergism and antagonism were detected
for certain combinations of the polymer and electrolytes.

Ionic acrylamide (AA) copolymers, along with
polyoxyethylene [1, 2], are relatively accessible syn-
thetic water-soluble polymers showing much promise
as additives decreasing the hydraulic resistance of
turbulent water flows (Thoms effect) [3, 4]. When
working with multicomponent aqueous solutions of
various compositions (in particular, with aqueous-salt
media), a topical problem is to find additional possi-
bilities for enhancing the performance of ionic AA
copolymers as turbulence quenchers. Available data
on how the value of the Thoms effect (T) depends on
the chemical nature of the electrolyte are extremely
scarce: The only indication is that T decreases on
introducing into the dispersion medium some 1�1
electrolytes (NaCl, KCl) [5�7].

In this work, we evaluated on the quantitative level
how the chemical nature of single- and multicharged
electrolytes and their binary compositions affects the
performance of ionic (anionic and cationic) AA co-
polymers as additives decreasing the apparent viscos-
ity of turbulent aqueous solutions. Also we deter-
mined the conditions of manifestation of the synergis-
tic and antagonistic effects associated with the non-
additive contributions of the components (polymer
and electrolyte) to the resultant macroscopic Thoms
effect [8].

In the aqueous-salt solutions studied, the synergis-
tic and antagonistic effects are highly probable owing
to two facts: (1) multicharged electrolyte ions very
strongly affect the conformation of flexible-chain
macromolecules of ionic AA copolymers and the
structure of the electrical double layer [9]; (2) capil-
lary transport of aqueous-salt solutions of ionic AA
copolymers was performed in flows of liquids with a

weakly pronounced turbulence: For water, the Rey-
nolds number Re = 5.2 � 103 [10, 11]. It should be
noted that, at low Re, the macromolecules did not
undergo noticeable mechanical degradation in a turbu-
lent flow through a capillary [12].

EXPERIMENTAL

Experiments were performed with cationic (C) and
anionic (A1 and A2, differ in the content of ionic
units) water-soluble AA copolymers. Sample A1 was
a random copolymer of AA with sodium acrylate
(SA); M = 7.3 � 106, content of ionic (acrylate) units
� = 41.0%. The copolymer was prepared by mild base
hydrolysis of high-molecular-weight polyacrylamide
(0.1% aqueous solution, 50�C, NaOH). Sample A2
had a similar molecular weight (M = 10.8 � 106) but
different microstructure of macromolecules. It was
purchased from Allied Colloids (the United Kingdom)
under the trade name of Alcoflood 1175-A. This ani-
onic copolymer of AA with SA (� = 21.5%) was pre-
pared by radical copolymerization of AA with SA in
aqueous solution. Sample C was a random copolymer
of AA with dimethylaminoethyl methacrylate hydro-
chloride; M = 2.3 � 106, � = 16.3%. It was prepared
by radical copolymerization of the corresponding
monomers in aqueous solution.

As multicharged electrolytes we used K4[Fe(CN)6]
with a quadruple-charged anion and FeCl3 with a
triple-charged cation, and also NaCl as a reference
electrolyte.

The procedures for measuring the parameter T and
the reduced Thoms effect � = T/c (c is the polymer
concentration) are similar to those described in [8, 13].



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 5 2003

814 MYAGCHENKOV, CHICHKANOV

max
max
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c, kg m�3

Fig. 1. Thoms effect T for nonionic AA copolymers as a
function of copolymer concentration c: (1) A1, (2) A2, and
(3) C.

Consider the concentration dependence T = f (c) for
three ionic AA copolymers: A1, A2, and C (Fig. 1).
First, it should be noted that curves 1�3 have well-
defined maxima; as the molecular weight M of the
copolymers increases (going from C to A1, A2), the
maximum shifts toward lower values of the argument:
c0(1, 2) < c0(3). The maxima in the curves T = f (c)
are apparently associated with the presence of a cer-
tain optimal concentration copt of ionic AA copoly-
mers in the most active zone of quenching of turbu-
lence waves, namely, in the near-wall zone of the cap-
illary (zone I) [10]. In view of specific features of
mass transfer of macromolecules in the turbulent
mode of solution flow, the concentration copt differs
from c0, sometimes considerably, especially when
strong changes in the conformational state of macro-
molecules (or macroions) in going from the laminar to
turbulent mode of solution flow are taken into account
[14]. The ascending portions of curves 1�3 at concen-
trations of AA copolymers below c0 suggest that copt
grows with increasing c; hence, the concentration
of the most active local centers of quenching of tur-
bulence waves, arising in the immediate vicinity of
the capillary walls, varies in the same direction. The
descending portions of the T = f (c) curves at the con-
centrations c > c0 suggest that the number of �effec-
tive� quenchers of the flow turbulence in zone I does
not increase or increases only slightly.

In the descending portions of curves 1�3 in Fig. 1,
the decisive role is played by an increase in the effec-
tive viscosity of solutions of ionic AA copolymers
during transport to the capillary inlet. When viscous
solutions pass along the pumping line (including the
transition section at the capillary inlet), the mean
velocity of the macroscopic liquid flow v decreases

as compared to the similar parameter for the �internal
reference,� water. As a consequence of a decrease in
v, the effective excess pressure in solution flow in a
capillary decreases, and this trend is more pronounced
at higher c. Obviously, the rate of solution transport
through the capillary decreases in parallel with the
excess pressure; hence, at copolymer concentrations
c > c0 an increase in c is accompanied by a decrease
in T and �.

In view of the inequalities M(A1), M(A2) > M(C),
and (

�

R2)0.5(A1), (
�
R2)0.5(A2) > (

�

R2)0.5(C) [9], the rela-
tionsip between the parameters T in the region of the
maxima in the T = f (c) curves, namely, Tmax(C) >
Tmax(A1), Tmax(A2), is quite unexpected.

This apparently illogical inequality becomes under-
standable if we take into account specific features of
electrostatic interactions of C, A1, and A2 macroions
with the negatively charged surface of the capillary.
For C macrocations, these interactions increase the
potential energy of attraction Uattr, and for A1 and A2
macroanions Uattr decreases. As a result, the localized
adsorption and the parameter copt increase for C mac-
rocations and decrease for A1 and A2 macroanions,
which ultimately results in increased Tmax(C) and de-
creased Tmax(A1) and Tmax(A2).

Let us then consider how the Thoms effect is mani-
fested in more complex systems, namely, in disperse
systems with added low-molecular-weight electrolyte.
Preliminary experiments showed that, to obtain quan-
titative information on how the ionic strength J and
chemical nature of the electrolyte influence the Thoms
effect, it is most appropriate to keep constant the
concentartion of the polymeric additive and add con-
trolled amounts of electrolytes. For the electrolytes
K4[Fe(CN)6] and FeCl3, the ionic strength was calcu-
lated as

J = 0.5(a1z1
2 + a2z2

2),

where a1 and a2, z1 and z2 are, respectively, the molar
concentrations and charges of the first and second ions
of the electrolyte in solution.

Taking into account the specific features of T = f (c)
dependences for the cationic (C) and anionic (A1, A2)
AA copolymers, we chose two working concentra-
tions, one of which corresponded to the ascending
(c < c0), and the other, to the descending (c > c0) por-
tion of the T = f (c) dependence.

Figures 2a�2c show the � = f (J) dependences for
all the examined ionic AA copolymers and electro-
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lytes. Comparative analysis of these data allows some
basic conclusions.

(1) For all the AA copolymers (C, A1, A2), the
reduced Thoms effect � strongly depends on particular
electrolyte. This is clealry seen when comparing the �

values at fixed J.

(2) The shape of the � = f (J) curves in Figs. 2a�2c
strongly depends on the copolymer concentration. At
the concentrations of A1, A2, and C corresponding to
the ascending portions of the curves T = f (c), the
reduced Thoms effect tends to decrease with increas-
ing J (antagonistic effect), whereas at higher concen-
trations of the ionic AA copolymers, corresponding to
the descending portions of the curves T = f (c), � tends
to grow with increasing J (synergistic effect in the
systems ionic AA copolymer�electrolyte). This diffi-
cultly predictable change in the behavior of ionic AA
copolymer�electrolyte systems (transition from the
synergistic to antagonistic effect) at variation of the
copolymer concentration can be qualitatively under-
stood taking into account that different functions of
an electrolyte are manifested simultaneously. In par-
ticular, electrolytes participate in formation of the
electrical double layer (EDL) at the capillary surface;
they also affect the conformation and optimal concen-
tration copt of macromolecules (macroions) of ionic
AA copolymers in the most active zone of turbulence
quenching (zone I) and the effective viscosity in the
pumping line of the installation for studying the
Thoms effect [13, 15].

(3) With increasing concentration of K4[Fe(CN)6],
the reduced Thoms effect for the cationic AA copoly-
mer drastically decreases (Fig. 2c), and with FeCl3 a
similar trend is observed for the anionic AA copoly-
mers (Figs. 2a, 2b). The primary cause of strong anta-
gonistics effects observed in the systems ionic copoly-
mer�multicharged electrolyte is associated with local
electrostatic interactions of charged segments of A1
and A2 macroanions (or C macrocation) with Fe3+

cations {or [Fe(CN)6]4� anions}, which sharply de-
crease the root-mean-square size of macromolecular
coils and induce their globulization [14, 16].

This is supported by viscometric data for these sys-
tems (Fig. 3, curves 3, 4). When a multicharged ion
has a like charge with a macroion (Fig. 3, curve 2),
and also when a 1�1 electrolyte (NaCl) is used in
combination with both anionic and cationic copoly-
mers, the decrease in the viscosity number and re-
duced Thoms effect with increasing J is appreciably

(a)�, m�3 kg�1
�, m�3 kg�1

J, N
(b)�, m�3 kg�1

J, N

�, m�3 kg�1

�, m�3 kg�1
�, m�3 kg�1(c)

J, N
Fig. 2. Reduced Thoms effect � as a function of the solu-
tion ionic strength J for ionic copolymers (a) A1, (b) A2,
and (c) C. Polymer concentration, kg m�3: (1�3) 0.03 and
(4�6) 0.15. Electrolyte: (1, 4) K4[Fe(CN)6], (2, 5) NaCl,
and (3, 6) FeCl3.

less pronounced. An exception is the C�FeCl3 system
for which, although both the macroion and Fe3+ ion
are positively charged, the viscosity number notice-
ably decreases with increasing J. (Fig. 3, curve 5).
Such a trend for the C�FeCl3 system is due to intra-
and intermolecular donor�acceptor interactions of
Fe(III) with the carbonyl oxygen atom of monomeric
(acrylamide) fragments of C macromolecules, which
are accompanied by contraction of macromolecular
coils {decrease in (

�

R2)0.5 [17, 18]}. Note that in C
the concentration of nonionic (AA) units considerably
exceeds the concentration of ionic units (� = 16.3%).
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J, N

�sp/c, m3 kg�1

Fig. 3. Viscosity number �sp/c of ionic copolymers
(1�3) A1 and (4, 5) C as a function of the ionic strength J.
Polymer concentration, kg m�3: (1�3, 5) 0.03 and (4) 0.1.
Electrolyte: (1) NaCl, (2, 4) K4[Fe(CN)6], and (3, 5) FeCl3.

C

b c

Fig. 4. Thoms effect T for copolymers (a, b) A1 and (c) C
as influenced by the order of adding binary electrolyte com-
positions. (A1, A2, C) Copolymer solution without electro-
lytes added. Polymer concentration, kg m�3: (a, b) 0.03 and
(c) 0.5. Electrolytes, g-equiv l�1: (a) (E1) 0.01 K4[Fe(CN)6]
and (E2) 0.01 NaCl; (b) (E1) 0.02 K4[Fe(CN)6] and
(E2) 0.01 FeCl3; and (c) (E1) 0.01 NaCl and (E2) 0.01
FeCl3. Order of adding electrolytes: (1) first E1, then E2;
(2) first E2, then E1; and (3) E1 + E2 simultaneously.

In view of the facts that T and � strongly depend on
particular electrolyte and interaction of active compo-
nents in aqueous salt solutions involves many factors,
it seemed interesting to study how binary electrolyte
systems and the order of their addition affect the re-
sultant macroscopic Thoms effect. Figure 4 shows that
the parameter T depends on the order of adding com-
ponents both for binary mixtures of multicharged and
1�1 electrolytes (Fig. 4, histograms a, c) and for a
mixture of two multicharged electrolytes (Fig. 4, his-
togram b). The effect of the order of adding compo-
nents was pronounced to a considerably greater extent
for a mixture of K4[Fe(CN)6] and FeCl3 (Fig. 4, histo-
gram b), which is quite understandable, since the
interaction of the electrolytes is complicated by a
redox reaction.

Thus, it is principally possible to enhance the
Thoms effect by properly choosing the mode of add-
ing binary electrolyte systems, so as to obtain a syn-
ergistic effect [8].

CONCLUSIONS

(1) The ionic strength and chemical nature of
multicharged electrolytes strongly influence the re-
duced value of the Thoms effect.

(2) In multicomponent systems, active components
(polymeric additive and electrolytes) can exhibit both
synergism and antagonism with respect to the Thoms
effect.

(3) With binary electrolyte systems, the value of
the Thoms effect depends on the order of adding the
components.
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Abstract�The nanostructures formed by reduction of Se(IV) in the selenite�ascorbate redox system in an
aqueous solution of supermacromolecular polycation, poly[trimethyl(methacryloyloxyethyl)ammonium]
methyl sulfate, were studied by static and dynamic optical scattering and flow birefringence.

Formation of uncharged metal nanoparticles of
1�100 nm size, which have energy-saturated surface
and exhibit certain anomalies in physicochemical
properties, is extensively studied [1].

However, such metal nanoparticles are unstable in
aqueous solutions in the absence of stabilizing agents.
One of the most promising procedures for preparing
stable metal nanoparticles is reduction of their ionic
species in polymer solutions. In the course of the
pseudo-template synthesis, macromolecules and form-
ing nanoparticles recognize each other, which allows
control of the nanoparticle size by varying the struc-
ture and molecular weight of the polymer [2].

Such polymer-stabilized nanoparticles are of par-
ticular importance as highly selective catalytic sys-
tems and adsorption matrices for immunoassay, and,
due to the rapid development of the biological nano-
technologies, as active components of drugs and trans-
port systems for biologically active compounds [3�5].

However, much less attention was given to non-
metal nanoparticles, especially those of amorphous
selenium(0) (nano-a-Se0), which, in contrast to metal
nanoparticles, can be described as an inorganic poly-
mer containing predominantly the Se6 and Se8 ring
fragments bound by the Se�Se covalent bonds [6].
Nano-a-Se0 exhibits unique photoelectric and semi-
conductor properties and X-ray sensitivity; it is used
as highly sensitive biological sensor for immunoassay
[7] and chromatographically mobile affine reagent [8].

Moreover, selenium is an imperative element for
normal vital activity, it exhibits antioxidantive, anti-
mutagenic, immunnostimulating, and detoxication
activity [9]. Therefore, selenium and its compounds
are of particular interest as potential drugs.

As shown in [10], the reduction of sodium selenite
with glutathione in aqueous solution of bovine serum
albumin (BSA) yields red nano-a-Se0, which is weak-
ly toxic but retains the biologically active properties
typical for ionic selenium species. It was found that
these nano-a-Se0 particles are predominantly stabilized
by adsorption processes, in which the noncovalent
(poorly understood at present) interactions of the BSA
macromolecules with nanoparticles play the decisive
role.

To reveal the nature of these interactions and their
contribution to stabilization of nano-a-Se0, we studied
formation of selenium(0) nanoparticles in the presence
of a synthetic polybase and analyzed the morphologi-
cal characteristics of the resulting adsorbates by vari-
ous optical methods.

EXPERIMENTAL

In our work we studied nanoparticles of a-Se0 pre-
pared by reduction of selenious acid (SA) with ascor-
bic acid in the presence of a polymer and without it.

The reagent purity was no less than 99.99%. The
reduction kinetics was studied at the SA concentration
of 1.7 mM at 20�C on a Specord M40 spectrophotom-
eter (� 320 nm).

As a polymeric stabilizer we used supermacromolec-
ular poly[trimethyl(methacryloyloxyethyl)ammonium]
methyl sulfate [polybase (PB)] with Mw 9�106 and
intrinsic viscosity in 1 M NaNO3 [�]21 = 4.5 dl g�1:

CH3
�

�[�CH2�CH�]n
�

O=C�O�(CH2)2�
+
N(CH3)3 CH3�SO4

�
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The nanocomposites of PB and elemental Se in the
90 : 10 weight ratio were prepared by reduction of
Se(IV) in solutions with a selenium concentration
of 0.01%.

The variation of the apparent viscosity of PB solu-
tion with time in the course of SA reduction was
monitored on a Brookfield rheoviscometer at a rotor
rotation rate of 12 rpm.

The relative viscosity �r was determined on an
Ostwald capillary viscometer with a water outflow
time of 120�0.2 s at 21�C.

Using the flow birefringence (FBR) procedure [11],
we evaluated the molecular dispersity of the resulting
adsorbates in solutions using the gradient dependence
of the FBR value �n.

The FBR value �n was determined in relation to
the gradient of the rotor rotation rate g and PB con-
centration c at fixed concentration of selenium. We
used a titanium dynamo-optimeter equipped with an
internal rotor (4 cm high, with a 0.3 mm gap between
the rotor and stator). All the measurements were
carried out in the temperature-controlled solutions at
21�C to exclude changes in the viscosity and optical
density due to the temperature gradient. The experi-
mental setup was calibrated using phenylethyl alcohol
with high FBR (�n/g 17 �10�12) and the polystyrene�
bromoform system. The error in the FBR determina-
tion [n] = lim g�0, c�0 (�n/gc�0) (�0 is the solvent
viscosity) did not exceed 10%. The measurements
were performed at g < gk, where gk is the velocity
gradient at which the flow becomes turbulent.

In the general case (dn /dc � 0, where dn/dc is an
increment of the solution refraction index, which
comprised 0.155 and 0.214 for PB�H2O and PB�Se0�
H2O systems, respectively), the experimental [n]
value includes three effects: [n] = [n]e + [n]fs + [n]f,
where [n]e is the intrinsic anisotropy and [n]fs and [n]f
are the micro- and macroform effects, respectively
[11]. The total segmental anisotropy [n]e + [n]fs is
determined by the equilibrium rigidity of the polymer
chain A and by the structure of a polymer unit, where-
as [n]f is related to the asymmetry of the macromole-
cule (or particle) p by the following expression:

[n]f = [(n2
s + 2)/3]2[Mw(dn/dc)2f (p)]/(30�RTns)

= constM9(dn/dc)2f (p),

where Mw is the molecular weight of the adsorbate
macromolecule; ns, refractive index of the solvent;
T, absolute temperature; R, universal gas constant; and

f (p), tabulated function of the ratio of axes of a rigid
(impermeable for solvent) ellipsoid approximating
a particle [11].

Thus, for macromolecular flexible-chain and
moderately rigid-chain polymers (A < 5 nm) with in-
significant optical anisotropy and low molecular
weight of the monomeric unit, [n] 	 [n]f, which al-
lows direct determination of the parameter p from the
experimental FBR values [11].

Using the elastic (static) light scattering method
[12], we evaluated the molecular weight Mw and the
size Rg of nanoparticles in question, and also their
affinity for water solvent (from the second virial coef-
ficient A2). The amount of macromolecules adsorbed
on the selenium nanoparticle surface was determined
from the ratios of Mw for PB and its adsorbates. The
reduced intensity of the solution scattering R� was
determined using a Fica photogoniodiffusometer.
The wavelength of the incident vertically polarized
light was 546.1 nm. The measurements were per-
formed at the scattering angles 
 = 30��150�. The
solutions and solvents were purified by centrifuging at
15 �103 rpm for 1.0�1.5 h. The refractive index in-
crements dn /dc were determined with an IRF-23
refractometer.

The experimental data on the light scattering were
treated with the Zimm procedure by double extrapola-
tion (to c = 0, 
 = 0) of the dependences of Kc/R� on
sin2 (
/2) + kc (K is the calibration constant, and k is
a numerical constant).

The average hydrodynamic parameters of the par-
ticles RH were determined by the quasi-elastic (dy-
namic) light scattering method [13]. The parameter �*
characterizing the nanostructure conformation [14�17]
was determined from the experimental ratio of Rg and
RH for the PB�Se0 adsorbate.

The optical section of the unit for measurements of
the dynamic light scattering was equipped with an
ALV-SP goniometer (Germany) and an He�Ne laser
(� 632.8 nm, 20 mW). The correlation function of
the scattered light intensity was evaluated with a
288-channel Photo Cor-FC correlator (Anteks Joint-
Stock Company, Russia). The experimental data were
treated by the Tikhonov’s methods of cumulants and
normalization using appropriate software.

In reduction of SA with ascorbic acid, the first-
order rate constant with respect to SA was 1.56 �
10�3 s�1, and it increased to 2.1�10�3 s�1 in the pres-
ence of PB. Without PB, the resulting Se0 nanopar-
ticles were unstable and formed aggregates in 3�
4 days, which then precipitated. In the presence of
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the polymer stabilizer, the nano-a-Se0 particles were
aggregation-stable for at least 6 months.

The apparent viscosity of the PB solution remained
constant for 1 day, comprising about 200 cPs, and
then it sharply decreased to 30 cPs, which suggests
that the total number of the particles in the solution
decreased owing to the adsorption of macromolecules
on the surface of selenium nanoparticles. As seen
from the comparison of the intrinsic viscosity of the
initial PB and PB�nano-a-Se0 adsorbate, the estimated
[�] value decreased from 55 to 12 dl g�1. At the same
time, Mw for the adsorbate determined from the data
of the static light scattering was 100�106, i.e., it in-
creased by a factor of 11 as compared to the free PB
macromolecules.

The second virial coefficient A2 for this system is
very small (0.1 �10�4 cm3 mol g�1); it shows that the
thermodynamic state of solution is close to ideal.

In aqueous solutions, the average hydrodynamic
radius RH for free PO macromolecules is 540 nm,
whereas for selenium nanoparticles prepared in the
absence of polymeric stabilizer it comprises 170 nm.
The size of the PB-Se0 adsorbate, evaluated from the
dynamic and static light scattering data, is consider-
ably smaller [Rg (rms radius of inertia) 70 nm, RH
70 nm]. In this case, �* = Rg /RH = 1, which suggests
almost ideal spherical shape of the adsorbate formed
[14�17].

To determine the radius of the core selenium nano-
particles in the adsorbate, the aqueous PB-Se0 solu-
tion was lyophilically dried, and the dry product was
pelletized and studied by small-angle X-ray diffraction
analysis. It was found that the radius of the spherical
Se0 particle was about 15 nm, i.e., it was smaller by
nearly an order of magnitude than that of the particles
prepared without polymeric stabilizer. Thus, in aque-
ous solution the thickness of the polymeric coating on
the Se0 nanoparticles is about 55 nm, i.e., macro-
molecules are strongly compacted upon adsorption.

The data on the optical properties of PB suggest
that in aqueous solutions it is an impermeable strong-
ly asymmetric swollen ball with asymmetry p > 2 [18].

On passing from the PB�H2O system to the PB�Se0�
H2O system, the optical anisotropy decreased from
10 000 to 6000 cm4 s2 g�2, which is probably due to
the changes in the macromolecule conformation.

It should be noted that, in the entire concentration
(c) range studied, the PB�H2O and PB�Se0�H2O sys-
tems retain the molecular-dispersion state of solutions.

This is confirmed by the �n = f (g) dependences: at
g < gk, for any c, these dependences are well approxi-
mated by straight lines passing through the origin.

In the [n] 	 [n]f approximation for the PB�Se0�
H2O system, our calculations of the parameter p
showed nonspherical conformation of the nanostruc-
ture; p = 2.1, which corresponds to the conformation
of the Gaussian ball [11]. However, the absence of
the concentration dependence of the reduced optical
anisotropy in the PB�Se0�H2O system indicates that
the parameter p tends to 1, i.e., the conformation tends
to spherical [11]. Since, even in the case of such rigid
macromolecule as DNA, the shape of macromolecule
adsorbates on metal nanoparticles is close to spherical
[19], the [n] 	 [n]f approximation for the PB�Se0�
H2O system is inadequate. In this case, a major con-
tribution to the observed optical anisotropy is made by
the segmental optical anisotropy probably related to
high hydrophobicity of the PB monomer unit [20],
and specifically the hydrophobic interactions of non-
polar macromolecule fragments with nano-Se0 are
responsible for adsorption.

Assuming nearly spherical conformation of the
nanostructure, its packing coefficient k can be de-
scribed by the following equation [21]:

k = NMw*�i�Vi /v* M0, (2)

where �i�Vi = 253 
3 [21] is the van der Waals
volume of the monomeric unit, which is the sum of
the van der Waals volume increments of the separate
atoms in this unit; Mw*, molecular weight of the par-
ticle; N, number of the adsorbed polymer macromole-
cules; M0, molecular weight of the monomeric unit;
and v*, adsorbate volume [4�/3(R*)3].

The R* value is the rms radius of inertia or the
average hydrodynamic radius of an adsorbate, which
are equal under the experimental conditions studied.

The parameter k was 0.7, which is typical for
globular proteins (k 0.6�0.8). Thus, the adsorbate can
be described as a compact approximately spherical
nanostructure.

Our data are of particular interest for deeper under-
standing of the biological and catalytic processes
occurring in the nature with participation of nanopar-
ticles of elements. We found that such nanoparticles
are adsorption matrices for biological polymers and
chemical reagents, which provides high local concen-
trations of these compounds and can strongly accele-
rate biochemical and catalytic processes.
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CONCLUSIONS

(1) Spherical particles of amorphous selenium
about 15 nm in size were obtained by reduction of
selenium(IV) in the presence of the selenite�ascorbate
redox system in aqueous solution of a cationic poly-
electrolyte.

(2) Sharp decrease in the intrinsic and apparent
viscosity of the resulting polymer�Se0�water solution
indicates that the thermodynamic properties of this
system become close to ideal, which suggests forma-
tion of aggregation-stable macromolecule adsorbates
on selenium nanoparticles.

(3) As shown by the molecular hydrodynamics
and optical data, the resulting adsorbate can be de-
scribed as a supermacromolecular close-packed (k �
0.7) spherical nanostructure of nearly 70 nm size,
containing about 11 macromolecules whose hydro-
dynamic radius in the free state would be 540 nm.
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Abstract�The influence of pyrrole, oxidant (FeCl3), and polymeric stabilizer (polyvinyl alcohol) concentra-
tions and of temperature on the rate of redox dispersion polymerization of pyrrole, diameter of the forming
particles, and their size distribution was studied with the aim to prepare polypyrrole nanoparticles.

Development of methods for controlling the size
and surface properties of polypyrrole (PP) nanopar-
ticles in the course of their synthesis by redox disper-
sion polymerization is an urgent problem, since PP
shows promise as a conducting polymer. However, its
mechanical strength and adhesion to other materials
are poor, and it is virtually insoluble in common
organic solvents, which complicates its processing.
Therefore, it was suggested to prepare colloidal dis-
persions of PP nanoparticles and then to use them in
formation of composite materials [1�6]. Conjugates
of PP particles with biospecific ligands can be used
for development of biosensors with an electric re-
sponse on variation of the concentrations of biologi-
cally active substances [7]. The black color of PP
particles also allows their use instead of colloidal gold
as markers of linked bioligands for imaging of immu-
nochemical reactions [7, 8].

Polypyrrole dispersions can be prepared by pyrrole
polymerization effected by an oxidant in the presence
of soluble polymers which are adsorbed on precipitat-
ing PP particles and stabilize them, preventing further
aggregation [1�5]. The nature of the polymeric stabi-
lizer, its molecular weight, and concentration in the
reaction mixture can appreciably affect both the size
of the forming PP nanoparticles and the stability of
PP dispersions in the course of their synthesis and
subsequent storage. In preparation of composites, the
polymeric stabilizer coating the PP nanoparticles can
also take part in formation of interface structures,
affecting thus the adhesion, interfacial electrical con-
ductivity, and characteristics of the composite materi-
als obtained.

The size of PP particles determines the structure of
the composites and the thickness of interface layers.
Therefore, the control of the size and size distribution

of PP particles in the course of their preparation is an
urgent problem. With the aim to solve this problem
and to prepare aqueous PP dispersions differing in the
particle size and concentration of the polymeric stabi-
lizer in them, we examined the influence exerted by
the concentrations of pyrrole, oxidant (FeCl3), and
polymeric stabilizer (polyvinyl alcohol, PVAl) and by
the reaction temperature on the kinetics of redox dis-
persion polymerization of pyrrole and on the diameter
and size distribution of the forming PP particles.

EXPERIMENTAL

Pyrrole and DMF were purified by vacuum distilla-
tion. As a dispersion medium we used double-distilled
water. FeCl3, NaHSO3, and standard HCl solution
(analytically pure grade) were used without additional
purification. As a polymeric stabilizer we used two
PVAl samples (Plastpolimer Research and Production
Association, St. Petersburg) containing 11 [PVAl(I)]
and 10 [PVAl(II)] mol % residual acetate groups. The
batch of PVAl(I), 5/9 grade, was produced according
to GOST (State Standard) 10 779�81, and PVS(II),
13/16 grade, was a pilot batch. The viscosity-average
molecular weight M of PVAl(I) and PVAl(II), calcu-
lated by the Mark�Kuhn�Houwink equation with the
parameters K = 2.0 � 10�4 and � = 0.76 [9] from the
intrinsic viscosity in water at 25�C, was 1.7 � 104 and
5.0 � 104, respectively.

The compositions of the reaction mixtures in redox
dispersion polymerization of pyrrole,

���N
+ 7FeCl3�6H2O3

�H

���N
+ 7FeCl3�6H2O3

�H
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are listed in the table. The concentration of PVAl
aqueous solutions was varied within 0.3�1.6 wt %.
The oxidant (FeCl3) concentration was calculated
from the stoichiometric ratio FeCl3 : pyrrole = 7 : 3
for the monomer concentration in the aqueous phase
of 1.0�2.7 wt %. In run nos. 1 and 2 it was 0.65; in
run nos. 3 and 8�10, 0.32; and in run no. 6, 0.85 M.

Polymerization was performed both at room tem-
perature (296 K) and at 277 K in a refrigerator. The
diameters of PP particles were determined by electron
microscopy (JEM 100 S electron microscope, JEOL,
Japan).

The degree of pyrrole conversion in samples with-
drawn in the course of the synthesis was determined
by gas chromatography with n-amyl alcohol as inter-
nal reference. Polymerization was stopped by adding
the sample into a solution containing 0.5 M NaHSO3
and 0.1 M HCl. The conversion was determined with
5% accuracy.

In the course of polymerization, the initially trans-
parent solution transformed into an intensely colored
black PP dispersion; therefore, we could monitor how
its optical density varies in the course of the synthesis.
The electronic absorption spectrum of the PP disper-
sion in the visible and near-IR range (SF-26 spectro-
photometer) is shown in Fig. 1. The PP dispersions
prepared to determine the degree of pyrrole conver-
sion chromatographically (25 �l) were diluted with
water to 3 ml, and the light absorption at 1000 nm
was measured (Fig. 1).

To study the seed polymerization of pyrrole in acid
solution on Fe3O4 particles according to [10], we
prepared a magnetic fluid by the reaction

FeCl2 �4H2O + 2FeCl3 �6H2O + 8NH4OH = Fe3O4	

+ 8NH4Cl + 20H2O.

As a polymeric stabilizer of Fe3O4 particles we
used PVAl(II) of 5 wt % concentration. In the mag-
netic fluid obtained, the Fe3O4 concentration was also
5 wt %, and the prevailing particle diameter, about
10 nm (Fig. 2f). However, coarser particles of irregu-

Influence of the reaction mixture composition and temper-
ature in redox dispersion polymerization of pyrrole on the
diameter d of the forming PP nanoparticles
����������������������������������������

Run
� PVAl* � Pyrrole �

T, K
�

d, nm������������������ �
no. � wt % � �

����������������������������������������
1 � 0.6 � 2.0 � 296 � Coagulation
2 � 0.6 � 2.0 � 296 � 80
3 � 0.9 � 1.0 � 296 � 60
100
4 � 0.8 � 2.7 � 277 � 60
100
5 � 0.3 � 1.0 � 277 � 90
6 � 0.5 � 1.0 � 277 � 90
7 � 0.8 � 1.0 � 277 � 70
8 � 1.6 � 1.0 � 277 � 70
9 � 0.8 � 1.0 � 296 � 60

10 � 1.6 � 1.0 � 296 � 50
70
11 � 0.7 � 1.4 � 296 � 30
50
12 � 0.7 � 1.4 � 296 � 20
40

����������������������������������������
* Run no. 1 was performed with PVAl(I), and the other runs,

with PVAl(II).

lar (not spherical) shape are also seen in the electron
micrographs. This is due to aggregation of magnetic
Fe3O4 particles.

The seed polymerization of pyrrole on Fe3O4 par-
ticles stabilized with PVAl is initiated by back dis-
solution of the magnetite particles in an acid medium

Fe3O4 + 8HCl = 2FeCl3 + FeCl2 + 4H2O

and by oxidation of pyrrole with the forming Fe(III).
The HCl concentration was 0.28 M, and content of
Fe3O4 particles, 0.70 wt %; in the case of complete
oxidation and dissolution of Fe3O4 particles, this cor-
responds to the Fe(III) concentration of 0.057 M. To
localize the pyrrole oxidation on the surface of Fe3O4
particles, the monomer was added in a concentration
of 0.21 M, which corresponds to its 16-fold excess

�, nm
Fig. 1. Electronic absorption spectrum of PP dispersion:
(D) optical density and (�) wavelength.
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Fig. 2. Electron micrographs of PP particles prepared at
PVAl(II) concentration of (a) 0.3, (b) 0.5, (c) 0.8, and
(d) 1.6 wt %, and those of (f) magnetic fluid and (g) PP
dispersion prepared with this fluid under argon. Polymeri-
zation temperature, K: (a�d) 277 and (e, g) 296. Magnifica-
tion �50 000.

over the oxidant, Fe(III). In run nos. 11 and 12, the
reaction mixture composition was the same (see ta-
ble), but run no. 12 was performed in an argon atmos-
phere to restrict oxidation of Fe(II) to Fe(III) with
atmospheric oxygen in the bulk of the aqueous phase.

The influence of the redox dispersion polymeriza-
tion of pyrrole in aqueous PVAl solutions on the size
of the forming PP nanoparticles is illustrated by the
table and Fig. 2. It is seen that the capability of PVAl
to stabilize aqueous PP dispersion largely depends on
the PVAl molecular weight. With PVAl(I), we have
not obtained a stable PP dispersion; it coagulated in
the course of the synthesis (run no. 1). On the contra-
ry, PVAl(II) at the same concentration efficiently
stabilized the PP dispersion. The dispersions obtained
were characterized by a narrow particle-size distribu-
tion, and in some cases they could be regarded as
monodisperse. This difference is presumably due to
the higher molecular weight of PVAl(II). Owing to
the high content of acetate groups, the PVAl(II) chain

is diphilic, and the polymer, being surface-active, is
efficient as a steric stabilizer.

We found that, at room temperature (296 K), the
redox polymerization of pyrrole occurs at a high rate
at its content in the aqueous phase of 1.0�2.7 wt %.
However, as the pyrrole concentration is increased,
the forming PP particles become coarser, with broad-
ening of the particle-size distribution (see table, run
nos. 9, 2, 4). Particles of irregular (nonspherical)
shape were detected (run no. 4). This is due to in-
crease in the FeCl3 concentration (in stoichiometric
proportion with the pyrrole concentration) and de-
crease in the surface charge of particles with increas-
ing ionic strength, which results in certain destabiliza-
tion of the dispersion [11]. Therefore, further experi-
ments were performed at a pyrrole concentration in
the aqueous phase of 1.0 wt %.

We examined how the reaction temperature affects
the polymerization kinetics and particle-size distribu-
tion of PP. The polymerization time increased by a
factor of 3�5 in going from 296 to 277 K (Fig. 3a).
The mean diameters of the forming nanoparticles are
similar at both temperatures, but in the samples pre-
pared at room temperature the particle-size distribu-
tion is somewhat broader (see table). The increase in
the PVAl concentration resulted in faster polymeriza-
tiuon (Fig. 3a) and formation of finer PP particles
(see table; Figs. 2a�2d). This may be due to streng-
thening of the structural-mechanical barrier formed by
the water-soluble polymer at the particle surface, and
also to an increase in the viscosity of the aqueous
phase, preventing aggregation of PP particles in the
stage of seeding. Thus, redox polymerization of pyr-
role in aqueous PVAl solutions allows preparation of
PP dispersions with the particle size ranging from 50
to 100 nm and narrow particle-size distribution.

Monitoring of the optical density of reaction mix-
tures in the course of pyrrole polymerization showed
that the dependences obtained (Fig. 3b) run in parallel
with the conversion curves (Fig. 3a). To evaluate the
extent of correlation of the optical density and conver-
sion, we calculated the degrees of conversion of pyr-
role into PP as the ratios of the optical density of the
reaction mixture at the instant of sampling in the
course of the synthesis to the optical density of the
ready PP dispersion. The degrees of conversion evalu-
ated spectrophotometrically and determined chromato-
graphically are compared in Fig. 4. The correlation
coefficients of these quantities as functions of the time
from the start of polymerization at PVAl concentra-
tion of 0.8 and 1.6 wt % are 0.93 at 296 K and 0.86
and 0.98, respectively, at 277 K. The satisfactory cor-
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(a)K, %

200 400 �, min

(b)

�, min

Fig. 3. (a) Degree of pyrrole conversion K determined by gas chromatography and (b) optical density D of the reaction mixture
as functions of time � from the start of polymerization at (1, 2) 296 and (3, 4) 277 K. Pyrrole concentration in water 1.0 wt %.
PVAl(II) concentration, wt %: (1, 3) 0.8 and (2, 4) 1.6.

relation between the optical density of the reaction
mixture and degree of polymerization of the monomer
determined chromatographically allows spectrophoto-
metric evaluation of the PP conversion in the course
of dispersion polymerization, which is a simpler
procedure than gas chromatography.

A promising procedure for preparing composite
particles is polymerization of various monomers, in
particular, pyrrole in the presence of dispersions of
metal oxides, silica gel, or polymeric microspheres
having a narrow particle-size distribution [8, 12, 13].
Usually the size of seed particles varies in the sub-
micrometer or micrometer range and considerably
exceeds the thickness of the polymer layer formed on
the particle surface. Here we used this approach for
decreasing the size of the PP particles formed. As
seeds we used nanoparticles of Fe3O4 magnetic fluid
10 nm in diameter, stabilized by PVAl (Fig. 2f). In
the presence of HCl, these particles slowly dissolve
to form FeCl3. In this case, the redox polymerization
of pyrrole occurs under the action of Fe(III) formed
in situ. In the process, the reaction mixture changes
the color from orange-yellow to black, which also
allows spectrophotometric evaluation of the pyrrole
conversion into PP.

It should be noted that the rate of seed polymeriza-
tion of pyrrole may be limited by diffusion, because
the Fe3+ ions and pyrrole molecules should diffuse
toward each other through a PP layer arising on the
surface of the growing particles. Under these condi-
tions, the pyrrole polymerization proceeded until
Fe3O4 nanoparticles dissolved completely, as indi-
cated by the fact that the formed PP particles had no

magnetic properties, and also by a considerable in-
crease in their size as compared to the Fe3O4 seed
nanoparticles.

Thus, seed redox polymerization of pyrrole on
Fe3O4 nanoparticles in acid solutions allowed prepara-
tion of PP particles with the minimal size as small as
30 nm (run no. 11). However, at room temperature,

(a)K, %

(b)K, %

�, min
Fig. 4. Comparison of the degrees of pyrrole conversion K
at (1, 2) 296 and (3, 4) 277 K, determined (1, 3) by gas
chromatography and (2, 4) spectrophotometrically, as func-
tions of the time � from the start of polymerization.
PVAl(II) concentration, wt %: (a) 0.8 and (b) 1.6.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 5 2003

826 MEN’SHIKOVA et al.

coarser PP particles were also obtained. This may be
due to too fast dissolution of Fe3O4 and diffusion of
the Fe3+ ions to the bulk of the aqueous phase, where
pyrrole could also polymerize. To prevent oxidation
of the monomer with atmospheric oxygen, the reac-
tion mixture was purged with argon before adding
pyrrole (run no. 12). In this case, the diameter of the
major fraction of the formed PP nanoparticles was
decreased to 20�30 nm (see table), which may be due
to more compact packing of the PP chains. However,
the electron micrograph of this dispersion revealed
also the presence of coarser particles of nonspherical
shape (Fig. 2g). Apparnetly, these particles originate
from pyrrole polymerization on aggregates of Fe3O4
particles present in the magnetic fluid. The impurity
of these coarse particles can be separated from 20�
30-nm PP nanoparticles by ultrafiltration.

CONCLUSIONS

(1) The main features of redox polymerization of
pyrrole in aqueous solutions of polyvinyl alcohol were
determined, and the conditions were found for pre-
paring monodiserse polypyrrole particles 60�90 nm
in diameter. A spectrophotometric method was sug-
gested for evaluating the conversion of pyrrole into
polypyrrole in the dispersions.

(2) Seed dispersion redox polymerization of pyr-
role on Fe3O4 nanoparticles allows preparation of
polypyrrole particles with the diameter as small as
20 nm.
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Abstract�Thermal oxidation of polyethylene filled with dispersed copper and containing an amine antioxi-
dant was studied. The concentration ranges in which the catalytic effect of the metal on the polymer oxidation
or the stabilizing effect of the antioxidant prevails were determined. Under certain conditions, dispersed
copper enhances the stabilizing effect of the antioxidant.

It was found previously [1�3] that an amine oxi-
dant (AO) Neozon D inhibits oxidation of polyethyl-
ene (PE) more efficiently when the polymer is in con-
tact with metallic copper. For example, the induction
period of oxidation (IPO) of PE films inhibited with
Neozon D is longer when the films are in contact with
a copper support, as compared to the films that are
in contact with inert (e.g., glass) supports. This result
is quite unexpected, since the copper support catalyzes
oxidation of noninhibited PE [4�6] and accelerates
the consumption of phenolic AOs acting by a similar
mechanism, thus shortening the IPO [7]. Enhancement
of the inhibiting activity of amine AO is observed not
only in oxidation of PE films on copper supports [4,
7] but also in oxidation of PE films filled with dis-
persed copper [8]. This effect was attributed to a re-
action of Neozon D with copper, yielding a more
effective AO [1�3].

At the same time, the mechanism responsible for
enhancement of the inhibiting power of the amine AO
under conditions of contact of PE with copper is poor-
ly understood. In particular, the relationship between
the catalytic effect of copper on oxidation of PE and
enhancement of the performance of Neozon D is un-
clear. These factors, apparently, affect IPO in opposite
directions.

In this work, with copper-filled PE as example, we
studied how the concentrations of the dispersed metal
and Neozon D influence the inhibiting effect.

EXPERIMENTAL

Experiments were performed with powdered non-
stabilized high-density PE prepared at low pressure

on complex organometallic catalysts [GOST (State
Standard) 16 338�85, base grade 20 306-005]. Copper
powder (M1 grade) and Neozon D (�-phenylnaphthyl-
amine, GOST 39�79) were introduced by mechanical
blending. From blends of the polymer with the addi-
tives, we prepared by hot pressing (150�C, 30�90 s)
films 30�200 �m thick, which were subsequently
oxidized on KBr supports. In some cases, M1 copper
foil was used as support. Oxidation was performed in
air in ovens at 150�C.

The extent of oxidation was estimated from the IR
transmission spectra. If oxidation was performed on
a copper support, the film was separated from the
support; with KBr supports, transparent in the IR
range, this was unnecessary. The IR spectra were
recorded on a Specord 75-IR spectrophotometer. The
extent of PE oxidation was evaluated from the optical
density of the carbonyl absorption band at 1720 cm�1,
using the band at 1460 cm�1 as internal reference. The
IPO duration was determined from the kinetic curves
of accumulation of carbonyl groups; the moment at
which the extinction parameter (ratio of the optical
density to the film thickness) reached 3�4 cm�1 was
taken as the end of IPO.

When studying samples of inhibited and unfilled
PE films oxidized on a copper support, we deter-
mined, along with the extent of PE oxidation, also the
content of the transferred metal in the bulk of the
polymer. Using ac voltammetry, we measured the
metal concentration in solutions prepared from the ash
residues of the polymer samples, with the subsequent
recalculation to the metal content in the polymer. The
procedure is described in more detail in [9].

Figure 1a shows data on oxidation of inhibited PE
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(a)

(b)

�, h

Fig. 1. Variation with oxidation time � of the optical den-
sity D of the 1720 cm�1 band in the IR spectra of PE films
containing various amounts of (a) copper filler and (b) AO.
Film thickness 100 �m, oxidation temperature 150�C; the
same for Fig. 2. (a) AO concentration 0.5 wt %; Cu concen-
tration, wt %: (1) 0, (2) 1, (3) 3, (4) 5, (5) 7, (6) 10, and
(7) 20. (b) Cu concentration 10 wt %; AO concentration,
wt %: (1, 2) 0, (3, 4) 0.1, (5, 6) 0.3, and (7, 8) 0.5; poly-
ethylene: (1, 3, 5, 7) unfilled and (2, 4, 6, 8) filled.

�, h

c, wt %
Fig. 2. Duration � of IPO of PE films as a function of con-
centration c of dispersed copper in the polymer. AO con-
centration in the polymer, wt %: (1) 0.5 and (2) 0.3.

films (AO concentration 0.5 wt %) containing various
amounts of the copper filler. As judged from IPO, at
a filler concentration of up to 10 wt % the polymer
oxidation is accelerated (Fig. 1a, curves 1�6), and
only at a higher copper content (e.g., 20 wt %) the
inhibiting power of the amine AO is enhanced: IPO
of the filled PE becomes longer than that of the un-
filled polymer (Fig. 1a, curves 1, 7).

Data in Fig. 1a can be summarized by plotting the
IPO duration vs. copper concentration in the polymer

at an AO concentration of 0.5 wt % (Fig. 2, curve 1).
This dependence has a minimu at a filler concentra-
tion of about 3 wt %. As noted above, IPO is deter-
mined by two competing processes: catalysis of the
polymer oxidation with copper and transformation of
amine AO into a more effective product, also under
the action of copper. Both these processes occur in the
polymer layer adjacent to the filler particle surface.
Apparently, at the Cu concentration from 0 to 3 wt %,
the catalysis prevails (IPO decreases), whereas at
higher Cu concentrations the transformation of AO
becomes the major factor (IPO increases). At a Cu
concentration exceeding 16 wt %, the IPO of the filled
PE exceeds that of the unfilled PE, i.e., introduction
of copper powder into inhibited PE enhances rather
than lowers the oxidation resistance of the polymer.
This range of the filler concentration is cross-hatched
in Fig. 2 (curve 1). As the copper concentration is in-
creased above 16 wt %, the inhibiting effect becomes
stronger.

It should be noted that the IPO duration measured
in the experiment is an arbitrary characteristic of the
oxidation resistance of the polymer. Actually we
determine the time in which a certain small (compar-
able with the measurement sensitivity) amount of
oxidation products is accumulated in PE under the
experimental conditions (the extinction parameter of
the 1720 cm�1 band reaches 3�4 cm�1). By the end
of this time, certain oxidative transformations have
already occurred in the polymer, and therefore IPO,
more precisely, characterizes the rate of these trans-
formations. In other words, if IPO is longer, accumu-
lation of the oxidation products in this step is slower.
These reasonings are confirmed by the experimental
results. For example, as the copper concentration in
the polymer is increased from 3 to 20 wt %, the IPO
duration increases (Fig. 2, curve 1), and the oxidation
rate evaluated from the kinetic curves of accumulation
of carbonyl groups (Fig. 1a, curves 3�7), on the con-
trary, decreases. Correspondingly, in the range of filler
concentrations from 1 to 3 wt %, as IPO becomes
shorter, the polymer oxidation accelerates.

Figure 1b shows how the AO concentration affects
the PE oxidation at a constant concentration of the
Cu filler (10 wt %). As seen, the effect of Cu becomes
weaker with increasing AO concentration. For exam-
ple, at an AO content of 0.3 wt %, addition of Cu in-
creases the IPO from 8 to 11 h (Fig. 1b, curves 5, 6).
On the contrary, addition of the same amount of Cu
to PE containing 0.5 wt % AO shortens the IPO from
24 to 13 h, i.e., the filler apparently behaves as a cat-
alyst (Fig. 1b, curves 7, 8). However, in any case an
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increase in the AO concentration in PE filled with the
same amount of Cu makes IPO longer, which is pri-
marily due to slower accumulation of carbonyl groups
in the initial step of the polymer oxidation (Fig. 1,
curves 4, 6, 8).

The effect of AO on oxidation of unfilled PE can
be evaluated most accurately by comparing the plots
of IPO duration vs. Cu filler concentration for differ-
ent AO concentrations (Fig. 2, curves 1, 2). As the
AO concentration is decreased from 0.5 to 0.3 wt %,
the Cu concentrations corresponding to the minimum
of the plot and to the point in which the IPO duration
coincides with that for the unfilled polymer decrease.

Shortening of IPO on introducing dispersed copper
(oxidation catalyst) into inhibited PE (Fig. 2, descend-
ing portions of curves 1, 2) is quite expected. It is
known [10] that, as the concentration of the Cu filler
in uninhibited PE is increased, IPO becomes shorter
and the polymer oxidation accelerates. However, we
found that in some cases filling of inhibited PE with
copper makes IPO longer rather than shorter (Fig. 2,
ascending portions of curves 1, 2). Such a trend may
be due to more active reaction of Neozon D with the
filler, yielding a more effective AO, at higher filler
concentrations.

To check this assumption, we performed additional
experiments. Inhibited PE films of various thicknesses
were oxidized on copper supports, which in this case
modeled the surface of the filler particles. Therefore,
decreased film thickness was equivalent to decreased
distance between the filler particles, i.e., to increased
concentration of the filler in the polymer.

In the course of the experiment, we obtained the
kinetic curves of accumulation of carbonyl groups in
polymer films of various thickness. In parallel, we
performed studies in which PE films were oxidized
on an inert support (KBr plates) [10]. Figure 3 shows
that the dependences of the IPO duration on the film
thickness are opposite for the Cu and KBr supports
(curves 1, 2). For PE films oxidized on a KBr support,
IPO becomes longer with increasing film thickness,
and with a Cu support it becomes shorter. Apparently,
extension of the IPO with increasing concentration of
Cu powder (Fig. 2, curve 1) and with decreasing
thickness of unfilled PE film oxidized on a Cu sup-
port (Fig. 3, curve 2) are due to the same factor: in-
crease in the specific area of the metal�polymer con-
tact surface (ratio of the contact surface area to the
polymer weight). Assuming that the copper particles
used in the experiment (particle size about 6 �m) have
a spherical shape, the presence of 5 to 33 wt % filler
in a 100-�m-thick film will be equivalent, from the

�, h c, wt %

d, nm

Fig. 3. IPO duration � for unfilled PE films as a function
of their thickness d. Support: (1) Cu and (2) KBr. AO con-
centration in the polymer 0.1 wt %, oxidation temperature
150�C. (c) Cu concentration. (3) Accumulation of Cu in PE
films oxidized on Cu supports by the end of IPO.

viewpoint of the contact surface area, to contact of a
copper support with an unfilled PE film of the thick-
ness from 200 to 30 �m, respectively.

It is known [4, 6] that the catalysis of PE oxidation
in contact with Cu is due to transfer into the polymer
of catalytically active Cu-containing compounds,
products of contact reactions. Since the measured IPO
duration is an arbitrary characteristic (in this step slow
polymer oxidation already occurs), it was interesting
to find whether variation of IPO duration for thin
films is related to the rate of transfer of copper com-
pounds. For this purpose, we studied how the thick-
ness of a PE film correlates with the amount of copper
compounds accumulated by the end of IPO. The re-
sults are shown in Fig. 3, curve 3. It is seen that, as
the film thickness is increased from 30 to 100 �m,
the concentration of Cu transferred into the polymer
grows. Apparently, in thin films Neozon D transforms
into a more effective AO faster. As a result, the rate
of oxidative transformations in the adhesion contact
zone decreases, which results in decelerated transfer of
copper compounds into the bulk of the polymer and
in extension of the IPO.

CONCLUSION

Extension of the induction period of oxidation on
introducing an oxidation catalyst, dispersed copper,
into inhibited polyethylene is due to a decrease in the
thickness of the polymer layer between the filler par-
ticles. As the layer of the polymer oxidized on a cop-
per support surface is made thinner, transformation of
Neozon D into a more effective antioxidant accele-
rates, which results in slower transfer of copper-
containing compounds into the bulk of the polymer
and in longer induction period of oxidation.
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Abstract�A micromethod was developed for estimating the reactivity of cellulose to acetylation by
monitoring temperature variation in the process.

Since acetylation of cellulose with acetic anhydride
is an exothermic process, a series of methods for
determining the acetylation rate and estimating the
cellulose reactivity are based on temperature meas-
urements, with the reaction being carried out under
adiabatic conditions [1]. According to generally ac-
cepted analysis methods, cellulose acetylation is
carried out by the homogeneous procedure in a Dewar
vessel. For analysis, 10 g of air-dry cellulose and
239 ml of acetylating mixture are taken [2]. In the
reaction of cellulose with the acetylating mixture, the
temperature of the reaction mixture increases from
20�C to 36�C.

To carry out of the process in a calorimeter, 3.5 g
of cellulose and 365 ml of the acetylating mixture are
taken. Cellulose placed in the calorimeter shaft is
ejected into the acetylating mixture. In the process,
the temperature of the reaction mixture increases by
10�15�C [3].

Among the most significant drawbacks of this
procedure are considerable increase in the temperature
of the reaction mixture, which distorts the kinetic
parameters of the process. In addition, relatively large
amounts of cellulose required for measurements are
inconvenient for laboratory studies.

Here we studied the possibility for estimating the
rate of cellulose acetylation using a non-adiabatic
microcalorimeter under the conditions close to iso-
thermal.

EXPERIMENTAL

The measuring system consists of two batteries of
thermocouples connected by the differential scheme
and attached to an emf amplifier, which allows record-

ing of the temperature difference in the cells of micro-
calorimetric blocks. The signal from the emf amplifier
is recorded on a diagram tape in the form of the plot
time � (s)�temperature difference �T (�C). The nomi-
nal sensitivity of the device (from the diagram) was
7.5 �10�5 W mm�1.

Cellulose was activated before acetylation. For this
purpose, 0.5 g of pulverized air-dry cellulose was uni-
formly moistened in 0.5 cm3 of glacial acetic acid in
a 15 cm3 bottle and placed in a thermostat at 80�C
for 1 h, after which it was kept at room temperature
for 2 h.

The acetylating mixture was prepared by mixing
acetic anhydride, acetic acid, and concentrated sulfuric
acid in the volume ratio of 50 : 100 : 1, respectively.
A 2 cm3 portion of this mixture was placed into the
reaction vessel of the measurement cell of the device.
Activated cellulose (5�10 mg) was attached to the end
of the sample holder with a very thin wire and placed
into the acetylating mixture. The instant of immersion
was considered as the reaction start (� = 0).

A typical diagram of temperature variation in the
reaction mixture is shown in Fig. 1. The ascending

�T, �C

�max �, s

Fig. 1. Variation of temperature of the reaction mixture �T
in time �. The points were transferred from the recorder,
and the solid line is calculated by Eq. (12).
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branch of the curve reflects increase in the tempera-
ture due to the heat released in exothermic reactions,
and the descending branch, decrease in the tempera-
ture due to heat diffusion.

Acetylation of cellulose (C) with formation of cel-
lulose acetate (CA) can be described by the scheme

C + (CH3CO)2O � CA + CH3COOH + Q, (1)

where Q is the total heat effect of cellulose acetylation
and reaction of acetic anhydride with water.

Since acetic aldehyde is in a large excess, we can
assume zero partial kinetic order of reaction (1) with
respect to this reactant and the first order with respect
to cellulose. Then, the equation for the reaction rate
can be written in the form

d[CA]/d� = k1([C]0 � [CA]), (2)

where [C]0 is the cellulose concentration (weight frac-
tion) in the reaction mixture in the beginning of the
reaction (at � = 0), [CA] is the current concentration
of cellulose acetate, and k1 is the reaction rate con-
stant (s�1).

The solution of Eq. (2) is known:

[CA] = [C]0[1 � exp (�k1�)]. (3)

The amount of the released heat Q is in direct pro-
portion to the amount of the formed cellulose acetate,
i.e., the following relationship is valid:

Q = a[1 � exp (�k1�)], (4)

where a is a coefficient taking into account the
amount of the reaction mixture and the thermal effect
of the reaction.

When considering the weight m and heat capacity
C of the reaction mixture as constants, we can pass
from Eq. (4) to the equation for increase in tempera-
ture �T due to the heat released in the reaction, in
which coefficient A1 includes, along with a, also m
and C values.

�T1 = A1[1 � exp (�k1�)]. (5)

If the temperature of the device and surrounding
before the reaction was T0, the temperature in the
measuring cell should increase to T1 owing to the heat
released in the reaction:

T1 = T0 + �T1. (6)

The rate of cooling of the reaction mixture is in
direct proportion to the difference in temperature
between the measuring cell and the surrounding [4]:

d
�� (�T2) = �k2(T1 � �T2 � T0), (7)
d�

where �T2 is decrease in temperature in the measuring
cell due to heat emission, and k2 is a coefficient.

After substitution of expressions (5) and (6) in rela-
tionship (7), we obtain

d
�� (�T2) = �k2{T0 + A1[1 � exp (�k1�)] � �T2 � T0}
d�

= k2�T2 � k2A1[1 � exp (k1�)]. (8)

The equation similar to Eq. (8) describes the rate of
variation of the final product concentration in two
successive first-order reactions. The solution of
Eq. (8) is [5]

�T2 = A1[1 + k1(k2 � k1)�1 exp (�k2�) � k2(k2

� k1)�1 exp (�k1�)]. (9)

Subtracting Eq. (9) from Eq. (5), we obtain

�T = �T1 � �T2 = A1k1(k2 � k1)�1[exp (�k1�)

� exp (�k2�)]. (10)

The device records the dependence

y = f (�), (11)

where y is the deviation of the recorder pen, propor-
tional to �T.

According to Eq. (10), this dependence can be ap-
proximated by the equation

ŷ = Ak1(k2 � k1)�1[exp (�k1�) � exp (�k2�)], (12)

where A is a compensating factor proportional to the
initial amount of cellulose in the measuring cell.

Dependence (12) has a maximum at time �max
(Fig. 1) determined from the condition

(dy/d�)
�= �max

= 0, (13)

from which we obtain

�max = (k2 � k1)�1 ln (k2/k1). (14)
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Table 1. Parameters of Eq. (12)
������������������������������������������������������������������������������������

Sample no. � A � k1, s�1 � k2 � R2 � 1/�max, s�1

������������������������������������������������������������������������������������
1 � 1.0 � 0.0133 � 0.00294 � 0.995 � 0.00690
2 � 0.6 � 0.0186 � 0.00241 � 0.998 � 0.00781
3 � 1.6 � 0.0050 � 0.00366 � 0.987 � 0.00417
4 � 0.9 � 0.0099 � 0.00283 � 0.989 � 0.00562
5 � 0.9 � 0.0109 � 0.00242 � 0.998 � 0.00571
6 � 0.6 � 0.0176 � 0.00230 � 0.998 � 0.00741
7 � 0.7 � 0.0104 � 0.00232 � 0.992 � 0.00555
8 � 0.8 � 0.0104 � 0.00200 � 0.984 � 0.00526
9 � 0.5 � 0.0110 � 0.00228 � 0.984 � 0.00555

10 � 1.5 � 0.0146 � 0.00342 � 0.998 � 0.00741
������������������������������������������������������������������������������������
Average � 0.91 � 0.0122 � 0.00266 � 0.992 � 0.00614
Variance � 0.14 � 1.59 � 10�5 � 2.92 � 10�7 � � � 1.38 � 10�6

������������������������������������������������������������������������������������

The best least-squares estimates for A, k1, and k2
are determined from the condition of minimization
of the functional

� = � (y � ŷ)2
� min. (15)

The minimum of � was found by the Marquardt
method (StatGraphics Plus 5.0 package, Nonlinear
Regression software, Marquardt method). The quality
of approximation was characterized by the coefficient
of determination (the square of estimated coefficient
of Spirman multiple correlation R2):

R2 = 1 � � (y � ŷ)2/� (y �
�y )2. (16)

The results of analysis of ten different samples of
unbleached pulp, significantly different in the yield
from wood and degree of delignification, are given
in Table 1. High coefficients of determination (close
to 1) show that Eq. (12) satisfactorily approximates
experimental curves.

For comparison, a sample of prehydrolyzed cellu-
lose of cold elevation [GOST (State Standard) 21 101�
83] was acetylated by the procedure described in [3]
and by the proposed procedure. The reactivity of
cellulose was characterized by the rate constant of
acetylation with the correction for the reaction tem-
perature [3]. The results of comparison are as follows:
by the existing procedure, k1 = 0.0108 s�1 and by the
proposed procedure, k1 = 0.0103 s�1.

In the physical sense, the coefficient k2 is equiv-
alent (within a constant factor) to the coefficient of
heat transfer from the reaction mixture, i.e., under
conditions of the specific analysis it can be considered
as a device constant. The results of evaluation of

the parameters of Eq. (12) with the average k2 =
0.00266 confirm the validity of this assumption. In
this case, Eq. (14) unambiguously relates k1 to �max
(Fig. 2).

Hence, the reactivity of cellulose to acetylation can
be characterized by the �max value, determined direct-
ly from the process diagram (Fig. 1). For comparison
of the cellulose samples with respect to this character-
istic, it is more convient to use the reciprocal value
1/�max, since its dimension (s�1) coincides with the
dimension of the reaction rate constant k1.

It should be noted that �max is independent of
the amount of cellulose (it is not nexessary to weigh
activated cellulose introduced into the measuring cell),
which significantly simplifies the analytical proce-
dure. It is only essential that the weight of cellulose

Table 2. Parameters of Eq. (12) under condition k2 =
constant = 0.00266
����������������������������������������
Sample no. � A � k1, s�1 � R2 � 1/�max, s�1

����������������������������������������
1 � 0.9 � 0.0141 � 0.995 � 0.00696
2 � 0.6 � 0.0161 � 0.993 � 0.00757
3 � 1.3 � 0.0066 � 0.987 � 0.00441
4 � 0.9 � 0.0101 � 0.990 � 0.00567
5 � 0.9 � 0.0096 � 0.995 � 0.00549
6 � 0.7 � 0.0146 � 0.989 � 0.00712
7 � 0.8 � 0.0088 � 0.988 � 0.00522
8 � 0.9 � 0.0075 � 0.975 � 0.00475
9 � 0.6 � 0.0090 � 0.980 � 0.00529

10 � 1.3 � 0.0182 � 0.989 � 0.00820
����������������������������������������
Average � 0.89 � 0.0115 � 0.988 � 0.00607
Variance � 0.06 � 1.57�10�5 � � �1.67�10�6

����������������������������������������
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k1, s�1

�max, s

Fig. 2. Rate constant of the reaction k1 as a function of
time in which the maximal difference in temperature is
attained, �max.

should be considerably (by 2�3 orders of magnitude)
lower than the total weight of the reaction mixture,
since, in this case, the influence of small variation in
temperature �T in the measuring cell can be neglected
and the process conditions can be considered as iso-
thermal.

CONCLUSION

The proposed procedure of cellulose acetylation in
a non-adiabatic microcalorimeter and mathematical

processing of the results allow fast and accurate esti-
mation of the reactivity of cellulose microamounts to
acetylation. The convenient characteristic for com-
parison of the samples is 1/�max, reciprocal time in
which the maximum in the ���T diagram is attained.
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Abstract�Production of a new conducting composite material based on polyaniline and wood by simple
one-stage synthesis from aniline and wood sawdust is described. The material characteristics were studied
in relation to the synthesis conditions and composition.

Antistatic materials are the most important ap-
plication of conducting polymeric composites. The
required level of the specific conductivity is low,
10�5

�10�6 S cm�1. These composites are also used for
electric heaters, conducting adhesives, and radiation-
shielding coatings [1]. Traditional conducting com-
posites are produced with carbon black or metallic
fillers. However, the main problems of these materials
are deterioration of the mechanical characteristics
of the polymeric matrix on addition of the required
amount of a conducting additive and also aging of
composites, i.e., decrease in the conductivity caused
by phase segregation of the material or oxidation of
conductive additive.

In recent years, much more attention is given to
production of conductive materials based on poly-
conjugated polymers having intrinsic specific con-
ductivity of 100

�102 S cm�1 in the doped state [2].
Although the mechanical characteristics of conjugated
polymers are relatively poor, procedures were devel-
oped for combining these polymers with classical
dielectric polymers and for producing of conductive
composites with the required mechanical character-
istics. Addition of polyconjugated polymers imparts
new useful properties to a composite. Unique optical,
magnetic, and oxidative characteristics of these ma-
terials significantly extend their fields of application
in comparison with traditional antistatic substances.
New materials are used for electromagnetic screening,
corrosion protection of ferrous and non-ferrous metals,
and nonlinear optics; they are used for production of
electrochromic devices and gas-distributing and per-
vaporation membranes [3].

Polyaniline (PA) is characterized by the resistance
to the action of the environment, ready availability of
raw materials, and the simplicity and low cost of

synthesis. Therefore, it was the first commercially
produced polyconjugated polymer. Fairly high con-
ductivity and the possibility of varying the molecular
weight of the polymer over a wide range make this
polymer the most suitable for production of conduc-
tive composite materials. In recent years, numerous
PA composites with synthetic polymers, inorganic
substances, and natural compounds were produced [4].

Among natural materials, wood is of great im-
portance. The interaction of PA with the main compo-
nents of wood, cellulose and lignin, was the subject of
recent studies. Based on water-soluble forms of cellu-
lose, stable aqueous colloids of PA with the conduc-
tivity of 10�2 S cm�1 were prepared [5]. Flexible and
transparent films produced from the composite with
cellulose acetate have a conductivity of 10�1 S cm�1

even at PA content less than 5 wt %. The specific
conductivity of 10�1 S cm�1, more than sufficient
for antistatic materials, is reached even at a PA con-
tent of 0.5 wt % [6�11]. The PA composites with
cross-linked cellulose having the conductivity of
10�2 S cm�1 were produced. The compatibility of the
polymers is good, which may be due to formation of
hydrogen bonds between hydroxy groups of cellulose
and amino groups of PA [12].

Blends and composites of PA with lignin and its
derivatives were studied. Polyaniline is compatible
with lignin owing to the interaction of the �NH� frag-
ments with hydroxy and carbonyl groups of the natural
polymer [13, 14]. The use of lignosulfonate for dop-
ing of PA results in formation of self-organizing poly-
electrolyte complexes generating films with alternat-
ing layered structure [15, 16]. The use of similar
structures for corrosion inhibition is suggested.

Data on composites of PA with wood are lacking.
At the same time, sawdust is a material with valuable
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consumer characteristics; it is a porous matrix suitable
for production of composites with bulk conductivity.
It is a cheap and readily available product; as a rule, it
is a waste from woodworking industry whose utiliza-
tion is an urgent problem. Here we describe the pro-
duction of a conducting composite based on PA and
milled wood and the characteristics of the composite
material depending on its composition and synthesis
conditions.

EXPERIMENTAL

In the experiments we used milled spruce wood
(sawdust fraction 0.25�1.00 mm); aniline and am-
monium persulfate (NH4)2S2O8 purchased from
Aldrich; and 75% orthophosphoric acid purchased
from Vekton.

The composite was synthesized as follows. Spruce
sawdust (2 g) was added at 20�C with gentle stirring
to 100 ml of a polymerization mixture containing
aqueous aniline and ammonium persulfate. The molar
ratio of the oxidizing agent and monomer was kept
equal to 1.25. The polymerization mixture was acidi-
fied with orthophosphoric acid, since the rate of cellu-
lose hydrolysis in this acid is the lowest. Acidic medi-
um is required for the synthesis and subsequent effi-
cient doping of PA. The resulting composite material
was filtered off and dried in air and then in a vacuum
at 40�C for 48 h.

To determine the amount of PA bonded to the
wood surface, the composite was dispersed in a large
volume of aqueous H3PO4 and washed on a fine
(0.2-mm) sieve to remove free PA.

The progress of exothermic polymerization of ani-
line was monitored by variation of the temperature of
the polymerization mixture with a THERMO TM-120
Sigma digital thermometer.

The composition of the material was determined
from its yield and checked by elemental analysis.

The conductivity of the samples in the form of
pellets 13 mm in diameter and 1 mm thick, produced
by pressing in a vacuum at 700 MPa, was determined
at 20�C. For the samples with the specific conductiv-
ity more than 10�3 S cm�1, we used the four-point
method modified by van der Pauve at direct current,
and for the samples with lower conductivity we used
the bridge method with alternating current.

Thermal gravimetric analysis of the composite was
carried out on a MOM C derivatograph at a heating

rate of 1 deg min�1 in an air flow of 50 cm3 min�1 in
corundum crucibles; weighed portion 50 mg.

Absorption spectra of aniline solutions were re-
corded on a Lambda 20 Perkin�Elmer spectrometer.

Polyaniline produced in the absence of wood at the
initial concentration of the monomer of 0.2 M had the
conductivity of 3.38 S cm�1 and contained 11 wt %
nitrogen and 12 wt % phosphorus. Spruce wood had
the conductivity of 6.3 �10�15 S cm�1, and within the
experimental error, contained no nitrogen and phos-
phorus, while according to published data [17] spruce
wood contains 0.1 wt % nitrogen and 0.02 wt % phos-
phorus. The conductivity of spruce wood kept in
0.2 M acidic aniline solution for 2 days was 1.15 �

10�14 S cm�1.

Polyaniline is a powder with extremely low solu-
bility; its melting point exceeds the temperature of
polymer degradation. Therefore, production of com-
posite materials based on polyaniline by the standard
procedures such as mixing in melt or solution, as a
rule, is impossible. In such cases, polymerization in
situ finds growing application. The procedure consists
in the direct polymerization of a monomer at the sur-
face of a composite matrix. A comprehensive study of
this procedure showed that, in the course of synthesis,
PA forms tightly sorbed layers at various types of sur-
faces immersed in the polymerization mixture. Porous
milled wood having developed surface can serve as
suitable dielectric matrix carrying the conducting
polymer layer.

The composite was synthesized by immersion of
spruce sawdust into an aqueous polymerization solu-
tion containing aniline, H3PO4, and (NH4)2S2O8. As
a result of aniline oxidation, the conducting form of
PA is formed:
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where A� is 1/3 PO4
3�, 1/2 HPO4

2�, or H2PO4
�.

However, wood is a complicated natural material
hydrolyzable in acidic medium and oxidizable in
the presence of strong oxidizing agents such as
(NH4)2S2O8. It was necessary to check whether the
synthesis of the composite is complicated by side
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processes decreasing the yield of the polymer or
resulting in degradation of the wood material.

A contact of spruce wood with acidified aqueous
solution of aniline results in instantaneous bright
yellow coloration of wood. It was found that colora-
tion is caused by the reaction of aniline with func-
tional groups of lignin, whose content in spruce wood
is 28 wt % [17]. Under these conditions, cellulose
produced from spruce wood gave no coloration. The
reactions carried out with model compounds showed
that similar yellow coloration appears in the reaction
of acidic solutions of aniline with cinnamaldehyde,
one of the main structural units of lignin. Thus, the
most probable explanation of the product coloration
is the reaction of aniline with conjugated aldehyde
groups of lignin:

����H
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_H2O ��������O~~~

�
�
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N��

���������O
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Formation of Schiff bases with further extension of
the conjugated chain shifts the absorption band to the
visible range and gives rise to coloration. However,
the fraction of aniline participating in this reaction is
low. The spectral analysis of polymerization solutions
of aniline before and after addition of sawdust showed
that the loss of the monomer, monitored by the strong
absorption bands of aniline in the range 250�300 nm,
did not exceed 10�5 mol per 2 g of wood. Hence, the
color reaction can noticeably contribute to the process
only at low aniline concentrations. In other cases, it
is not competitive with polymerization.

It was found that the polymerization rate and char-
acteristics of the resulting material were independent
of the order in which the components of polymeriza-
tion solution were added to the sawdust (Table 1).
Preliminary keeping of wood in solution of aniline or
ammonium persulfate for 1 h gave the same results as
in the case of addition of sawdust directly to the pre-
pared polymerization mixture. This suggests that
wood is not hydrolyzed or oxidized in the system.

Polymerization of aniline is an exothermic process.
The reaction rate and degree of conversion of the
monomer can be evaluated from the rate of tempera-
ture variation in the polymerization mixture and the
heat effect of the reaction [18]. Variation of the

Table 1. Polymerization of aniline in the presence of wood
at various orders of mixing the reactants*
����������������������������������������

Procedure of mixing �
	, min

�

, %

� �,
the reactants** � � � S cm�1

����������������������������������������
(An + Ox) + W � 22 � 97 � 0.41
(An + W) + Ox � 21 � 100 � 0.52
(Ox + W) + An � 25 � 98 � 0.39
����������������������������������������
* (�) Polymerization duration and (�) degree of PA conversion.

** (An) Aniline, (Ox) ammonium persulfate, and (W) milled
wood.

temperature in time during aniline polymerization
both in the presence and in the absence of wood
material is shown in Fig. 1. Close location of the
curves suggests that the presence of spruce wood does
not substantially affect the mechanism and degree of
conversion of the monomer. Thus, we can conclude
that the components of the polymerization mixture do
not affect the wood material, and, vice versa, aniline
in the presence of wood polymerizes as in the pres-
ence of an inert matrix.

The results of synthesis of the composite at various
molar concentrations of the monomer (aniline) are
listed in Table 2. With decreasing concentration of
aniline ca, the process duration increases and the yield
of PA and its content in the composite decrease. The
conductivity of the samples increases with increasing
content of PA in the composite material from 6 �

10�15 for pure spruce wood to 5.1 � 10�1 S cm�1 for
the composite containing 64 wt % PA (composite 1).
At a high concentrations of polyaniline, the conductiv-
ity of the composite (Fig. 2) is close to that of pure
PA (3.38 S cm�1) produced under the similar condi-
tions.

Starting from the existing concepts of the PA poly-
merization mechanism, we can distinguish two proc-
esses: so-called �surface� and �bulk� growth of poly-
mer chains [19, 20]. The surface process is respons-
ible for formation of a polymer layer at the surface

T, �C

	, min

Fig. 1. Variation of the temperature of aniline polymeriza-
tion T in time � (1) in the absence and (2) in the presence
of sawdust. Aniline concentration 0.2 M.
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Table 2. Polymerization of aniline in the presence of wood
������������������������������������������������������������������������������������

ca, M
�

	, min
�


, %
� Composite 1 � Composite 2

� � ��������������������������������������������������
� � � PA, wt % � �, S cm�1 � PA, wt % � �, S cm�1

������������������������������������������������������������������������������������
0.25 � 18 � 100 � 64 � 5.1 
 10�1 � 28 � 1.8 
 10�1

0.2 � 22 � 93 � 57 � 3.4 
 10�1 � 15 � 5.2 
 10�2

0.1 � 58 � 85 � 37 � 7.1 
 10�2 � 10 � 3.3 
 10�2

0.05 � 140 � 79 � 22 � 5.2 
 10�3 � 5 � 1.9 
 10�3

0.01 � >300 � 36 � 2 � 8.4 
 10�6 � 1 � 4.5 
 10�9

0.005 � >300 � 0 � 0 � 3.1 
 10�10 � 0 � 8.0 
 10�11

0.001 � >300 � 0 � 0 � 1.0 
 10�10 � 0 � 7.0 
 10�12

������������������������������������������������������������������������������������

of a matrix immersed in polymerization solution.
Depending on the polymerization conditions, these
layers have thickness from tens to hundreds of nano-
meters and are characterized by high adhesion of the
polymer to the matrix. The bulk process is polymeri-
zation of aniline in the solution bulk with formation
of a PA precipitate, whose adhesion to various materi-
als is as low as that of the polymer powder. The ratio
of contributions of surface and bulk processes is
governed by the polymerization conditions and sur-
face type.

To estimate the contribution of both processes in
production of the wood composite, the composite ma-
terial was washed on a fine sieve to remove PA non-
bonded to the surface. As seen from data listed in
Table 2 (composite 2), in this process the fraction of
PA in the composite decreases, on the average, by 2/3
as compared to the initial value. In this experiment,
the PA content was determined not only from the
weight loss but also by elemental analysis of the com-
posite for nitrogen. Under these conditions, the ratio
of weight fractions of PA formed by the bulk and sur-
face processes is 2/1 (Table 2). This ratio of contribu-
tions of the two reactions is kept at all the initial con-
centrations of the monomer.

�, S cm�1

PA, wt %

Fig. 2. Specific conductivity � of (1) composite 1 and
(2) composite 2 as a function of PA content.

The conductivities of the samples containing only
surface-bonded PA (composite 2) are listed in Table 2.
Despite the fact that the total amount of the conduc-
tive polymer substantially decreased, the conductivity
of the composite decreased insignificantly. This sug-
gests that the composite conductivity is mainly gov-
erned by the PA layer formed by surface polymeriza-
tion. Addition of a powder-like PA precipitate, in-
creasing the amount of PA in the composite by a
factor of 2, only slightly improves its conductivity.
According to the dependence of the conductivity on
composition (Fig. 2), the conductive paths in the
composite begin to form even at the PA content of
1�2 wt %. This low percolation limit is typical for
composites consisting of dielectric particles coated
with a conducting polymer [21, 22]. The results ob-
tained suggest that special procedures of synthesis of
composite materials based on PA are more efficient
than addition of PA powder to a dielectric matrix.

In the course of synthesis of the composite materi-
al, we used orthophosphoric acid. It is incorporated
in the composite as PA dopant. According to elemen-
tal analysis, the phosphorus content in neat PA is
12 wt %, and in the composite it varies from 6.0 wt %
to several tenths of per cent depending on the content
of the conductive polymer. It is well known that addi-
tion of phosphorus even in the amount of several per
cents substantially improves the fire resistance of
wood and items thereof [23]. A fairly high content of
phosphorus in the form of phosphate anions incor-
porated into the composite will surely improve the fire
resistance of the material.

The results of thermal gravimetric analysis of
spruce wood and composite containing 28 wt % PA
are shown in Fig. 3. In the first stage of thermal de-
gradation of spruce wood (up to 120�C), the weight
loss is 10%, which corresponds to removal of sorbed
water and volatile substances. With further heating,
after a small plateau of thermal stability (150�250�C),



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 5 2003

A CONDUCTING COMPOSITE OF POLYANILINE AND WOOD 839

�m, %

T, �C

Fig. 3. Thermal gravimetric analysis of (1) spruce wood
and (2) composite containing 28 wt % PA. (�m) Weight
loss and (T) temperature.

the main weight loss proceeds at a high rate up to
360�C. Further burning of the pyrolysis residue (ap-
proximately 40%) proceeds more slowly up to com-
plete decomposition of the sample at 800�C.

Thermal decomposition of the composite proceeds
differently. The initial weight loss (up to 130�C) is
caused by removal of water and volatile substances of
wood. The subsequent stage of thermal degradation
(200�300�C) involves several processes, one of which
is dedoping of PA (240�270�C), responsible for the
loss of the composite conductivity in this temperature
range. Abrupt weight loss (30%) observed in spruce
wood in the range from 250 to 360�C does not occur
in the composite. The remaining 70% of the com-
posite weight is lost at a constant rate comparable
with the rate of burning of the pyrolysis residue.
However, 18 wt % of the material remains at 800�C.

CONCLUSIONS

(1) A new conductive composite material based on
polyaniline and milled wood with the specific conduc-
tivity of approximately 10�1 S cm�1 was obtained.

(2) The composite is prepared by one-stage poly-
merization of aniline in the presence of sawdust, i.e.,
the wastes from wood working can be used as main
raw materials.

(3) The conductivity of the composite is mainly
governed by the layer of polyaniline sorbed at the
wood surface in the course of synthesis and only
slightly depends on the presence of the powder-like
precipitate of polyaniline.

(4) The study of the thermal stability and measure-
ments of the sample conductivity at elevated tempera-
ture showed that the composite loses conductivity in
the range 240�270�C, which is caused by thermal
dedoping of polyaniline.
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Abstract�The separation of niobium(V) from titanium(IV) by extraction with tributyl phosphate containing
an amine, followed by precipitation from sulfate media with organic coagulants, was studied.

The problem of niobium(V) and titanium(IV)
separation arises in treatment of some types of sec-
ondary raw materials, e.g., alloys and intermediate
solutions, from sulfuric acid processing of titanonio-
bates [1]. The most efficient separation is attained
in the fluoride extraction system. However, along
with undoubted advantages, the fluoride system has
significant drawbacks (corrosiveness, toxicity, short
supply and high cost of hydrofluoric acid, and en-
vironmental problems associated with utilization of
fluorine-containing wastes). In this work we studied
separation of niobium(V) from titanium(IV) in a sys-
tem containing sulfuric acid only.

Tributyl phosphate (TBP) is one of the most wide-
ly used neutral organic solvents. From sulfuric solu-
tions Nb(V) is extracted with TBP better than Ti(IV).
According to [2, 3], the degrees of extraction of
Nb(V) and Ti(IV) from 8 M H2SO4 are about 50 and
15%, respectively, which is insufficient for the re-
covery of Nb(V) and its separation from Ti(IV). Tri-
n-octylamine (TOA) is known [3] to extract Nb(V)
much better than TBP. Therefore, it was of interest to
test TBP with small additions of technical-grade tri-
alkylamines (TAA), analogs of TOA, as extractant
(especially as such a system is expected to show a
synergistic effect [3]). The initial sulfuric acid solution
contained (M) 0.06 Nb(V), 0.45 Ti(IV), and 0.25
(NH4)2SO4. Pure-grade TBP and TAA containing
about 70 vol % TOA were used. The extraction was
performed for 30 min. The distribution of Nb(V) and
Ti(IV) was monitored by chemical analysis.

The experimental data are shown in Table 1. As
seen, the separation of Nb(V) and Ti(IV) is improved
as both the concentration of H2SO4 and the amount
of TAA in the system are increased [at the expense of
growth of the TAA content in the extractant and of
the volume ratio of the organic and aqueous phases

(Vo : Vaq)]. Upon threefold successive treatment of the
aqueous solution (8.5 M H2SO4) with fresh portions
of the extractant (30 vol % TAA in TBP; Vo : Vaq =
2 : 1), the total extraction of Nb(V) was about 90%,
and the coextraction of Ti(IV) was less than 10%.
Washing of the extract with an H2SO4 solution en-
sures additional removal of Ti(IV) from Nb(V)
(Table 2). Niobium hydroxide, which contained after

Table 1. Extraction of Nb(V) and Ti(IV) with a mixture of
TBP and TAA
����������������������������������������

cH2SO4
,� Content of TAA

�
Vo : Vaq

� Recovery, %
� � ��������������

M � in TBP, vol % � � Nb(V) � Ti(IV)
����������������������������������������

8.5 � 15 � 1.4 : 1 � 70.2 � 10.8
8.5 � 25 � 1.4 : 1 � 69.6 � 7.9
8.5 � 35 � 1.4 : 1 � 69.1 � 9.0
8.5 � 15 � 2 : 1 � 74.7 � 9.7
8.5 � 25 � 2 : 1 � 73.9 � 6.0
8.5 � 35 � 2 : 1 � 73.1 � �
8.0 � 30 � 2 : 1 � 68.6 � 8.0
8.5 � 30 � 2 : 1 � 73.5 � �7
9.0 � 30 � 2 : 1 � 76.1 � 7.0

����������������������������������������
Table 2. Distribution of Nb(V) and Ti(IV) upon sulfuric
acid washing of the organic phase containing 30 vol %
TAA in TBP
����������������������������������������

cH2SO4
in �

Washing
� Total washout, %

� �������������������washing
� run no. � Nb(V) � Ti(IV)solution, M � � �

����������������������������������������
7 � 1 � 7.5 � �

� 2 � 13.4 � �100
6 � 1 � 7.5 � �

� 2 � 12.5 � �100
5 � 1 � 6.5 � �

� 2 � 10.3 � �100
����������������������������������������
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Table 3. Selective precipitation of niobium(V) with organic coagulants from titanium-containing sulfuric acid solutions
������������������������������������������������������������������������������������

Starting solution, M �
Coagulant

�
Coagulant consump-

� Degree of precipitation, %
����������������������������� � �������������������������������

Nb � Ti � H2SO4 � � tion, g per g Nb2O5 � Nb � Ti � Fe
������������������������������������������������������������������������������������

0.07 � 0.044 � 3.5 � PAA � 1.7 � �94 � 16 � 0.8
0.10 � 0.81 � 2.6 � PAA* � 3.0 � 90 � 22 � 0.5
0.08 � 0.14 � 3.9 � PEI � 0.8 � 97.9 � 55 � 5.6
0.10 � 0.81 � 2.6 � PEI* � 1.2 � 99.3 � 18 � 3.2

������������������������������������������������������������������������������������
* With preliminary reduction of Ti(IV) to Ti(III) with metallic iron.

calcination less than 2 wt % TiO2, was obtained by
back extraction with ammonia water.

Similar data were obtained when using another
organic additive to TBP, tetranaphthenylthiuram
disulfide

R2N�C�S�S�C�NR2,
�� ��
S S

where R is a naphthenic radical (n + m = 8�14)

�
CH(CH2)m�

H2C CH2CH2

CH3(CH2)nHC

�
CH(CH2)m�

H2C CH2CH2

CH3(CH2)nHC

After extraction of niobium(V), titanium(IV) can
be isolated by known methods, e.g., by hydrolysis.

We also studied the selective precipitation of nio-
bium(V) from titanium-containing sulfuric acid solu-
tions with organic coagulants like polyacrylamide
(PAA)
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and polyethylenimine (PEI) [4]
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The experimental data are given in Table 3. Organ-
ic coagulants allow efficient separation of niobium(V)
from titanium(IV). Presumably, the process involves
a chemical reaction rather than coagulation proper.
Anionic sulfate complexes of the elements are bonded
by nitrogen-containing groups of coagulant (by anal-

ogy with amine extraction) to form compounds that
are precipitated. A disadvantage of using coagulants is
the necessity to take them as dilute aqueous solutions
(�0.5 wt % PAA and 2�10 wt % PEI), which inevit-
ably leads to dilution of sulfuric acid solutions of
titanium.

If sulfuric acid solution contains tantalum(V) in ad-
dition to niobium and titanium, then in the extraction
process tantalum remains in the aqueous phase along
with Ti(IV), whereas in the process with coagulants it
selectively coprecipitates with niobium(V). Prelimi-
nary experiments showed that, in hydrochloric acid
solutions, the target components behave similarly.

CONCLUSIONS

(1) Nb2O5 containing less than 2 wt % TiO2 can
be obtained by extraction of niobium(V) from titani-
um-containing sulfuric acid solutions with tributyl
phosphate containing an amine.

(2) Niobium(V) can be separated from titani-
um(IV) by selective precipitation with organic co-
agulants, namely, polyacrylamide and polyethylen-
imine.
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Abstract�Cyclic organic carbonates were prepared from epoxides (derivatives of C3�C16 olefins, C4 and C8
dienes, styrene; epichlorohydrin) in the presence of a catalytic system consisting of CoCl2 �6H2O and di-
methylformamide.

Cyclic organic carbonates are used in oil refining
as extractants of aromatic hydrocarbons, and also in
synthesis of drugs and plant protection agents. Of par-
ticular interest for industrial organic synthesis is prep-
aration of nitrogen-containing polymers from cyclic
carbonates [1].

Cyclic organic carbonates are prepared in industry
by reactions of epoxides with CO2 in the presence of
alkali metal halides:

R CH CH2 + CO2
�� ���

���R CH CH2
��

O
�� ��

O O
C��
��

O

.R CH CH2 + CO2
�� ���

���R CH CH2
��

O
�� ��

O O
C��
��

O

.

This process, however, requires high pressures (3�
10 MPa) and temperatures (180�220�C) [2].

It was suggested previously [3] to perform this
reaction in the presence of a Co(II) or Ni(II) halide
and dimethylformamide (or dimethylacetamide). With
this catalytic system, it appeared possible to decrease
the reaction temperature (to 120�130�C) and pressure
(to 1.0�1.5 MPa), and also to prepare vinylethylene
carbonate by carboxylation of divinyl oxide at a high
rate and with a high selectivity with respect to the
target product [4].

Our goal was to test the suggested catalytic system
for synthesis of cyclic carbonates from epoxides of
various structures, containing aliphatic (saturated and
unsaturated), aromatic, and other substituents.

Carboxylation was performed at 130�C and CO2
pressure of 1.5 MPa; the starting mixture contained
25.0 wt % epoxide and 2.50 wt % CoCl2 �6H2O. The
reaction time was 120 min. The results are listed in
the table.

The cyclic carbonates were isolated by vacuum

fractionation; their purity was no less than 98.5%.
The purity, composition, and structure of the target
products were confirmed by chromatography, chemi-
cal analysis, and 13C NMR spectroscopy.

EXPERIMENTAL

The starting epoxides were prepared by hydroper-
oxide oxidation of appropriate olefins and isolated by
distillation. The main substance content was no less
than 98.5%. The solvent, catalyst, and auxiliary sub-
stances met the requirements of the corresponding
State Standards. Carboxylation of epoxides was per-
formed in a temperature-controlled stirred metallic
vessel.

The reaction products were analyzed by gas�liquid
chromatography on an LKhM-8 MD device (3000 �

3-mm steel column, stationary phase 15% diisooctyl
sebacate + 1.5% sebacic acid on Chromaton N AW-
DMCS). 1-Propanol was used as internal reference.
Chemical analysis was performed according to [5].
The 13C NMR spectra were recorded on a Tesla BS-
576A spectrometer (25.142 MHz, internal reference
HMDS).

CONCLUSION

A catalytic system consisting of CoCl2 �6H2O and
dimethylformamide is effective in synthesis of cyclic
carbonates from various saturated and unsaturated
epoxides.
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Synthesis of cyclic carbonates from epoxides in the presence of CoCl2 �6H2O and dimethylformamide
������������������������������������������������������������������������������������

Epoxide
� Conver-� Cyclic carbonate
� ������������������������������������������������������������
�

sion,
�selectivity, % � state of aggregation � Tb, �C � P, kPa �content, wt % [5]

�
% � � � � �

������������������������������������������������������������������������������������
Propylene oxide � 97.4 � 95.7 �Liquid* � � � � � �

1-Pentene oxide � 95.0 � 91.1 �� � 127.0�127.5 � 0.93 � 98.81�0.16
1-Heptene oxide � 92.7 � 89.8 �� � 125.5�126.0 � 0.27 � 99.1�0.13
1-Octene oxide � 88.9 � 89.1 �� � 131.0�131.5 � 0.27 � 98.5�0.14
1-Nonene oxide � 84.8 � 84.5 �� � 148.0�149.0 � 0.27 � 98.68�0.27
1-Undecene oxide � 81.0 � 81.4 �Amorphous � 163.0�163.5 � 0.40 � 99.01�0.11
1-Dodecene oxide � 78.1 � 80.4 �� � 176.0�178.0 � 0.27 � 99.23�0.08
1-Tetradecene oxide � 67.2 � 85.1 �� � 181.5�182.0 � 0.27 � 98.96�0.22
1-Hexadecene oxide � 51.8 � 72.5 �� � 199.0�199.5 � 0.40 � 99.17�0.09
1,3-Butadiene oxide � 92.4 � 91.4 �Liquid � 121.0�121.5 � 1.33 � 99.41�0.03
1,7-Octadiene oxide � 96.9 � 94.2 �� � 156.0�156.6 � 1.33 � 98.78�0.19
3-Methyl-1-butene oxide� 86.1 � 91.1 �� � 96.0�96.5 � 0.27 � 99.06�0.12
Epichlorohydrin � 96.6 � 94.9 �� � 128.5�129.0 � 0.27 � 98.56�0.22
Styrene oxide � 85.2 � 80.0 �Liquid* � � � � �
������������������������������������������������������������������������������������
* Not isolated from the reaction mixture.
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Fifth Chemical Forum �Tekhnokhimiya-2003�

The Fifth Chemical Forum �Tekhnokhimiya-2003�
(Technical Chemistry 2003) was held in St. Peters-
burg on March 19�23, 2003. The forum was organized
by Lenekspo Open Joint-Stock Company, Prikladnaya
Khimiya Russian Scientific Center (PKhRSC), Pro-
metei Central Research Institute of Structural Materi-
als (PCRISM), and All-Union Research Institute of
Corrosion (Moscow), with the support of Ministry of
Industry and Science of the Russian Federation, Ad-
ministration of St. Petersburg, and Russian Chemical
Society. Within the framework of the forum were held
Fifth Conference �Teknokhimiya� and Sixth Interna-
tional Scientific and Technical Conference �New
Materials and Technology for Corrosion Protection,�
and also thematic exhibitions �New Materials and
Technologies for Corrosion Protection,� �Chemical
Industry,� �Industrial Ecology and Safety,� and �In-
struments, Equipment, and Apparatus.� Simultaneous-
ly, the Tenth International Exhibition �Ecology of
a Large City� was held within the framework of the
International Ecological Forum.

At present, the chemical industry is one of the most
rapidly developing branches of the domestic economy.
The appearance of a great number of new plants with
different kinds of property and the tendency toward
replacement of imported goods by home-made prod-
ucts make necessary an intensive information ex-
change between participants of the market of chemical
technologies and separate plants. At the same time,
the development of chemical industry is closely as-
sociated with introduction of environmentally safe
technologies, raw material processing, and utilization
of wastes.

The Program of the Fifth Conference �Tekhnokhi-
miya� included reports devoted to technological re-
equipment and modernization of chemical plants
and solution of problems associated with industrial
ecology and safety. All the reports can be divided into
two groups: �High Technologies, Technological
Equipment, and Analytical Monitoring in Manufacture
of Chemical Products� and �Ecology and Industrial
Safety in Chemical Industry.� In both groups, most of
reports were presented by staff members of PKhRSC.
At present, this is the leading Russian scientific center
in the field of chemistry and chemical technology. It
is aimed to formulate the scientific and technological

policy in chemistry-related branches of industry and
to develop and implement the most important state
programs. The main avenues of research at PKhRSC
are as follows: chemistry and technology of fluorine-
containing compounds, basic and fine organic syn-
thesis, products of inorganic synthesis, membranes,
sorbents and catalysts for technological and ecological
purposes, ultrapure substances, composites and poly-
meric materials, isotopically labeled compounds, proc-
esses and apparatus of chemical technology, scientific
foundations of design of versatile chemical shops on
the basis of modular equipment, and means of control
and automation. A prominent place is occupied by
studies in the field of chemistry of the defense and
aerospace complex of Russia, conversion of defense
industries, and utilization of military products. The
main avenues of research were reflected in reports
presented by participants of the �Tekhnokhimiya�
conference.

V.S. Leont’ev and P.Yu. Smykalin discussed phys-
icochemical and mathematical foundations for inten-
sification and modernization of processes and ap-
paratus for reequipment of chemical industries. The
authors noted that the problems of modernization of
industrial processes and apparatus are multilevel and
many-parametric. Models of the first (lower), second
(medium), and third (upper) levels are analyzed.
V.S. Shpak and co-authors considered chemical and
technological problems associated with internal-com-
bustion engines and means of transportation in Russia.
V.G. Barabanov, B.N. Maksimov, G.I. Kaurova, et al.
summarized the results of studies in the field of
chemistry and technology of fluorine compounds,
carried out at PKhRSC. The applied research is done
in the following directions: Freons for various pur-
poses (refrigerants, solvents, fire-extinguishing agents,
etc.); fluorine-containing monomers for fluoroplastics;
thermally and chemically stable oils, lubricants, di-
electric liquids; fluoroaromatic compounds. Much
success has been achieved in all of these directions.

D.S. Pashkevich and V.G. Barabanov reported on
the development of a process for synthesizing fluo-
rine-containing compounds using elemental fluorine
in order to perform conversion of fluorine plants.
At present, elemental fluorine is available commer-
cially. The processes developed at PKhRSC served as
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a basis for creating a number of works at Russia’s
plants manufacturing elemental fluorine. There are
large-tonnage shops for production of fluorine com-
pounds at major fluorine-manufacturing plants, such
as Galogen Open Joint-Stock Company (SF6, WF6,
BF3, C3F8), Kirovo-Chepetsk Chemical Combine
(SF6, C10F18), and Angarsk Electrolysis Chemical
Combine (CF4).

E.E. Gusarov, Yu.P. Malkov, and M.A. Rotinyan
discussed in their report an integrated process for
plasmochemical elimination of organohalogen sub-
stances and wastes and cleaning of industrial equip-
ment to remove these contaminants. The authors noted
that many halogen-containing compounds, which had
been widely used in the industry and are still stored in
large amounts, and also industrial wastes containing
these compounds, are highly hazardous for humans
and the environment. To compounds of this kind
belong, in the first place, ozone-destroying Freons,
polychlorobiphenyls, and toxic halogen-containing
wastes from chemical industries. For example, accord-
ing to the authors’ data, about 2 million tons of vari-
ous ozone-destroying Freons have been accumulated
in the world and require environmentally safe elimina-
tion. The world’s stock of polychlorobiphenyls, which
are one of the main sources of such superecotoxicants
as dioxins, is estimated at 760 million liters. Also
reported were advantages and high efficiency of the
plasmochemical process in elimination of organohalo-
gen substances.

An important issue associated with the develop-
ment of new effective adsorbents and localizers for
recovering and eliminating spills and preventing con-
tamination of the environment with petroleum prod-
ucts and other inflammable and toxic liquids was con-
sidered in the report presented by S.V. Polyakov and
co-authors.

Together with staff members of PKhRSC, represen-
tatives of other institutions also presented a number of
reports. B.V. Gidaspov and V.G. Dedukh (Azot-Vzryv
Closed Joint-Stock Company) considered problems
associated with manufacture of explosives for in-
dustrial purposes. Ammonium nitrate is the most
widely used oxidizing agent in substances of this
kind. It is produced in Russia on a rather large scale
(more than 8 million tons was manufactured in 2002).
The present-day economic situation in Russia’s in-
dustry and agriculture leads to the following distribu-
tion of the whole manufactured amount of ammonium
nitrate: 70�80% exported, 10�15% used in agricul-
ture as fertilizer, and 5�10% used in manufacture of
industrial explosives. The authors analyze the require-

ments to the quality of ammonium nitrate used to
produce explosives and assess the state of affairs at
plants manufacturing ammonium nitrate. The pro-
posed liberalization of the market of natural gas may
lead to a significant rise in its price. At the same time,
average expenditure of natural gas for manufacture of
1 ton of ammonium nitrate at Russia’s plants exceeds
the average world’s level by a factor of 1.8�2.0, and
the overall expenditure of electric power, by a factor
of more than 2. The factory cost price of ammonium
nitrate has already become close to the disbursing
price, and the profitability is as low as 5�10%.

The report by E.A. Vlasova and N.V. Mal’tseva
(St. Petersburg State Technological Institute) was
devoted to development of sorbents and catalysts for
solving environmental problems.

Domestic developers of anticorrosion materials and
technologies and representatives of some foreign
companies took part in sessions of the International
Scientific and Technological Conference �New Mate-
rials and Technology for Corrosion Protection.�
The reports they presented covered a wide variety of
problems: new protective coatings and technologies of
their application, inspection of the corrosion state of
equipment and structures, economical and environ-
mental aspects of means and methods of corrosion
protection, licensing and certification of means and
techniques of corrosion protection, corrosion risk in-
surance, and methods for monitoring and diagnostics
of corrosion.

Modern problems of corrosion resistance of steels
and corrosion protection of equipment in oil refining
and petrochemical industries were considered in the
report presented by Yu.I. Archakov (VNIIneftekhim
Open Joint-Stock Company, St. Petersburg). The
author noted that, in view of the substantial scale of
the industries and large dimensions of the equipment
employed, wide use of special stainless steels and
alloys is impossible for economic reasons. At the
same time, the working media used in various stages
of oil processing are corrosion-active. Particularly
complicated is corrosion protection at elevated tem-
peratures and high pressures. The author analyzed
a complex of promising techniques for corrosion pro-
tection of equipment for various working conditions
and types of corrosion-active media. V.V. Burlov and
G.F. Palatik (VNIINeftekhim Open Joint-Stock Com-
pany, St. Petersburg) reported the results obtained in
studying the efficiency of industrial amide�imidazo-
line inhibitors for corrosion protection of installations
for primary oil processing.

The report by S.S. Vashchilova (Emlak Closed
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Joint-Stock Company) was devoted to new paint-and-
varnish materials offered by Emlak Company for
protection of various kinds of oil processing equip-
ment working under standard atmospheric conditions
and in corrosive media. V.L. Zhak, M.D. Sarachuk,
and V.S. Rammo (Gamma Ltd., St. Petersburg) re-
ported on the development of water-dilutable epoxy
paint-and-varnish materials. Coatings based on the
materials manufactured by the company are intended
for protection of steel, aluminum�magnesium, and
zinc-plated surfaces under atmospheric conditions,
at increased humidity, in saline and alkaline media,
and also in oils and petroleum products. The problems
associated with raising the longevity of paint-and-
varnish coatings were considered in the report by
V.D. Pirogov and M.A. Mikhailova (PCRISM, St. Pe-
tersburg).

G.Yu. Kalinin and co-authors (PCRISM) reported
on the development of a high-strength austenite ni-
trogen-containing steel. The steel shows good charac-
teristics as regards corrosion cracking and intergranu-
lar and pitting corrosion. S.Yu. Mushnikova et al.
(PCRISM) reported the results obtained in a compara-
tive study of resistance to pitting, crevice, and inter-
granular corrosion, and also to corrosion cracking,
of high-nitrogen (05KhAN4B, 0.13N) and carbon
(07Kh16R4B) steels. It was found that replacement of
carbon with nitrogen in a moderately alloyed chromi-
um�nickel steel 05Kh16AN4B improves significantly
its resistance to pitting and crevice corrosion in
chloride solutions, compared with the 07Kh16N4B
steel unalloyed with nitrogen and containing about
0.07% C.

I.A. Susorov and co-authors (Kronos-SPb Open
Joint-Stock Company, St. Petersburg) reported on the
development and commercial production of a number
of new anticorrosion materials for various industries
and presented their basic technical characteristics. The
products manufactured by Kronos-SPb St. Petersburg
paint-and-varnish plant have been known for more
than 60 years. Together with production of new ma-
terials, the company continues to manufacture the

conventional alkyd, acryl, and perchlorovinyl enamels
and primers. Susorov et al. presented data on applica-
tion-ready primer-paint Surik Svintsovyi (Red Lead),
whose industrial use was allowed by the State Sanitary
and Epidemic Control Commission. The same com-
pany offers Germokron-ZhD corrosion-protective
coating stable in mineralized corrosive media.

V.I. Trusov (Notekh Research and Production
Plant, St. Petersburg) noted the advantages of a new
rust converter Notekh-K (concentrate) and described
fields of its application.

In this brief journal review, it was only possible to
dwell on selected, most characteristic reports. Ex-
tended abstracts of all reports presented at both con-
ferences and the official alphabetic catalog of exhibi-
tors, participants of thematic exhibitions, can be found
in a special publication by Lenekspo.

In view of the subject fields and goals of the
Teknokhimiya-2003 chemical forum, it seems quite
reasonable that the Tenth International Exhibition
�Ecology of Large City� was held on the same days
(March 19�22, 2003). The main goal of the exhibi-
tion was to demonstrate the best examples of domestic
and foreign products, equipment, services, technolo-
gies, and scientific and applied developments in the
field of ecology. In accordance with these circum-
stances, the subject of the exhibition covered the fol-
lowing directions: environment protection and restora-
tion, wastewater purification, water treatment and
supply, waste management, recycling industry, meth-
ods for monitoring of air contaminants and systems
for air purification, protection and restoration of arable
lands, efficient use of energy. More than 50 com-
panies from Russia and Poland took part in the exhibi-
tion.

Simultaneously with the exhibition, two scientific
and applied symposia were held: �Water Treatment
and Water Supply, Topical Problems and Experience
of Their Solution� and �Improvement of Water
Quality as a Source of Health for Population.�

A. G. Morachevskii
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REVIEWS

Surzhko, O.A., Resurso-tekhnologicheskie problemy
elektroliticheskogo polucheniya binarnykh splavov

s nevzaimodeistvuyushchimi komponentami (Resource-Related
and Technological Problems Associated with Electrolytic

Production of Binary Alloys with Noninteracting Components)

Rostov-on-Don, 2001, 108 pp.

Despite the complicated title, the brief monograph
actually presents results of an experimental study of
electrolytic production of cobalt�lead alloys and
data on properties of the alloys obtained. The intro-
ductory chapters contain general evidence. The book
comprises an introduction, six chapters, conclusion,
and a bibliographic list with 96 references to works of
mainly domestic authors.

The introduction (pp. 4�6) notes a certain interest
aroused by the properties of alloys belonging to sys-
tems with noninteracting components. Very brief
Chapter 1 (pp. 6�10) discusses the possibility of
replacing rare and expensive components with lower-
cost formulations having similar properties. Naturally,
such a replacement requires detailed substantiation in
each particular case. Chapter 2 (pp. 10�23) considers
specific features of the structure and properties of
electrolytic alloys with noninteracting components.
The author focuses attention on alloys with magnetic
properties. Chapter 3 (pp. 23�42) is devoted to
theoretical foundations of formation of electrolytic al-
loys. Chapter 4 describes the experimental techniques
applied by the author to study the cobalt�lead system:
chemical, spectral, and X-ray structural analyses and
measurement of magnetic characteristics. Chapter 5
(pp. 50�76) contains evidence about electrodeposition
of a cobalt�lead alloy from a pyrophosphate electro-
lyte with rather complex composition. The interaction
of the electrolyte components was studied by measur-

ing electronic absorption spectra. Chapter 6 (pp. 76�
94) presents data on the phase composition and mag-
netic and corrosion properties of an electrolytically
prepared cobalt�lead alloy.

The conclusion (p. 94�99) summarizes the main
results of the study performed. It is shown that the
pyrophosphate electrolyte with various additives, pro-
posed by the author, can be used to obtain alloys in
the cobalt�lead system in a wide range of composi-
tions (14 to 91 wt %). A suggestion is made, concern-
ing the possible mechanism by which pyrophosphate
complexes of cobalt and lead are discharged at the
cathode. A study of the phase composition demon-
strated that lead-based solid solutions with cobalt
content of up to 10�12 wt % can be formed. Also
noted is the formation of a new phase whose nature
could not be identified so far. The obtained cobalt�
lead alloys possess ferromagnetic properties.

The main importance of the monograph is, in my
opinion, in its second part (Chapters 4�6) which
presents experimental results. Unfortunately, the gen-
eral theoretical chapters (Chapters 1�3) are written
without due clarity, the equations presented are vir-
tually not commented at all, and a number of annoy-
ing inaccuracies can be found.

The book may be of interest for specialists in elec-
troplating.

A. G. Morachevskii
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Nikitin, M.K. and Mel’nikova, E.P., Khimiya v restavratsii
(Chemistry in Restoration)

St. Petersburg: Tekhinform, 2002, 304 pp.

The original and needed reference book considers
chemical processes occurring in restoration of archi-
tectural monuments, paintings, sculptures, pieces of
art made of stone, wood, metal, glass, ceramics,
fabrics, paper, and leather, and presents a vast body of
evidence concerning materials used in restoration
work. The first edition of the reference book was pub-
lished by Khimiya publishing house in 1990 and was
met with lively interest by readers both in Russia and
other countries. The authors of the book are known
specialists in the field of restoration.

The reference book comprises an introduction, ten
chapters, and appendix. In the brief introduction
(pp. 5�7), the authors, in particular, mention the
importance of carrying out conservation work, which
neutralizes the detrimental action of numerous damag-
ing factors associated with the general environmental
situation. Chapter 1 (pp. 8�40) presents criteria to be
used in choosing materials for restoration of historical
and cultural monuments. Particular attention is given
to polymeric materials (both synthetic and natural),
organosilicon compounds (polyorganosiloxanes, poly-
organosilazanes). Also presented are data on organic
solvents that can be used in restoration works.

Chapter 2 considers chemical materials used in
restoration of paintings in oil or distemper on canvas,
fresco on lime plaster, paintings in distemper on wood
(restoration of icons), polychromic wooden sculpture,
and wax articles. Chapter 3 (pp. 73�98) is devoted to
restoration of stone articles, sculptures in museums
and stone buildings and structures, ant to protective-
decorative dressing of facades. The set of necessary
chemical materials to be used, depending on a particu-
lar task to be accomplished, is very wide. Prominent
place among such materials is occupied by polymeric
solutions and epoxy resins. Small Chapter 4 (pp. 99�
108) contains evidence about chemical materials used
in restoration of concrete and armored-concrete build-
ings and structures. Polymeric cements, composites
containing fast-cured mineral binders with polymers,

are widely used to reinforce buildings, glue together
fragments of sculptures, and for other purposes. Con-
crete and armored-concrete surfaces are hydro-
phobized and reinforced with solutions of polyalkyl-
hydridosiloxanes in organic solvents or corresponding
emulsions. Surfaces of concrete structures can also be
reinforced by impregnation with epoxy or polyester
resins.

Chapter 5 (pp. 107�127) describes chemical mate-
rials used in restoration of wooden objects or articles.
It considers measures for integrated protection of
wood in historical buildings and structures, articles
found in archaeological excavations, sculpture, furni-
ture, and museum exhibits. Fire and biological protec-
tion of wood, its conservation and reinforcement, and
deposition of protective-decorative coatings are en-
visaged. Various polymeric materials are widely used
in these procedures.

Chapter 6 (pp. 126�201) discusses chemical mate-
rials used to conserve and restore articles made of
metals: copper, bronze and other copper alloys, iron,
cast iron, tin, lead, and noble metals. A wide variety
of processes are considered for each of the metals.
These include cleaning of metals to remove corrosion
products, choice of solders and fluxes for soldering,
use of polymeric materials in gluing, chemical or elec-
trochemical deposition of coatings, and inhibition of
corrosion processes. A great number of different for-
mulations are presented. Chapter 7 (pp. 202�214) con-
tains information about chemical materials used in
restoration of enamels, glass articles, porcelain,
and ceramics. Chapter 8 (pp. 215�233) is devoted to
chemical materials used in restoration of various kinds
of fabrics. Chapter 9 discusses restoration of paper
and paper documents. The authors note that the dif-
ficulties encountered in restoration of works of art on
paper consist in the wide diversity of the materials
used, their varied degree of preservation, and different
ways of creating images on paper. Detergents, bleach-
ing agents, reagents for removing spots from paper,
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antimicrobial means, paper stabilization, and reinforc-
ing formulations for decrepit paper are described.
Chapter 10 (pp. 247�269) presents evidence concern-
ing chemical materials used in restoration of articles
made of bone, leather, and semiprecious stones.

The appendix (pp. 270�285) presents in the form
of tables the basic characteristics of chemical sub-
stances used in restoration: inorganic acids, organic
acids and salts, organic solvents, cellulose ethers and
esters, synthetic polymers, biocides of various kinds.

The book is supplied with a list of recommended
literature, summary in Russian and English, and
index.

The reference book is written by expert scientists
and creates rather good impression. As regards manner
of presentation, the book is understandable for a wide
audience of readers, irrespective of their professional
training.

A. G. Morachevskii and I. N. Beloglazov
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Abstract�Published data concerning the ways to control the kinetic parameters of vinyl chloride poly-
merization and molecular-weight characteristics of polyvinyl chloride through directed modification of
the reactivity of the growing macroradical are considered.

Polyvinyl chloride (PVC) is one of the most im-
portant large-scale polymers. In the world production
volume, it ranks second to low-density polyethylene,
standing far ahead of polypropylene and high-density
polyethylene [1�3]. The reason is that, depending on
a synthetic procedure (polymerization in the bulk,
suspension, microsuspension, or emulsion), tempera-
ture, modifiers, and processing conditions, PVC can
be used for manufacture of a wide variety of plastics
(rigid or soft, transparent or colored). PVC goods find
wide application in manufacture of artificial leather,
pipes, plastisols, glues, insulating and construction
materials, etc. [1, 3�5].

The basic method for PVC production is radical
polymerization of vinyl chloride (VC) [1, 4, 6�10],
whose obvious advantages are good reproducibility
and technological simplicity. However, synthesis of
high-quality PVC under heterogeneous conditions
poses a number of problems. First of all, this is the
low initial rate of polymerization, whose spontaneous
increase in the course of the process gives rise to
the so-called gel effect. Nonuniform course of poly-
merization has negative effect on the formation of
macromolecules and supramolecular structures, and,
therefore, on the performance characteristics of the re-
sulting polymer. It has been demonstrated that the gel
effect results in lower thermal stability and composi-
tion inhomogeneity and higher polydispersity of the
polymer [1, 4, 9�15]. The process conditions also
influence the quality of the polymer. Among them are
temperature, choice of necessary additives (emulsifiers
and modifiers in suspension and emulsion polymeriza-
tion and also chain transfer agents) [1, 11, 17�19], stir-
ring mode, crust and �fish eye� formation [1, 10, 13],
etc.

Devising advanced methods for controlling poly-
meric chain growth in radical polymerization of, in
particular, VC is among the priority lines of the de-
velopment of the macromolecular chemistry. It is well
known that the gel effect and molecular-weight char-
acteristics can be controlled using methods based on
reactions competing with the main process. These
methods include, first of all, direct introduction of
chain transfer agents (mercaptans, halogenated hydro-
carbons, etc.) and inhibitors (quinones, phenols, allyl
derivatives, and dithiocarbamates) in the polymerizate
[4, 10, 12]. Among ather methods are optimization
of the temperature mode [4, 9, 19�22], addition of
compounds promoting decomposition of peroxides
[14, 23, 24], and use of new initiators or intiator
mixtures [19, 22, 24�32].

Recently, methods of other kind have been pro-
posed for chain growth control, based on coordination
of a growth radical to organoelement compounds or
stable radicals. These methods allow effective control
of both the VC polymerization kinetics and formation
of the polymer macromolecule. In this review, we
examine new approaches to control of the VC poly-
merization kinetics and molecular-weight character-
istics of PVC.

RADICAL POLYMERIZATION OF VC
IN THE PRESENCE OF ORGANOELEMENT

COMPOUNDS

Organic compounds of nontransition elements in
combined with oxidants, have long been known as
initiators of low-temperature polymerization of vinyl
monomers, among them VC [4]. The reason is that
reactions of alkyl and mono- and dialkoxy derivatives
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Fig. 1. Kinetic curves of VC polymerization: (1) in the bulk
and (2) in suspension at 20�C in the presence of the tri-
isobutylborane�organoelement peroxide initiator [22].
(v) Polymerization rate and (�) conversion; the same for
Fig. 2. Triisobutylborane concentration (mol %): (1) 0.8
and (2) 0.06. (1) tert-Butylperoxyphenyldimethylsilane
(0.2 mol %) and (2) di(tert-butylperoxy)triphenylantimony
(0.2 mol %).

of Group II�IV nontransition elements with oxygen
and peroxides mostly proceed homolytically [33�37].
The performance of the indicated initiator systems is
largely governed by the structure of an organoelement
compound used. It has been demonstrated that, in the
case of diethylzinc and diethylcadmium, the conver-
sion in 6 h does not exceed 5�7%, whereas with tri-
isobutylborane it is about 40% [4] (this compound
shows promise as the most efficient initiator of poly-
merization of vinyl monomers [19, 22, 34, 36, 38�41].

In the early 1980s, G.A. Razuvaev and coworkers
proposed systems based on trialkylboranes and ther-
mally stable organic peroxides, containing Group IV�V
elements as efficient initiators for polymerization of
vinyl monomers, which allow the process to be per-
formed to high conversions over a wide temperature
range [19, 22, 38�55]. A specific feature of polymer-
ization in the presence of the indicated compounds is
that a monomer directly participates in the chain in-
itiation stage [34, 39�41].

In the case of VC, polymerization proceeds by
an uncommon mechanism. It is characterized by high
initial rate, which approaches a maximum at 15�20%
conversion; after that the process goes quite smoothly
(Fig. 1) until virtually complete (90�98%) conversion
of the monomer [22, 42].

Taking into account the observed high chain pro-
pagation rate and certain trends in physicochemical
characteristics of the homo- and copolymers synthe-
sized in the presence of an initiator system constituted
by alkylboron and organoelement peroxide, Grishin
and Moikin [56�60] suggested that the components of
the initiator not only participate in the initiation stage,
but also, being weak Lewis acids, have a direct effect

on the propagation and termination of the chain by
virtue of coordination of the growth radical to the or-
ganoelement additive [61, 62].

Such interaction can occur directly at the reactive
center (with participation of an unpaired electron) or
at a functional group [scheme (1)], or at both centers
simultaneously (with delocalization of the unpaired
electron) [scheme (2)]:
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where X is the functional group, and Y, a hydrogen
atom or methyl group.

This enhances the electron-acceptor capacity (elec-
trophilicity) of a growing macroradical and also its
reactivity toward the multiple bond of the mono-
mer. Quantum chemical calculations and ESR data
[58, 59, 63] confirm the possibility of such an inter-
action. Similar complexes of vinyl monomers with
metal halides (Lewis acids) have been well known for
a long time and studied in detail (see, e.g., the mono-
graph [64]).

Direct involvement of organic compounds of boron,
aluminum, and some other coordination-unsaturated
elements in chain propagation has been demonstrated
for a wide variety of monomers [57�60, 65, 66],
with organic peroxides and azobis(isobutyronitrile)
(AIBN) used as initiators, and organoelement com-
pounds added in concentrations comparable with that
of the initiator.

In the case of VC, introduction of an trialkylborane
into a system polymerizing in the presence of dicy-
clohexyl peroxydicarbonate (DCPD) leads to a con-
siderable increase in the initial polymerization rate
and weakening of the gel effect: in the presence of the
organoelemental additive, the initial rate of VC poly-
merization at 30�C is nearly twice that in the case
of initiation with DCPD but without additive [67]. It
has been demonstrated that PVC formed in the pres-
ence of trialkylboranes is characterized by high syn-
diotacticity index [19, 67], increased softening point
[19, 22, 43, 44], and enhanced heat resistance [22, 68].
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Semenycheva [22] and Dodonov et al. [48] reported
synthesis of C-90 high-molecular-weight PVC under
favorable temperature and time conditions (20�30�C,
7�8 h) with a binary initiator system, triisobutylbo-
rane�di(tert-butylperoxy)triphenylantimony. Addition
of catalytic amounts of aluminum alkoxides (diethyl-
aluminum ethoxide and ethylaluminum dietoxide) to
a system with AIBN also decreases the autoaccelera-
tion, providing smooth polymerization of VC [67, 69].

Results on copolymerization of VC with alkenes
(Table 1) under conditions typical of VC polymeriza-
tion (50�C, 3�5 atm) [67, 69] give additional evidence
in favor of the coordinated radical mechanism of VC
polymerization in the presence of organoelement ad-
ditives. It should be pointed out that VC copolymers
with ethylene and �-olefins show promise as plastics:
they are easily workable and have high elongation at
break, impact resilience, etc. Furthermore, addition of
even a small amount (5�10%) of alkene units to PVC
considerably decreases the cost of the polymer. The
unavailability of effective initiators hinders large-
scale production of the copolymers indicated. It fol-
lows from Table 1 that, in the presence of organoalu-
minum compounds raising the electrophilicity of
the growth radical by virtue of its coordination to
an aluminum alkoxide, it is possible to obtain in
high yield a polymer containing alkene (ethylene and
propylene) units. The presence of propylene units in
PVC has been confirmed by IR spectroscopy [67].

Initiator systems based on alkylboranes and Group
IV organoelement peroxides enable copolymerization
of VC with ethylene and �-olefins over wide com-
position range at high rate and product yield under
mild conditions [50, 53, 70]. The use of systems con-
stituted by trialkylborane and organoelement peroxide
leads to pronounced equalization of the copolymer-
ization constants. For example, in copolymerization
of VC with ethylene and other olefins, the composi-
tion curve is S-shaped, and the copolymer composi-
tion in the monomer mixture is virtually constant over
the olefin concentration range from 30 to 70 mol %,
irrespective of the monomer mixture composition
[53, 70]. It should be pointed out that raising the in-
itiator concentration at constant monomer ratio in the
mixture leads to a decrease in the viscosity of the re-
sulting copolymers and a slightly (by 5�6%) increase
in conversion [50].

It has been demonstrated that PVC containing al-
kene units differs from ordinary PVC in its physico-
chemical characteristics. In particularly, the intrinsic
viscosity and molecular weight M of the VC/ethylene
copolymer decrease with increasing mole fraction of

Table 1. Copolymerization of VC with alkenes in the pres-
ence of organoaluminum compounds (0.2 mol %) [67]
[initiator AIBN (0.2 mol %), T = 323 K]
����������������������������������������

� � Content, %, �

Additive
�

Alkene,
� in polymer �

Kf� ���������������
�

wt %
� alkene � chlo- �

� � units � rine �
����������������������������������������

� � � � 0 � 57.6 � 71�72
EtOAlEt2 � Ethylene � � �

� 3 � 2 � 54.9 � 55�57*

� 10 � 7 � 52.5 � 52�54*

� Propylene � � �
� 5 � 5 � 53.7 � 56�58
� 10 � 10 � 51.0 � 52�54

(EtO)2AlEt � Ethylene � � �
� 5 � 5 � 53.8 � 66�68
� 10 � 10 � 52.6 � 67�69

����������������������������������������
* Organoelement compounds were added as benzene solutions

(benzene content in the polymerizate was 15 wt %).

ethylene. The Fickentscher constant characterizing the
molecular weight of this polymer (Kf = 40�70 [4])
is also considerably lower as compared to PVC
synthesized with the indicated initiators (Table 1)
[22, 67, 69]. Decreased Kf of PVC makes its plasticity
better [4, 7], which is important from the practical
standpoint.

Therefore, the use of coordination-unsaturated or-
ganoelement compounds directionally affecting the
reactivity of macroradicals is an effective method for
control of polymer chain growth in radical polymer-
ization of VC.

Another possible way to control the polymer chain
lifetime, aimed at synthesis of compositionally uni-
form polymers, is use of stable radicals.

�LIVING� POLYMERIZATION OF VC

In recent years, a new concept of controlled radical
polymerization through the �living� mechanism is in-
tensively developed. The essence of the �pseudoliving
polymerization� (term �living polymerization� is used
as well) is as follows [53, 71�75]. Catalytic amounts
of specific reactive additives are added to the poly-
merizate. Among them are, for example, stable radi-
cals or their sources, complex ions of variable-valence
metals, and other chain-terminating agents (X

.
) ca-

pable of reversibly interacting with growing radicals
(R

.
) to give a labile adduct (R�X), which then de-
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Fig. 2. Kinetic curves of VC polymerization in the presence
of BPN at 50�C. BPN concentration (%): (1) 0, (2) 0.005,
and (3) 0.1. Initiator DCPD (0.1 mol %) [80].

composes under certain conditions to regenerate the
same growing radical.

Despite that �pseudoliving� radical polymerization
is a relatively new line in the chemistry of controlled
radical processes, quite a few organic and organo-
metallic compounds allowing realization of radical
polymerization through the �living-chain� mechanism
have been proposed. However, the absolute majority
of relevant studies is devoted to polymerization of
styrene and its homologs and also of acrylates and
methacrylates. Only few reports deal with controlled
radical polymerization of VC. First of all, this is caused
by the fact that stable carbon-centered and nitroxyl
radicals are mostly used as grows regulators, most

Table 2. Characteristics of PVC synthesized in the pres-
ence of BPN [81] ([DCPD] = 0.1 mol %, T = 50�C)
����������������������������������������

�
[BPN],

� � � � �� � � � � �
�

mol %
� �, % � [�] � � � Mw /Mn

� � � � � �
����������������������������������������

1 � 0.01 � 4 � 0.4 � 19 � 33 � 1.7
2 � 0.01 � 13 � 0.6 � 28 � 53 � 1.9
3 � 0.01 � 23 � 0.7 � 32 � 60 � 1.9
4 � 0.01 � 48 � 0.8 � 40 � 71 � 1.8
5 � 0.01 � 62 � 0.8 � 41 � 81 � 2.0
6 � 0.01 � 89 � 0.9 � 44 � 97 � 2.2
7 � 0.01 � 94* � 1.1 � 49 � 114 � 2.3
8 � 0.01 � 114** � 1.1 � 48 � 108 � 2.3
9 � 0.05 � 6 � 0.2 � 8 � 15 � 2.0

10 � 0.05 � 12 � 0.5 � 18 � 40 � 2.3
11 � 0.05 � 31 � 0.6 � 19 � 49 � 2.6
12 � 0.05 � 41 � 0.7 � 30 � 62 � 2.0
13 � 0.05 � 63 � 0.8 � 35 � 74 � 2.1
����������������������������������������

* Sample obtained by postpolymerization, with fresh portion
of the monomer added on reaching 58% conversion.

** Sample obtained by postpolymerization, with fresh portion
of the monomer added on reaching 52% conversion.

often, 2,2,6,6-tetramethyl-1-piperidinyloxyl (TEMPO)
and its analogs; nitrogen- and sulfur-containing ini-
ferters {term �iniferter� is composed of English ab-
breviations for the elementary stages of radical poly-
merization, namely, initiation (ini), transfer (fer), and
termination (ter) [72]}; and also transition metal
halides [53, 72�75]. Most of the known regulators ef-
fectively operate only at relatively high temperatures
(100�130�C), being, therefore, absolutely impractic-
able in polymerization of VC as a gaseous monomer.

Therefore, those regulators show promise for con-
trolled polymerization of VC which, being taken in
combination with peroxides and azo compounds serv-
ing as common radical initiators, are capable of gen-
erating stable radicals directly in a polymerization sys-
tem (in situ) at a temperature of PVC synthesis (about
50�C). For example, we have proposed previously to
use the well-known spin trap, N-tert-butyl-�-phenyl-
nitrone (BPN) as an effective regulator of the polymer
chain lifetime in polymerization of a series of vinyl
monomers, including VC [76�80].

Polymerization of VC in the presence of BPN de-
monstrates all the most significant signs of pseudo-
living polymerization: (1) the gel effect degenerates
(Fig. 2); (2) the process goes to high conversion
(�90%); (3) the molecular weight of the resulting
PVC linearly increases with conversion {Table 2, see
the intrinsic viscosity [�] and weight-average (Mw) and
number-average (Mn) molecular weights} (4) the mo-
lecular-weight distribution (MWD) of PVC is uni-
modal and the mode is regularly shifted toward the
high-molecular-weight region with increasing conver-
sion; and, finally, (5) the polydispersity (Mw /Mn)
of the polymer remains virtually unchanged over
the conversion range 4�48%, being equal to 1.7�1.8
(Table 2).

With the conversion increasing further, the poly-
dispersity of PVC grows, but remains considerably
lower than that in ordinary radical polymerization
[77, 80]. In this case, Mw /Mn = 2.2 at 89% conversion
(Table 2). A similar increase in the polydispersity has
been observed at a conversion of 50% and more in
polymerization of acrylic monomers through the pseu-
doliving chain mechanism in the presence of triphenyl-
methyl radicals [81, 82], suggesting a decrease in the
contribution of pseudoliving polymerization to the
polymer formation at high degrees of conversion. It
is known that, in the case of ordinary radical poly-
merization of VC, the molecular weight of PVC re-
mains unchanged throughout the process [4, 7], and
no shift of the molecular-weight distribution mode to-
ward higher molecular weights is observed [4, 7, 83].
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To obtain additional evidence in favor of the pseu-
doliving mechanism of VC polymerization in the pres-
ence of BPN, we performed postpolymerization of VC
[80]. A fresh portion of VC was added to PVC ob-
tained in the presence of BPN, and polymerization
was carried out in the same mode. The MWD patterns
of the samples obtained by postpolymerization were
unimodal, as in the case of PVC synthesized in the
presence of BPN, and, with the conversion increasing
in the course of postpolymerization, the mode con-
tinued to shift steadily toward higher molecular
weights. Table 2 shows that, in this case, the molec-
ular weight of PVC increases, and the polydispersity
of the polymer obtained by postpolymerization in the
presence of BPN (sample nos. 7 and 8) is well com-
parable with that of PVC at high degree of conver-
sion (sample no. 6). The results obtained on polymer-
ization of VC in the presence of BPN open the door
for controlled chain growth and production of PVC
with prescribed molecular-weight characteristics under
ordinary industrial conditions. It is well known [73]
that, in postpolymerization and synthesis of block
and star copolymers, living cationic and anionic poly-
merization processes are used. Using the pseudoliving
chain mechanism in radical polymerization of VC is
the tool for extension of its practical use to, e.g., syn-
thesis of PVC with wide range of M under ordinary
industrial conditions.

On the basis of the available experimental data, the
following scheme of chain propagation in the presence
of BPN has been suggested [76, 80]. In the first stage,
BPN reacts with the growing macroradicals (�P

.
n) to

form stable nitroxyl radicals (A
.
):

�Pn + Ph�C�N�C4H9 � �Pn�CH�N�C4H9
�� ��� �

H O
�� ��

Ph O�

�

(A
.
)

�Pn + A� � �Pn�A� 	

Then the nitroxyl spin adducts (A
.
) react with grow-

ing radicals (�P
.
n) to give labile terminal groups. This

reversible reaction causes alteration of the �sleep� and
�watch� periods in the �life� of the polymeric radical.
In this case, chain growth proceeds through successive
addition of monomer molecules to the macroradical
(radical initiation). By analogy with polymerization of
acrylic monomers through the living-chain mechanism
[84], synthesis of PVC in the presence of nitroxyl spin
adducts or their sources can be represented as

where kd is the dissociation rate constant of the adduct
�Pn�A; kr, the recombination rate constant of the ra-
dials P

.
n and A

.
; kg, the growth rate constant.

CONCLUSION

The above analysis revealed the considerable recent
progress in directed synthesis of PVC. Addition of
ultralow concentrations of reactive additives allows
significant and, what is the most important, directed
modification of the reactivity of macroradicals and
control of polymer chain growth. It is of primary
importance that some organoelement compounds and
spin traps are reactive under mild temperature condi-
tions, being taken in a concentration comparable with
that of the initiator.
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Abstract�A new gallam-exchange technique for separation of alkali metals was developed. The alkali metal
separation factors were determined for the gallam-exchange systems LiGa�NaOH, LiGa�KOH, and KGa�
NaOH. The effect of temperature and concentration of the exchanging phases on the separation factors were
studied for the systems LiGa�NaOH and LiGa�KOH. Kinetic parameters of lithium, sodium, and potassium
element exchanges were determined. The properties of gallam-exchange and amalgam-exchange systems were
compared.

At present, special-purity materials find increasing
use in technology; the requirements to these materials
are growing steadily. Special purity is necessary in
certain cases for alkali metals.

In practice, alkali metals are separated and purified
by the amalgam-exchange technique [1, 2]. Its main
disadvantage consists in that it uses large amounts of
highly toxic mercury, which results in environment
contamination and makes more complicated the equip-
ment and safety measures in the separation industry.
In this context, studies aimed to develop high-per-
formance and environmentally safe methods for sep-
aration of alkali metals become topical.

An environmentally safe gallam-exchange tech-
nique for purification and separation of alkali metals,
in which an intermetallic compound of gallium and
alkali metal, gallam, is used instead of amalgam, was
developed in [3].

The present study is concerned with separation of
alkali metal pairs, Li and Na, Li and K, Na and K, in
exchange between a gallam and a hydroxide solution
of one of these metals.

Typical parameters of the efficiency of one or
another separation technique and, in particular, of
the gallam exchange, are the separation factor � and
kinetic parameters of the exchange and decomposition
of an intermetallic compound (gallam) brought in con-
tact with aqueous solutions of an alkali metal hydrox-
ide. The exchange rate depends on the rate of inter-
facial electrochemical reactions and on the rate of re-
agent supply from the bulk of the phases to the inter-
face. Therefore, the aim of the study was to determine
the separation factors for the indicated pairs of alkali

metals and the kinetic parameters of the exchange
process and thus to evaluate the efficiency of gallam-
exchange systems in separation and purification of
alkali metals.

EXPERIMENTAL

The gallam used in the experiments was obtained
by direct dissolution of metallic lithium of LE-1 brand
in chemically pure gallium (99.99% of the main sub-
stance) [3]. Hydroxide solutions were prepared from
chemically pure NaOH and KOH and distilled water.

The experimental laboratory installation is shown
schematically in Fig. 1. The exchange was studied in

Fig. 1. Schematic of experimental laboratory installation.
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Fig. 2. Variation of sodium content c in (1) lithium gallam
and (2) sodium hydroxide solution in the course of the ex-
change. Initial concentration of gallam 0.95 M, and that
of hydroxide solution 4.0 M; temperature 40�C. (�) Time.

Fig. 3. Separation factor � vs. (a) temperature T, (b) con-
centration cLg of lithium gallam, and (c) concentration cs
of hydroxide solutions. Initial concentration of gallam
(a, c) 0.95 M, (a, b) that of hydroxide solutions 4.0 M,
(b, c) temperature 40�C. System: (1) LiGa�NaOH and
(2) LiGa�KOH; the same for Fig. 4.

a cylindrical cell 1 30 mm in diameter, equipped with
a water-jacket. Thermostat 2 maintained a constant
temperature. In the course of the experiments, gallam
3 was poured in a beaker and then hydroxide solution
4 was added. Phases were mixed by a propeller stirrer
5 rotated by electric motor 6 at a rate of 750�800 rpm.
The gallam was not dispersed in the course of stirring.
The phase contact area was calculated as the area of
the cone formed in stirrer rotation at the gallam�solu-
tion interface.

After a run was complete, the hydroxide solution
was sampled from the upper part of the exchange cell,
and the gallam was discharged through a stop-cock 7
and decomposed with distilled water. The content of
the components being separated was determined using
an FPA-2 flame photometer in the solution obtained
upon the gallam decomposition and in the hydroxide
solution sampled from the exchange cell.

The experiments have shown that the equilibrium
in the LiGa�NaOH, LiGa�KOH, and NaGa�KOH sys-
tems is attained within ca. 15 min. The typical shape
of curves characterizing the kinetics of equilibration
in the LiGa�NaOH system is shown in Fig. 2. The
separation factor � was calculated for all the systems
from the results of experiments performed under var-
ied initial conditions. Each experiment was carried out
in two replications. The separation factors for the Li
and Na and Li and K pairs in the corresponding gal-
lam-exchange systems were found to depend on tem-
perature and on concentrations of the gallam and
the alkali solution. The influence of these factors is
shown in Figs. 3a�3c.

The experiments with the KGa�NaOH system were
carried out only at 40�C and the following starting
concentrations of the reacting phases (M): potassium
gallam 0.92 and sodium hydroxide solution 4.0. The
value of � was 1.7 under these conditions.

The kinetic parameters (rate constant of the ex-
change reaction, exchange current density, and half-
exchange time) of the alkali metal (lithium, sodium,
and potassium) exchange processes were calculated
for all the systems by the known technique [2, 4, 5].

The experimental values of the kinetic parameters
of the exchange processes for the LiGa�NaOH and
LiGa�KOH systems are shown in the table.

The following values of the kinetic parameters
were obtained for the KGa�NaOH system: �e = 39 s,
Ie = 30.22 kA m�2, and Ke = 1.51 � 10�2 cm s�1.

The plots in the ln Ke�103/T coordinates are straight
lines (Fig. 4). Consequently, the rate constant of el-
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Kinetic parameters of exchange between lithium gallam and aqueous solutions of sodium and potassium hydroxide at
various temperatures
������������������������������������������������������������������������������������

Parameter*
� Temperature, �C �

Parameter*
� Temperature, �C

������������������������������� ������������������������������
� 40 � 50 � 60 � 70 � 80 � � 40 � 50 � 60 � 70 � 80

�����������������������������������������	������������������������������������������
LiGa�NaOH � LiGa�KOH

�
�e , s � 27 � 24 � 19 � 14 � 10 ��e , s � 25 � 22 � 18 � 13 � 9
Ie , kA m�2 � 35.74 � 40.58 � 46.97 � 57.89 � 69.31 � Ie , kA m�2 � 37.58 � 42.46 � 50.35 � 62.68 � 74.10
Ke�102, cm s�1� 1.83 � 2.08 � 2.41 � 2.97 � 3.55 �Ke�102, cm s�1 � 1.90 � 2.15 � 2.55 � 3.18 � 3.76
�����������������������������������������
������������������������������������������
* (�) Half-exchange time, (Ie ) exchange current density, and (Ke ) rate constant of exchange.

ement exchange is expressed within the temperature
range under study by the Arrhenius equation

ln Ke = _
� + K � ,
RT
�

Ee
eln Ke = _

� + K � ,
RT
�

Ee
e

Here Ee is the activation energy of the element
exchange reaction (J mol�1); R, the gas constant
(J mol�1 K�1); Ke, the exchange rate constant (cm s�1);
Ke�, the integration constant (cm s�1); T, the absolute
temperature.

For the LiGa�NaOH and LiGa�KOH systems, we
determined the activation energies of the exchange
reactions, Ee (kJ mol�1), and integration constants Ke�

(cm s�1) to be 13.44 � 0.76, 1.18 and 14.13 � 1.10,
1.48, respectively.

Comparison of the rate constants of the element
exchange in the LiGa�NaOH, LiGa�KOH, and KGa�
NaOH systems suggests that the exchange rates in all
the systems are approximately equal at 40�C. In addi-
tion, the exchange current densities in all the systems
under study are rather high, up to tens of kiloamperes
per square meter.

A comparison of the results obtained with the data
[3, 6] on the kinetics of decomposition of a gallam
brought in contact with hydroxide aqueous solutions
showed that the ratio Ke/Kd (Kd is the rate constant
of gallam decomposition) for the LiGa�NaOH and
LiGa�KOH systems varies within the temperature
range under study from 40.9 and 39.9 at 80�C to 77.2
and 76.3 at 40�C, respectively. For the KGa�NaOH
system, the Ke/Kd ratio was 70.6. Consequently,
the rate of exchange in these systems is much higher
than the rate of decomposition, which allows us to
maintain that a manyfold multiplication of the single-
stage separation effect is possible in this case.

Comparison of the kinetic parameters of alkali
metal exchange in the gallam-exchange systems LiGa�

NaOH, LiGa�KOH, and KGa�NaOH with similar
data for amalgam-exchange systems [1, 2] shows that
the rates of element exchange in the gallam and cor-
responding amalgam systems are approximately equal.

In the gallam systems LiGa�NaOH and LiGa�
KOH, the values of � at 40�C are nearly an order of
magnitude lower than those in similar amalgam sys-
tems at 20�C [1]. However, the high separation factors
in gallam systems make it possible to achieve an ap-
preciable separation of alkali metals (95�99%) even
in a single exchange process.

The separation factor for the gallam system KGa�
NaOH at 40�C is approximately half that in the cor-
responding amalgam system at 20�C [2]. However,
the rate of the element exchange in this system is
significantly higher than the rate of potassium gallam
decomposition, which allows a manyfold enhance-
ment of the single-stage separation effect.

On the whole, the good kinetics of the element
exchange, high separation factors of alkali metals
(lithium, potassium, and sodium) in the gallam-ex-

Fig. 4. Dependence of exchange rate constant Ke on
temperature T. Starting concentration of gallam 0.95 M,
that of hydroxide solutions 4.0 M.
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change systems under study, and the environmental
safety of the gallam technique show its promise for
separation and purification of alkali metals (lithium,
sodium, and potassium).

CONCLUSIONS

(1) Separation factors of alkali metals in the gallam
systems investigated decrease with increasing tem-
perature. Raising the concentrations of exchanging
phases leads to higher �.

(2) The rate of exchange of alkali metals increases
with temperature and significantly exceeds the rate of
their decomposition within the temperature range in-
vestigated, which allows manyfold enhancement of
the single-stage separation effect.

(3) The separation factors of alkali metals in gallam
systems at 40�C are approximately an order of mag-
nitude lower than those in similar amalgam systems
at 20�C.

(4) The exchange rate of alkali metals in gallam
systems is comparable with that of the same metals in
amalgam systems.
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Abstract�Cobalt molybdophosphates were synthesized. The composition of the compounds was confirmed
by IR spectral, thermogravimetric, X-ray phase, and atomic-emission analyses. The influence of the com-
position on the thermochromic properties of the compounds was demonstrated.

Recently, the interest in iso- and heteropoly com-
pounds, whose structural features and nature of chem-
ical bonding govern a wide variety of physicochemi-
cal and functional properties, has increased consid-
erably. Their structure and conditions of their prepa-
ration are being studied intensively.

Heteropoly compounds of transition metals are
of scientific and practical interest. Introduction of
a cation with variable oxidation state makes it pos-
sible to obtain new inorganic materials with charge
transfer [1].

The present communication reports the results ob-
tained in studying preparation conditions and thermal
stability of cobalt molybdophosphates.

Cobalt heteropoly molybdates were synthesized
from weakly acid aqueous solutions by methods: from
12-molybdophosphoric acid and from molybde-
num(VI) oxide (alkaline fusion), sodium hydrophos-
phate, and cobalt(II) chloride.

The composition and structure of the obtained sub-
stances were identified by differential thermal [Q 1500
derivatograph (Hungary), heating rate 10 deg min�1]
and X-ray phase (DRON-3M installation) analyses.
The incorporation of phosphorus in the composition
of the salts was confirmed by atomic emission analy-
sis (ISP-30 spectrograph). The content of chloride
ions in the solid phase was determined by mercuri-
metry. The type of heteropoly anions was established
by IR spectroscopy in the range 4000�400 cm�1

(Specord M-80, KBr pellets). The energy gap was
calculated from reflection spectra (Specord M-40).

The reaction of 12-molybdophosphoric acid with
a minor excess of cobalt(II) chloride at pH 5�6 results
in precipitation of a lilac-colored lacunar form of
cobalt(II) 11-molybdophosphate Co2H3[PMo11O39] �
11H2O � 2HCl from solution, with a dark gray sub-
stance formed at the solution�air boundary. The com-
pound obtained by the reaction of MoO3 with CoCl2
in a nearly neutral medium can also be identified
as cobalt(II) 11-molybdophosphate with composition
Co2H3[PMo11O39] � 20H2O � 3HCl. The results ob-
tained in studying the effect of the pH of the medium,
nature of initial components, and synthesis conditions
on the formation of cobalt heteropoly compounds are
listed in Table 1.

Cobalt molybdophosphates obtained by the two
methods described have similar IR absorption spe-
ctra (Fig. 1). The stretching and bending vibrations
�(Mo=O), �(P�O), �(Mo�O), �(Mo�O�Mo), �(�O�),

Table 1. Effect of the nature of initial reagents and synthe-
sis conditions on the product composition P : Mo = 1 : 12,
pH 5�6
����������������������������������������

Reagent � Product composition
����������������������������������������
H3[PMo12O40] �nH2O, �Co2H3[PMo11O39] �11H2O �2HCl
CoCl2 �6H2O (under �
a mother liquor) �
H3[PMo12O40] �nH2O, �MoO2Cl2,�
CoCI2 �6H2O �NaCo2+Co3+(MoO4)3 �4H2O
(solution�air) �
MoO3, Na2HPO4, �Co2H3[PMo11O39] �20H2O �3HCl
CoCI2 �6H2O �
����������������������������������������
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Fig. 1. IR spectra of cobalt(II) 11-molybdophosphates:
(1) before and (2, 3) after annealing. ( T ) Transmission and
(�) wave number. Sample synthesized from: (2) 12-mo-
lybdophosphoric acid (3) MoO3.

Fig. 2. Thermograms of (a) 12-molybdophosphoric acid
and cobalt(II) 11-molybdophosphate obtained from (b) 12-
molybdophosphoric acid and (c) MoO3. (T ) Temperature.

and �(P�O) at 960, 910, 870, 815, 720, 510 cm�1, re-
spectively, characterize the formation of Keggin-type
structures [2].

The stretching P�O vibration, which appears in
the IR spectrum of [PMo12O40]3� as a high-intensity
band at 1060 cm�1, is split into two components
(1080, 1050 cm�1) in the case of the lacunar form
[PMo11O39]7� [3].

The bands at 845, 670, and 620 cm�1 correspond
to stretching vibrations �(Co�O) bond, and the band
at 420 cm�1, to �(Co�Cl).

Vibrations �(�OH) of surface OH groups bound to
cobalt are observed at 3710 cm�1 [4, 5].

Cobalt salts obtained by precipitation with co-
balt(II) chloride from molybdophosphoric acid solu-
tions decompose under heating in the same way as
H3[PMo12O40] � nH2O acid does. Two endothermic
effects corresponding to loss of adsorbed and crystal-
lization water are observed in the range 50�150�C
(Fig. 2). According to our calculations, the loss of
substance corresponds to 11 mol of water per 1 mol of
the compound. The activation energy of dehydration
is 53 kJ mol�1, the reaction is first-order. An endo-
thermic effect accompanied by removal of water from
the inner coordination sphere is observed at 335�C.
This is confirmed by the shift of the characteristic
frequencies in the IR spectra of samples annealed at
500�C as compared with the initial sample (Fig. 1). Af-
ter thermolysis, a strong absorption band at 940 cm�1

and a high-intensity peak at 600 cm�1, which corre-
spond to, respectively, stretching vibrations of the
MoO2

2+ group and bending vibrations �(O�P�O) in
the P2O7

4� group, appear in the IR spectrum of the
salt. Also, a slight rise in the intensity of the peak
at 420 cm�1, associated with stretching vibrations
�(Co�Cl), is observed. The absorption band �(Co�O)
at 845 cm�1 is retained. The absorption bands at 820
and 780 cm�1 are attributable to asymmetric stretch-
ing vibrations �(Mo�O) of the tetrahedral [MoO4]2�

group. The intensity of the peak associated with vibra-
tions of the bridging oxygen in the octahedral group
decreases substantially and the peak is shifted from
740 to 700 cm�1 (shoulder at 700 cm�1). This points
to thermal decomposition of the original structure of
the heteropoly salt.

The cobalt salt obtained from MoO3, Na2HPO4,
and CoCl2 decomposes in a single stage, which ap-
parently involves loss of water. The salt is a mixture
of cobalt and dioxomolybdenum(VI) chlorides, phos-
phates, and molybdates. Thermogravimetric calcula-
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tion shows that the salt contains 20 H2O molecules.
The activation energy of dehydration is 110 kJ mol�1,
the reaction is first-order. The decomposition yields
mostly the (MoO2)(HPO4) and CoMoO4 phases. This
is confirmed by analysis of the characteristic frequen-
cies in the IR spectral range. A strong absorption band
of the MoO2

2+ group is observed at 940 cm�1. Broad
peaks corresponding to stretching and bending vibra-
tions of the HPO4

2� group appear at 1000�1200 and
550�650 cm�1. The intensity of the absorption band
�(Co�Cl) at 420 cm�1 slightly increases. The intensity
of the absorption band associated with vibrations of
the bridging oxygen decreases and the band is shifted
from 740 to 710 cm�1. The spectra of cobalt(II) mo-
lybdophosphates synthesized by the two methods show
a significant decrease in the intensity of the peak at
3600�3000 cm�1, which is characteristic of stretching
vibrations of adsorbed and crystallization water, after
annealing. The absorption band �(OH) at 3700 cm�1

is shifted to 3680 cm�1. The intensities of the peaks
corresponding to bending vibrations of OH groups
[4�6] change as follows: that of the peak at 1640 cm�1

decreases considerably, and the absorption at 1450 cm�1

disappears completely. The data obtained are in agree-
ment with the results of [7].

The differences observed in thermal decomposition
of salts of cobalt 12-molybdophosphates synthesized
in the two ways are clearly seen in the DTA curves. In
the first case, absorbed and crystallization water is
lost in two stages, and in the second, in a single stage.
However, when the salt synthesized from 12-molybdo-
phosphoric acid is subjected to thermolysis, loss of
water is observed at 350�400�C. Presumably, this
water is removed from the inner coordination sphere.
An X-ray phase analysis demonstrated that cobalt
11-molybdophosphates prepared in different ways
have virtually identical X-ray diffraction patterns.

When molybdophosphoric acid reacts with cobalt(II)
chloride, a dark gray substance is formed at the solu-
tion�air boundary, which is due to a redox reaction
in air, in which the oxidation states change from
Co2+ to Co3+ and from O0

2 to O2�. MoO2Cl2 and
NaCo2+Co3+(MoO4)3 � 4H2O are formed, which was
confirmed by X-ray phase analysis.

The content of chloride ions in cobalt 11-molybdo-
phosphates, determined by mercurimetry, is listed
in Table 2.

The results of atomic-emission analysis of cobalt
11-molybdophosphates obtained by the two methods
indicate that phosphorus does enter into the composi-
tion of the salts (approximately 1.5 wt %).

Table 2. Content of chloride ions in cobalt molybdophos-
phates (pH 5�6)
����������������������������������������

Salt
� Cl�, �Cl� in hetero-
�mg l�1� poly salt, mol

����������������������������������������
Co2H3[PMo11O39] �11H2O �2HCl� 3.5 � 2
(from acid) � �� �
Co2H3[PMo11O39] �20H2O �3HCl� 5.3 � 3
(from MoO3) � �
����������������������������������������

The cobalt salts obtained possess thermochromic
properties and have a Keggin-type lacunar structure,
with their color varying from lilac to dark gray. The
temperature at which the salts change their color be-
fore and after annealing is 400�450�C.

The thermally reversible change of color by the
compounds obtained is attributable to the previously
suggested mechanism of charge transfer via the in-
ner-sphere redox process

O�H���Cl

O

��
Co2+

��
O

��
Co2+

��

����
P5+(Mo6+)

����
����

400�500�C

O�H���Cl

O

��
Co2+

��
O

��
Co3+

��

����
P5+(Mo5+)

Thus, the reversible change of color of the com-
pounds under consideration, which is observed at
400�450�C, is associated with electron transfer along
the chain

Co2(3)+
�O�Mo6(5)+.

When the temperature is raised, Co2+ is oxidized
to Co3+, and Mo6+, reduced to Mo5+. In the case when
the temperature is lowered, a reverse electron transfer
takes place.

Compounds obtained under similar conditions from
cobalt(II) salts with another anion exhibit no thermo-
chromic properties, which may result from different
positions of the chloride and other ligands in the
spectrochemical series for Co(II)/Co(III). The co-
balt(II) molybdophosphates obtained belong to wide-
bandgap semiconducting materials. The energy gap
calculated from reflection spectra in the visible spec-
tral range is 2.55 eV for molybdophosphoric acid and
varies for cobalt salts from 3.23 (salts obtained from
the acid) to 3.47 eV (salts obtained from MoO3). The
structure indicated undergoes irreversible destruction
above 500�C, with loss of thermochromic properties.
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CONCLUSIONS

(1) Cobalt heteropoly salts Co2H3[PMo11O39] �
11H2O � 2HCl and Co2H3[PMo11O39] � 20H2O � 3HCl
synthesized in aqueous solutions at nearly neutral
pH have a Keggin-type lacunar structure.

(2) The compounds obtained are wide-bandgap
semiconductors and can be used as thermochromic
materials. Cobalt(II) molybdophosphates change col-
oration reversibly. The thermochromic properties of
cobalt 11-molybdophosphates are preserved after
multiple annealing of the salts.
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Abstract�The structure of cleaved mica particles and the influence of cleavage conditions on surface prop-
erties of mica were studied by IR spectroscopy.

In recent years, there has been considerably in-
creased interest in processing of mining tailings,
whose utilization frequently yields products that are
in short supply.

The consumption of raw mica is mainly limited to
large-plate phlogopite and muscovite, which are start-
ing materials for radio electronics and radio engineer-
ing. At the same time, demand for fine (small-size)
mica is virtually absent.

The problem of full utilization of mica raw ma-
terials can be solved solely by developing new tech-
nologies for utilization of small mica fractions, now
going to wastes. It is known that the crystal size is not
an important parameter for pigments used in manufac-
ture of paint-and-varnish materials, rubber fillers, and
plastics [1]. The finer the initial mica, the lower
the amount of energy consumed for its cleavage and
grinding, and the cheaper the final product obtained.

Splitting and grinding of mica is accompanied by
destruction of the interlayer space, with deformation
or destruction of the crystal lattice and the resulting
change in the surface properties of mica, owing to
the appearance of an uncompensated structural charge
[2]. These changes determine the quality of ground
micas and the possible field of their use.

The aim of this study was to analyze structural
changes and surface properties of phlogopite and
muscovite cleaved by different methods.

EXPERIMENTAL

Phlogopite used in the study was obtained from
mica-ore-dressing tails of the Kovdor deposit, and

and muscovite was a by-product of mica production in
Karelia. The starting material consisting of 1 � 2-cm2

plates was subjected to chemical and electrochemical
cleavage and then ground on a ball mill in wet mode.
The <63-�m fraction was used in the study.

In chemical cleavage, mica was treated with 0.5 M
sulfuric acid for 120 h [3]. Leaching of the structure-
forming (cross-linking) elements disturbs the neutral
charge of a mica pack and leads to its cleavage. Elec-
trochemical cleavage [4] is based on leaching of po-
tassium ions into the liquid phase on applying a po-
tential difference to an aqueous mica suspension, with
the mica pack disrupted by the uncompensated charge
of the cleavage planes.

The cleaved mica was studied by the diffusion
reflection IR Fourier spectroscopy. The chemical
composition of the samples was determined with an
ICP�QMS mass-spectrometer. The crystallinity of
structure was characterized using a Siemens D 5000
diffractometer, and the specific surface area was meas-
ured by the BET method on a Micrometric 2000 in-
strument. The liquid phase was analyzed with a Per-
kin�Elmer 3100 atomic-adsorption spectrometer, and
the degree of recovery of the components into solution
was calculated.

The data presented in Fig. 1 give insight into
the behavior of the main cross-linking cations of mica
in its splitting. Evidently, the degree of cation leach-
ing is higher in chemical treatment, compared with
electrochemical treatment in a neutral medium. Irre-
spective of a cleavage method, the degree of leaching
of octahedral cations exceeds that for tetrahedral cat-
ions. The decrease in the specific surface area Ssp of
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Fig. 1. Leaching diagram for the main components of mica in (1) electrochemical and (2) chemical cleavage. (�) Degree of
leaching. (a) Muscovite and (b) phlogopite.

Fig. 2. Micrograph of phlogopite particles after (a) chemical and (b) electrochemical cleavage.

the electrochemically cleaved particles (see table) is
due to a decrease in their thickness, which results from
more complete splitting and smoothening of their sur-

Chemical composition and specific surface area of mica
����������������������������������������

Component
� Content
��������������������������
� Muscovite � Phlogopite

����������������������������������������
SiO2 � 46.4�0.1 � 40.0�0.1
Al2O3 � 34.0�0.1 � 13.5�0.1
MgO � 1.32�0.01 � 23.2�0.1
Fe2O3 � 2.32�0.01 � 8.35�0.01
K2O � 10.5�0.1 � 9.53�0.01
CaO � <0.1 � 0.158�0.001
MnO � 0.029�0.0001 � 0.0901�0.0001
Na2O � 0.625�0.001 � 0.439�0.001
P2O5 � 0.0081�0.0001 � 0.0187�0.0001
TiO2 � 0.371�0.001 � 0.694�0.001
Specific surface area� �
of mica (m2 g�1): � �

initial � 7.34 � 7.06
after electro- � 4.5 � 2.13
chemical cleavage� �
after chemical � 12.67 � 14.65
cleavage � �

����������������������������������������

face. Ssp of the chemically cleaved samples increases
twofold as compared with the initial value. Micro-
graphs of particles of this kind (Fig. 2b) indicate that
their edges are corroded because of the partial split-
ting and the resulting formation of new basal surfaces.

A spectroscopic study demonstrated that the loss of
large cations into the liquid medium is closely related
to changes in the octahedral and tetrahedral layers of
mica. For cleaved muscovite (Fig. 3a), the intensity
of vibrations at 3600 cm�1, associated with intra-
sphere bonds, e.g., AlOH, grows [5]. It has been con-
firmed that the intensity of this band is independent
of crystal orientation [6]. Muscovite cleavage in an
aqueous medium as a result of deformation distortions
and loss of potassium ions facilitates proton incorpo-
ration into the structure to give a hydroxonium ion for
compensating the charge in a tetrahedron. For chemi-
cally cleaved muscovite, the band due to low-frequen-
cy stretching vibrations of OH� groups at 3315 cm�1

is revealed more clearly, and the set of peaks in the
1800�1537 cm�1 range is due to bending vibrations
of adsorbed water molecules.

Strong adsorption bands in the 1000�1025 cm�1

range belong to Si�O stretching vibrations and are
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weakly related to the lattice vibration bonds. By con-
trast, the Si�O vibration bonds characterized by bands
at 400�550 and 750 cm�1 are strongly related to
other vibration bonds [7]. The rise in the intensity of
the 750 cm�1 band and the low-frequency shift of the
536 cm�1 band, which are associated with Si�O�Al
tetrahedral vibrations [8], result from an increase in
the Si�O�Al bond length and point to deformation
of the tetrahedral layer. The increase in the intensi-
ty of the 930 cm�1 band results from a decrease in
the magnesium(II) content in the octahedral environ-
ment. The appearance of a clearly pronounced band
at 1062 cm�1 is due to asymmetric vibrations of the
Si�O�Si bond. Evidently, fast exchange reactions
between the potassium ions and the proton in chem-
ical cleavage are accompanied by hydroxylation of
the tetrahedron vertex and rupture of the bond be-
tween the oxygen atom of silicon-oxygen tetrahedron
and the octahedral cation. Leaching of octahedral
magnesium(II) cations and aluminum(III) leads to
weakening of siloxane bonds and promotes loss of
silicon(IV) from the tetrahedral layers. In electro-
chemical cleavage in neutral media, the mobility
of octahedral cations and aluminum(III) decreases,
and loss of silicon(IV) into solution is hindered by
slow rupture of aluminum bonds in the lattice. On
the whole, it was noted that, irrespective of musco-
vite cleavage conditions, formation of hydrated forms
of the starting layered structure is observed, with all
basic structural characteristics of the starting phase
retained. This is confirmed by the X-ray diffraction
pattern demonstrating only a slight redistribution of
the reflection intensities, which is associated with
the defectiveness of the structure (Fig. 4).

For cleaved phlogopite (Fig. 3b), no significant
changes in the range of OH� group vibrations was
observed. This is so because the loss of K+ from
the mineral is commonly accompanied by oxidation
Fe2+

� Fe3+ [9], and there is no need for protonation
of surface groups to neutralize the negative charge.
The weak band at 3664 cm�1 in the spectra of the start-
ing and cleaved phlogopite reflects the presence of
Fe(III) in the octahedral position. For electrochemical-
ly cleaved mica, an increase in the intensity of the
1650 cm�1 peak corresponding to bending vibrations
of water was observed. In chemical cleavage, changes
in the tetrahedral layer manifest themselves in a low-
frequency shift of the Si�O stretching vibration band
at 985 cm�1, resulting from the increase in the Si�
Al�O bond length and appearance of a new band at
1041 cm�1, associated with asymmetric vibrations
of the Si�O�Si bond. The band at 456 cm�1 can be
ascribed to the Si�O�M2+

tetr (M = Mg, Fe) bond

Fig. 3. IR spectra of (a) muscovite and (b) phlogopite.
( T ) Transmission and (�) wave number. Mineral: (1) initial
and after (2) electrochemical and (3) chemical cleavage.

Fig. 4. X-ray diffraction patterns of muscovite. (I ) Intensity
and (2�) Bragg angle. Mineral: (a) initial and (b) after
electrochemical cleavage.
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Fig. 5. Scanning spectral analysis of the phlogopite surface
after chemical cleavage. (I ) Intensity and (E) binding
energy. Surface: (a) lateral and (b) basal.

[10]. In iron(III) oxidation, this band is observed at
520 cm�1, and the Si�O�Mg bond is manifested at
lower frequencies, which is due to the increased
length of the M2+

�O�Si bond and to its more polar
character.

Thus, the cleavage of mica leads to the structur-
al changes in mica particles (formation of hydrated
forms, isomorphic substitutions in octahedral layers,
and deformation distortion in tetrahedral layers),
which can affect mica properties. In particular, the ap-
pearance of an uncompensated structural charge on
the basal surface as a result of isomorphic substitu-
tion enhances the ion-exchange and sorption prop-
erties of such minerals.

Use of finely ground mica as a pigment imposes
stringent requirements upon the state of the surface
of mica particles [11]. A scanning spectral analysis
of the mica surface demonstrated that nonuniform dis-
solution of the basal and lateral surfaces of minerals
occurs in chemical cleavage (Fig. 5). This leads to

defect formation and edge corrosion. Deposition of
a titanium coating onto such particles yields pigments
that are nonuniform across their thickness, which
impairs their optical properties and, consequently,
quality.

CONCLUSIONS

(1) The crystal structure of mica cleaved by dif-
ferent methods was studied by IR spectroscopy. Cleav-
age of mica leads to changes in the octahedral and
tetrahedral layers. In addition, protonation of alumi-
num bonds, caused by leaching of interlayer potas-
sium ions, was observed for muscovite.

(2) Chemical treatment causes corrosion of edges
of cleaved particles. This results from different rates
of dissolution of their basal and lateral surfaces.
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Abstract�A procedure was developed for preparing copper dispersions that can be used as catalytic sys-
tems in electroless metallization of insulators by chemical reduction of Cu(II) salts with sodium hydroxy-
methanesulfinate (rongalite) or thiourea dioxide in aqueous-alcoholic media.

Chemical precipitation of metals is widely used
to obtain sols [1, 2]. Conventional reducing agents
used for this purpose are aluminum hydride, borohy-
dride, aminoborane, and hypophosphite [3, 4]. How-
ever, sols of metals obtained with the use of these re-
ducing agents contain significant amounts of im-
purities and have a broad particle size distribution. It
is known [3, 5, 6] that colloids of most metals are
rapidly oxidized by atmospheric oxygen, water, and
other oxidants. This impairs the stability and catalytic
activity of colloid solutions and makes difficult their
practical use.

It has been found previously that sodium hydroxy-
methanesulfinate (HMS) HOCH2SO2Na and thiourea
dioxide (TUDO) (NH2)2CSO2 are effective reducing
agents for metal ions [7]. Chemical reactions of HMS
or TUDO with Cu2+ and Ni2+ ions yield high-purity
(up to 99.9% metal) precipitates of the metals with
particle size of up to 1 �m for Cu and 0.5 �m for
Ni, with the introduction of an alcohol (butanol or
decanol) into the reaction system increasing the de-
gree of dispersion of the resulting powders. In this
context, it was of interest to study the possibility of
improving the aggregative stability of the above-men-
tioned dispersions with the purpose of obtaining stable
systems. This communication reports the results ob-
tained in a study of HMS and TUDO application for
obtaining metal dispersions with rather high aggrega-
tive stability and controllable degree of dispersion.

EXPERIMENTAL

Copper dispersions were prepared as follows. An
aqueous solution of CuSO4 was added to an aqueous

solution of TUDO or HMS (chemically pure salts).
Thiourea dioxide was prepared from chemically pure
thiourea by oxidation with hydrogen peroxide accord-
ing to the known technique [8], or a commercial-grade
product was used after twofold recrystallization from
water. Sodium hydroxymethanesulfinate was also ob-
tained from a commercial-grade product by twofold
recrystallization from water. The concentration of
a metal salt was varied within the limits 5 � 10�3�
5 � 10�2 M, and the concentration of a reducing agent
was selected so that its 10�20-fold excess was pro-
vided. The reduction reaction was carried out in glass
temperature-controlled vessels at fixed temperature
(40�80�C). To stabilize the resulting dispersions,
protective colloids (gelatin, agar-agar, polyvinyl al-
cohol, glycerol, and also alcohols, such as butanol
and decanol) were added to a solution in various pro-
portions (from 0.5 up to 10 vol %).

Spectra of the copper dispersions were taken on
a Specol-210 spectrophotometer. The particle size
was determined by turbidimetry [9], using the theory
of light scattering in disperse systems, for which
Rayleigh’s equation does not hold. The particle radii
were calculated by Heller’s empirical equation [9].
The sizes and amounts of particles were also deter-
mined using a Tesla BS-300 electron microscope.
Both the methods yielded average sizes of particles
coinciding to the first significant digit.

The formation of a copper dispersion was judged
from the appearance of a characteristic red-brown
coloration and from the presence of Tyndall’s cone.
The stability of the dispersion was characterized by
the period of time from the instant of its prepara-
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Table 1. Effect of stabilizing agents, alcohol, and reagent
concentrations on stability of copper dispersions (concen-
tration of copper(II) 5 � 10�2 M, content of stabilizing
additive 3%; T = 313 K)
����������������������������������������
Reducing � Solvent � Additive � Dispersion
agent, M � � � stability
����������������������������������������
TUDO: � � �

0.1 � H2O � Gelatin � 30 min
�H2O : butanol: � �
� 9 : 1 � � � 50 min
� 1 : 1 � � � 35 min
� 9 : 1 � Gelatin � 25 day
� 9 : 1 � Agar-agar � 12 day

0.5 � 9 : 1 � Gelatin � 25 day
HMS: � � �

0.1 � H2O � � � 35 min
� H2O : buta- � � � 65 min
� tanol = 9 : 1 � �
� The same � Gelatin � 19 day
� � � Agar-agar � 9 day

0.5 � � � Gelatin � 5 day
����������������������������������������

tion to that of the onset of sedimentation. The vari-
ation of the degree of dispersion and that of the par-
ticle size of a dispersed phase with time were moni-
tored in parallel.

It is known [3] that colloid solutions can be formed
in organic media, and use of microemulsions is a
promising way to obtain colloids with controllable
degree of dispersion.

Table 1 lists data on the effect of solvent com-
position and reducing agent (HMS and TUDO) con-

Fig. 1. Absorption spectra. D is optical density and � is
wavelength. Concentration: copper(II) 5 � 10�2, TUDO
0.1 M; T = 298 K. (1) CuCl2, aqueous solution; (2) TUDO,
aqueous solution; (3) gelatin, aqueous solution (3 wt %);
(4) solution of colloid copper in water�butanol medium
(9 : 1); (5) solution of colloid copper in water�butanol
(9 : 1)�gelatin (3 wt %) medium.

centrations on the stability of the dispersions1 under
study. It can be seen that the dispersion of Cu0, which
retains stability for 25 days, is formed when Cu2+ is
reduced in an aqueous-alcoholic medium (butanol
concentration not exceeding 10 vol %) in an excess
of a reducing agent (concentrations 0.1 and 0.5 M) at
313 K and in the presence of stabilizing additives.
The thus obtained solutions have intense red-brown
color and a typical absorption spectrum shown in
Fig. 1, curves 4 and 5. It was noted in [5] that a mono-
dispersed colloid solution shows an absorption peak
at wavelengths in the range 550�650 nm. Therefore,
the presence of an absorption band at � = 570 nm in
the spectra (Fig. 1) indicates that the method sug-
gested makes it possible to obtain a copper dispersion
with rather narrow range of degrees of dispersion.

The electron-microscopic data (Figs. 2a and 2b)
show that the use of gelatin additions allows the aver-
age size of dispersed phase particles to be decreased
by an order of magnitude. In this case, the fraction
of particles with average size of 1.5 �m constitutes
approximately 90% of the dispersed phase weight,
whereas in the absence of these additives (glycerol-
water medium), the average size of copper particles
is 20�30 �m, and the precipitate itself is more poly-
dispersed (Fig. 2b).

It is necessary to note that the copper dispersions
are stable up to 373 K; however, they abruptly lose
aggregative stability upon dilution with water. With
increasing HMS concentration, the stability of copper
dispersions decreases, whereas the excess of TUDO
does not affect its stability (Table 1). This is attribut-
able to the fact that, unlike TUDO, HMS is a strong
electrolyte (sodium salt of hydroxymethanesulfinic
acid) [9].

Copper dispersions were found to change red-brown
color for green under the action of light (� = 350�
780 nm). It is known that monodispersed systems are
less stable against photooxidation than polydispersed
systems [10]. The following processes are possible in
solution under the action of light:

Cu0(polydispersed) ����
h�

Cu0(monodispersed), (1)

Cu0(polydispersed) ����
h�

Cu+ + e. (2)

The reversibility of process (2) is confirmed by
the fact that the absorption spectrum of the solution
����������
1 Within the indicated life time of a system, the average size of

dispersed phase particles, determined by electron microscopy,
remained virtually constant.
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obtained upon exposure of a copper dispersion to light
is identical to that of a true Cu(I) solution. When
the solution subjected to the action of light is placed
in the dark, the red-brown color is not restored. How-
ever, heating of this solution yields a solution of dis-
persed copper again. Conceivably, this transition oc-
curs either as a result of disproportionation

2Cu+ ��
t

Cu0 + Cu2+, (3)

or under the action of a reducing agent

Cu+ + TUDO (HMS) ��
t

Cu0. (4)

It is necessary to note that the rate of photooxida-
tion of copper dispersions is essentially reduced when
butanol is added to them, together with gelatin, during
preparation. Probably, the stabilizing role of alcohols
is due not only to specific solvation and suppression
of diffusion processes, but also to their reducing prop-
erties.

It was noted in [10] that copper colloid solutions
have high catalytic activity in oxidation of CO, var-
ious hydrocarbons, and methanol, and also in chemi-
cal metallization of fiber-glass laminate in manufac-
ture of printed circuit boards and elastic screening and
microwaves-reflecting materials based on metallized
fabrics. Despite that solutions of colloid copper rank
somewhat below palladium activators, they have sev-
eral advantages: the number of operations is reduced
because the intermediate stages of article washing
after activation and the necessity for palladium re-
covery from sewage are eliminated, and also the pos-
sibility of decomposition of chemical-metallization
solutions upon introduction of palladium-activated
samples into a bath is ruled out.

Copper dispersions obtained by reduction of Cu(II)
salts with HMS or TUDO were studied as activators
for electroless nickel plating on carbon fibers and
glass articles. The procedures are based on the reduc-
tion of Ni2+ ions from an ammine complex by the
sulfur-containing reducing agents HMS and TUDO
[11, 12]. The surface of samples was activated by
various methods: by treatment with standard [based
on palladium(II) or tin(II) salts] and copper colloid
solutions stabilized with gelatin additions and also by
treatment with low-temperature atmospheric plasma.
It was found that that the activation of samples with
a copper colloid solution yields metallic films with
high adhesion strength: it was rather difficult to de-
tach a film from the substrate surface by mechanical
force (with a steel trowel). A comparative estimate of
the effect of the activator nature on the strength of

Fig. 2. Distribution of copper particles, �, with respect
to size d. Medium: (a) 3% gelatin solution, (b) 50% glyc-
erol solution.

adhesion of nickel films to a substrate was made using
the �ultrasonic� method (UD-20 ultrasonic disintegra-
tor). Nickel-plated samples were placed in a vessel
with distilled water, so that the focusing attachment
of the vibrator was at a distance of 10 mm from the
sample surface. The instants �1 and �2 of, respectively,
the destruction onset and final destruction of a nickel
film on a sample under the action of ultrasound were
determined. As the conditional time of complete de-
struction was chosen that when the diameter of a de-
struction zone reached 5 mm and more. The thickness
h of a metal coating was determined in parallel for
each sample by gravimetry. The metallization stage
was performed under the same conditions: nickel(II)
concentration 0.1 M, TUDO concentration 0.2 M;
T = 343 K; � = 15 min.

The results obtained in studying silicate-glass sam-
ples are listed in Table 2. It can be seen that activation
with solutions of palladium(II) and tin(II) chlorides
and with a copper colloid solution in gelatin provides
virtually the same thickness of a metal film (�1.7 �m).
However, the highest adhesion strength is achieved
for samples activated with a copper colloid solution
stabilized with gelatin (destruction time as long as
20 min). Similar results were obtained when studying
the efficiency of various methods for activation of
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Table 2. Effect of a method for activation of silicate glass
samples on thickness and adhesive properties of nickel
coating
����������������������������������������

Activation method
� �1 � �2 �

h,
����������
� min �

�m

����������������������������������������
PdCl�2H2O, 0.5 g l�1 � 6 � 9 � 1.77
HClconc, 10 ml l�1 � � �
SnCl2�2H2O, 0.25%, � 9 � 12 � 1.72
HClconc, up to 1 ml l�1 � � �
Copper colloid solution � 8 � 19.5� 1.77
in gelatin (3 vol %) � � �
Treatment in atmospheric plasma � 3 � 6 � 0.05
and with copper colloid � 12 � 20 � 1.25
solution in gelatin � � �
����������������������������������������

carbon fiber and molybdate glass. The plasma activa-
tion of the glass, both by itself and in combination
with activation with a copper colloid solution, does
not yield any appreciable positive results (Table 2).
Thus, the combination of butanol additives (up to
10 vol %) with gelatin in preparation of dispersed
copper makes it possible to obtain monodispersed sys-
tems, which are stable for up to a month and have
high activating capacity in electroless copper plating.
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Abstract�Preparation of monodispersed SiO2 nanoparticles of varied size by hydrolysis of tetramethoxy-
silane and polycondensation of the hydrolysis products was studied as influenced by the basicity and
nucleophilicity of organic amines.

In 1967, St�ober and Fink [1] showed that hydroly-
sis of silicon alkoxides in the presence of ammonia
yields SiO2 nanoparticles with narrow particle size
distribution. Since that time, suspensions of particles
of this kind became commercially available and found
wide application in electronics and for preparing com-
posites, monolithic glasses for optics, etc. [2, 3]. It
is also known that hydrosols of these particles yield
colloids with alternating structure (colloidal crystals),
which are unique models for fundamental study of
various types of interparticle interactions [4, 5] and
crystallization from solution [6].

Although obvious progress has been achieved in
the synthesis of SiO2 nanoparticles, the results ob-
tained are poorly reproducible [7]. To enhance the re-
producibility, the effect of various factors on the size
of SiO2 nanoparticles was examined. In particular,
the type of the initial alkoxysilane and alcohol used
as the solvent, temperature of the sol�gel process,
alkoxysilane concentration, alkoxysilane-to-water ra-
tio, ammonia concentration, and rate of alkoxysilane
addition were varied [1, 7�9]. However, there is one
more factor affecting formation of a SiO2 dispersion
in the course of a sol�gel process: nature of the base
catalyst, not examined in previous papers. Let us con-
sider chemical reactions involved in this process [10]:

�Si�OR + H2O
Etherification
����������Hydrolysis

�Si�OH + ROH, (1, 2)

(3, 4)
�Si�OR + HO�Si�

Alcoholysis
����������

�Si�O�Si� + ROH,
Condensation

�Si�OH + HO�Si�
Hydrolysis
����������

�Si�O�Si� + H2O.
Condensation

(5, 6)

Hydrolysis of silicon alkoxide yields silanols [re-
action (1)] which can condense by reactions (3) and
(5). When the sol�gel process is performed in an al-
kaline solution, reactions of alcoholysis (4) and hy-
drolysis (6), which are responsible for growth of SiO2
particles with a definite size distribution, prevail.
The rate of all of these reactions is acceptable only in
the presence of catalysts. However, the mechanism of
the base catalysis was reduced in the literature and,
in particular, in a comprehensive monograph [11] to
a bimolecular nucleophilic attack (SN2�Si) of the hy-
droxide anion at the silicon atoms of alcoxysilane to
give a five-coordinate intermediate which eliminates
the alcohol molecule ROH (hydrolysis) or the RO� an-
ion (condensation). Thus, it is assumed that the sol�
gel process involving hydrolysis of a silicon alcoxide
and condensation of the hydrolysis products is con-
trolled exclusively by the concentration of OH� an-
ions. Any organic base, in particular a nitrogen-con-
taining compound, can be considered a proton accep-
tor. Its strength can be estimated from the pKa of the
conjugated acid:

:NR3 + H2O �
� HN+R3 + OH�. (7)

However, the processes occurring in the sol�gel
system incompletely fit in the logical path: (i) increase
in the strength of the organic base, (ii) increase in the
concentration of OH� anions, and (iii) acceleration of
the hydrolysis and condensation. For example, it is
known that, although F� is a weaker base than NH3,
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Fig. 1. (1) Average size d of SiO2 particles and (2) gelation
time � vs. the 4-(dimethylamino)pyridine V concentration
c in sol�gel systems 1�4 and 5b.

gelation of tetraethoxysilane solutions in the presence
of KF is substantially faster than in the presence of
the same amount of ammonia [11]. It is believed in
this case that the F� anion is close in size to the OH�

anion and can increase the coordination of the silicon
atom in alkoxysilane [12]. In other words, not only
proton affinity of the catalyst [Eq. (7)] but also its
nucleophilicity (attack of its lone electron pair at the
silicon atom of alkoxysilane) should be taken into
account when describing the mechanism of the sol�gel
process.

The nucleophilicity of a Lewis base depends on
many factors, including the type of the chemical reac-
tion involving this base [13]. In this study, we ana-
lyzed hydrolysis of tetramethoxysilane (TMOS) and
polycondensation of the hydrolysis products in an al-
kaline solution in the presence of amines whose nu-
cleophilicity was varied by changing the steric and
electronic environment of the nitrogen atom.

Thus, the present study was concerned with condi-
tions for obtaining monodispersed SiO2 nanoparticles
and development of methods for preparative synthesis
of this material.

EXPERIMENTAL

Base hydrolysis of TMOS and polycondenstaion of
the hydrolysis products were studied in the presence of
the following thermally and chemically stable organic
amine cata lysts: pyridine (I), 4-methylpyridine (II),
3-ethyl-4-methylpyridine (III), 2,6-dimethylpyridine
(IV), 4-(dimethylamino)pyridine (V), N-methylmor-
pholine (VI), piperidine (VII), N-methylpiperidine
(VIII), and ethyldiisopropylamine (IX):

�
��

��N R1

R2

R

R
I_V

�OMeN �ORN EtN
��

i-Pr

i-Pr

VI VII, VIII IX

Here R = R1 = R2 = H (I); R = R2 = H,
R1 = Me (II); R = H, R1 = Me, R2 = Et (III); R =
Me, R1 = R2 = H (IV); R = R2 = H, R1 =
NMe2 (V); R = H; (VII); R = Me (VIII).

TMOS and amines I�IX were distilled on a 10 TP
column at atmospheric and reduced (15�760 mm Hg)
pressure, with fractions boiling in the 0.5�C range
collected. Amine V was recrystallized from alco-
hol. Sol�gel synthesis of SiO2 nanoparticles was per-
formed in a glass reactor equipped with a double wa-
ter jacket, magnetic stirrer, dropping funnel, and re-
flux condenser. Appropriate amine, ethanol, and wa-
ter were placed in the reactor. An ethanolic solution
of TMOS (25 ml) was added with vigorous stirring
at 70�C within 3 min. We prepared 13 sol�gel sys-
tems with TMOS : water : ethanol = 1 : 25 : 110.
The mole fraction of amines is given below:

Sol�gel system 1 2 3 4 5a 5b 5c
Amine I II III IV V V V
Mole fraction 7.0 1.4 1.4 1.4 0.35 1.4 2.8

Sol�gel system 5d 5e 6 7 8 9
Amine V V VI VII VIII IX
Mole fraction 4.9 7.0 1.4 1.4 1.4 1.4

The particle size was determined with an EM-125
electron microscope at accelerating voltage of 75 kV.
The samples were prepared by applying the suspen-
sion (in some cases, diluted by a factor of 2�3 with
alcohol) to a carbon-reinforced collodion support.

The organic amines were chosen so that the acidity
constants of their conjugated acids and their boiling
points varied widely:

Amine I II III IV V
bp, �C [15] 115 145 198* 143�145
pKa, 5.20 6.02 6.46 6.77 9.70
20�C [16]

Amine VI VII VIII IX Ammonia
bp, �C [15] 115�116** 124 106 127
pKa, 7.38 11.3 10.20 10.50 9.25
20�C [16]
����������

* At 25�C [1, 5]. ** At 750 mm Hg.

All the experiments can be divided into three
groups. In the first group, we varied the concentration
of 4-(dimethylamino)pyridine V (sol�gel systems
5a�5d, Fig. 1). In the second, we varied the sub-
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stituients in the pyridine ring (sol�gel systems 1�4 and
5b). Electron micrographs of SiO2 particles formed
in these systems are shown in Fig. 2. In experiments
of the third group, we used strong organic bases
V�IX.

Prior to discussing the results obtained, the follow-
ing should be noted. First, the resolution of the micro-
scope used does not allow determination of particles
smaller than 10 nm in diameter. Second, separate SiO2
nanoparticles can be obtained only when TMOS is
strongly diluted with ethanol and water, which pro-
motes hydrolysis and alcoholysis of the Si�O�Si bonds
in the sol�gel systems [Eqs. (4), (7)] [17]. Otherwise
gelation of the sol is complete in less than 10 min in
the presence of pyridine catalyst and is almost instan-
taneous in the presence of bases V�VIII.

The size of silica particles prepared by hydrolysis
of TMOS and polycondensation of the hydrolysis
products in the presence of 4-(dimethylamino)pyridine
grows linearly with increasing amine concentration
(Fig. 1). At amine concentration of 0.35 g-equiv l�1,
the particle size is close to the detection limit, where-
as at amine concentration of 7 g-equiv l�1, it is 210�
240 nm. Since particles formed in alkaline solution
are negatively charged and repel one another [18],
they grow by the condensation mechanism through
dissolution of smaller particles. These smaller par-
ticles are not perfectly spherical, with pointed projec-
tions and irregularities (Fig. 2b). It is these projections
and irregularities that have an excess energy and
initiate, in the first place, rupture of the Si�O�Si
bonds. Hence, as silica particles grow, their shape
becomes more spherical (Figs. 2c, 2d).

It should be noted that the dissolution and conden-
sation to form an ensemble of spherical particles com-
pete with polymerization gelation. Each of these pro-
cesses prevails at a definite base concentration. Heat-
ing of sol�gel system 5b for 30 min does not cause
particle coarsening but accelerates the gelation. Thus,
at low catalyst content, small silica particles suscep-
tible to polycondensation with inclusion of a solvent
and to gelation are formed owing to insufficiently fast
rupture�formation of Si�O�Si bonds. At high cata-
lyst content (Fig. 2e, 7 g-equiv l�1), large particles are
formed. In this case, the sol degrades by sedimenta-
tion and subsequent coagulation. Sols prepared at
a catalyst content of about 0.5 g-equiv l�1 are stable
for many days (Figs. 2d, 2d).

It should be noted that all the above processes of
silica nanoparticle formation in sol�gel systems 5a�
5e are fast. Electron micrographs taken immediate-
ly after the reaction completion, i.e., several minutes

Fig. 2. Electron microgaphs of SiO2 particles prepared
in sol�gel systems (a) 5a, (b) 5b, (c) 5c, (d) 5d, (e) 5e,
(f) 1 and (g) 2. Magnification �100 000 (100 nm in 1 cm);
the same for Fig. 3.

after the onset of hydrolysis of TMOS and polycon-
densation of the hydrolysis products, are shown in
Figs. 2a�2e. Such a high rate is provided by high ba-
sicity and nucleophilicity of 4-(dimethylamino)pyri-
dine. When amines I�IV having a similar structure
and lower basicity are used as catalysts, all these
processes are strongly decelerated. Hardly visible par-
ticles are formed on heating at 70�C for 4 h in the
presence of 4-methylpyridine (Fig. 2g). Silica particles
generated in the presence of 3-ethyl-4-methylpyridine
III within the same time are slightly larger. When the
least basic amine, pyridine, was used, visible particles
(Fig. 2f) were formed only after keeping the sol�gel
system at 70�C for 8 h and then at room temperature
for 8 days. The behavior of sol�gel systems 1�3 cor-
relates with an increase in the amine basicity. How-
ever, no visible particles appear when sol�gel sys-
tem 4 containing 2,6-dimethylpyridine is heated for 4
h, although the basicity of this amine is substantially
higher than that of amines I�III.

Thus, the mechanism of formation of silica nano-
particles in the presence of organic amines must in-
volve an attack on the silicon atoms by the lone elec-
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Fig. 3. Electron micrographs of silica particles formed
in sol�gel systems (a) 6, (b) 8, (c) 7, and (d) 9.

tron pare of the nitrogen atom. If the electron pair is
less accessible, as in, e.g., amine IV, owing to steric
hindrance caused by two methyl groups, the sol�gel
process is decelerated, i.e., it is controlled by the
nucleophilicity, rather than basicity of the catalyst.

Clearly, this assumption is true when strongly basic
amines V�IX are used as catalysts. Electron micro-
graphs of SiO2 particles prepared by the sol�gel pro-
cess catalyzed with these amines are shown in Fig. 3.
Hardly visible silica particles about 10 nm in diameter
are formed in the presence of N-methylmorpholine
(Fig. 3a). The diameter of silica particles grows with
increasing amine basicity in the order N-methylmor-
pholine VI < 4-(dimethylamino)pyridine V (Fig. 2b) �

N-methylpiperidine VIII (Fig. 3b) << piperidine VII
(Fig. 3c). However, when less nucleophilic sterically
hindered ethyldiisopropylamine is used, the particle
size sharply decreases despite the high basicity of
the amine (Fig. 3d).

CONCLUSIONS

(1) The procedure developed for preparative syn-
thesis of monodispersed SiO2 nanoparticles gives
well-reproducible results and requires simple equip-
ment.

(2) When a strongly basic amine (pKa > 9) is used
as catalyst, the particle size grows almost linearly
with its increasing concentration.

(3) Catalytic hydrolysis of TMOS and polycon-
densation of the hydrolysis products to form SiO2
nanoparticles are governed not only by the concentra-
tion of hydroxide anions in a solution (i.e., by basic-
ity of an amine), but also by the nucleophilicity of
the amine.
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Abstract�The saturated vapor pressure in a system constituted by anthranilic (o-aminobenzoic) acid and
hydrogen fluoride was studied by the static method in the temperature range 0�90�C. The isotherms of vapor
pressure as a function of solution composition were approximated using the least-squares method.

Synthesis of o-fluorobenzoic acid by the diazotiza-
tion method involves a stage in which a solution of
anthranilic acid (AA) in hydrogen fluoride is prepared,
with the subsequent diazotization and thermal decom-
position of a diazonium salt formed. To preclude loss
of hydrogen fluoride in the above stages and to study
the kinetics of diazonium salt decomposition, data on
saturated vapor pressure in the AA�HF system are
necessary.

EXPERIMENTAL

The saturated vapor pressure in the AA�HF system
was measured on an installation including the fol-
lowing units (Fig. 1):

(1) Vessel 1 for charging a mixture under study and
a calibration vessel 2 for vapor sampling are mounted
within heat-insulating jackets 3 and 4, in which an eth-
ylene glycol solution, fed from a SZhML-19/2,5-I1-9

Fig. 1. Schematic of the experimental setup. (23) Pressure gage, (24) calibration vessel, (25) helical compensator, (26) thermo-
couple pocket, (27) secondary gage, (28) rough-pressure pump; for the remaining notations see text.
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thermostat 5, is circulated. Ethylene glycol is cooled
by a refrigerating compressor 6 or heated by heaters
built in the thermostat 5 to ensure the required range
of working temperatures. The vessels 1 and 2 are
connected to a pressure measurement system.

(2) The system for vapor-pressure measurements
consists of two DP-5 pressure reducers 7 with meas-
urement ranges 0�50 and 0�300 mm Hg and an MO-
11 202 reference gage 8 (0.4 accuracy rating), moun-
ted within an air thermostat 9. The thermostat 9 is
equipped with heaters 10, fans 11, Chromel�Copel
thermocouple 12, mercury thermometer 13, and
KSP-4 control potentiometer 14.

(3) The vacuum system includes a pump protection
unit, a unit for measuring the pressure in the reference
chamber, and a 2NVR-5DM rough-vacuum pump.
The first unit consists of a sorption column 15 filled
with granulated sorbents [sodium fluoride, lime chem-
ical sorbent (LCS)], porous-metal filter 16, and freez-
ing trap 17 cooled with liquid nitrogen. The pressure
in the reference chamber of DP-5 is measured with
an MO-11 202 reference gage 18 (0.4 accuracy rating),
V-1227 reference vacuum gage 19 (0.25 accuracy
rating), open mercury pressure gage 20, OBMB-1-160
vacuum gage 21 (1.5 accuracy rating), and VT-2AP
thermocouple vacuum gage 22 with a PMT-4 lamp 23.

The error in pressure measurement was �0.5, �1.5,
and �5 for pressures of up to 50, 300, and 6500 mm Hg,
respectively. The temperature in the thermostat was
maintained constant to within �0.05�C.

As main construction materials were used nickel,
stainless steel, and copper, with fluoroplast-4 serving
as laying material. The inner surfaces of the vessels
1 and 2 were preliminarily polished mechanically
and chemically.

Prior to tests, all the surfaces of the pipelines and
valves contacting with the corrosive medium were

passivated with elementary fluorine for 24, h with
gradual heating to 100�C.

We used AA [GOST (State Standard) 14 310�78]
and anhydrous hydrogen fluoride of A brand satisfy-
ing the requirements of GOST 14 022�88, which cor-
responds to 99.95 wt % pure substance and more.
The purity of AA was verified by the melting point
method (mp 143�C).

Initial samples were prepared in a sealed cell in
argon dried by circulation in a column packed with
LCS and NaA zeolite.

Prescribed amounts of AA and HF were weighed
on an analytical balance in a thoroughly washed and
dried Teflon flask and placed in vessel 1. The vessel
was sealed, cooled with liquid nitrogen, and evacuated
to residual pressure of less than 0.1 mm Hg. Vessel 1
with a mixture of prescribed composition was placed
in a jacket 3 and connected to a pressure measurement
system. Ethylene glycol with required temperature
was fed into the jacket, with the temperature in the air
thermostat maintained at 5�8�C above that in the
jacket. The vessel 1 was subjected to vibration treat-
ment. As the instant of time at which equilibrium was
attained in the system was taken that when the vapor
pressure reached a constant value. The pressure was
indicated by readings of the reducers 7 and reference
gage 8.

The saturated vapor pressure in the AA�HF system
was studied by the static method in the temperature
range 0�20�C at a step of 5�C and 30�90�C at a step
of 10�C for solutions containing 8.79, 17.41, 21.70,
23.41, 28.08, 32.74, and 36.03 wt % AA. The con-
tents above 36.03 wt % were not studied, because
the AA solubility at 20�C does not exceed 40 wt %.

The experimental data on the dependence of satu-
rated vapor pressure on solution composition in the
temperature range 0�90�C are presented in Table 1.

Table 1. Saturated vapor pressure at different solution compositions
������������������������������������������������������������������������������������

AA � Saturated vapor pressure (mm Hg) at indicated temperature, �C
������������������������������������������������������������������������������������
mol %� wt % � 0.0 � 5.0 � 10.0 � 15.0 � 20.0 � 30.0 � 40.0 � 50.0 � 60.0 � 70.0 � 80.0 � 90.0
������������������������������������������������������������������������������������
0.00* � 0.00 � 364 � 443 � 535 � 645 � 773 � 1093 � 1516 � 2069 � 2778 � 3677 � 4801 � 6191
0.015 � 8.79 � 320 � 375 � 445 � 530 � 645 � 930 � 1275 � 1795 � 2430 � 3160 � 3850 � 5130
0.029 � 17.41 � 283 � 318 � 385 � 455 � 535 � 780 � 1070 � 1565 � 2185 � 2905 � 3630 � 4920
0.036 � 20.28 � 242 � 275 � 310 � 360 � 455 � 700 � 975 � 1360 � 1930 � 2595 � 3340 � 4205
0.043 � 23.41 � 205 � 240 � 280 � 325 � 405 � 595 � 865 � 1245 � 1800 � 2410 � 3110 � 3780
0.049 � 28.08 � 160 � 183 � 218 � 265 � 345 � 515 � 720 � 1025 � 1470 � 2050 � 2650 � 3410
0.066 � 32.74 � 123 � 142 � 168 � 210 � 280 � 455 � 650 � 870 � 1260 � 1865 � 2285 � 2870
0.072 � 36.03 � 85 � 102 � 120 � 145 � 205 � 345 � 520 � 725 � 1010 � 1480 � 1920 � 2420
������������������������������������������������������������������������������������
* The saturated vapor pressures of pure solvent (hydrogen fluoride) in relation to temperature [1].
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The AA�HF system consists of components with
strongly different saturated vapor pressures (standard
boiling point of HF is 19.5�C, and AA sublimation
temperature, 143�C). Therefore, the vapor phase is
considerably enriched in hydrogen fluoride in the
entire temperature range studied, and the AA vapor
pressure can be neglected.

The dependence of saturated vapor pressure over
a solution of solid substances in volatile solvents is
expressed by Raoult’s law:

������ = �� = ������ x2 ,
pi

0 pi
0

pi � pi
0 �p

n1 � n2

n2
(1)

where pi
0 is the saturated vapor pressure over pure

solvent; pi , the solvent vapor pressure over a solution
of given concentration; �p/pi

0, the relative decrease in
the solvent vapor pressure; n2 and n1, the number
of moles of the solute and solvent, respectively.

The values of the relative decrease in the vapor
pressure of the solvent for given compositions, as cal-
culated by Eq. (1) and averaged over the temperature
range 0�90�C, are presented below:

AA, mole fraction �p/pi
0 AA, mole fraction �p/pi

0

0.015 0.159 0.049 0.504
0.029 0.233 0.066 0.855
0.036 0.319 0.072 0.883
0.043 0.395

It can be seen that the �p/pi
0 ratio grows with in-

creasing solute concentration. This indicates that the
solvent interacts with the solute.

The experimental data presented in Table 1 were
processed by means of the least-squares method, using
the Clausius�Clapeyron equation [2] in integral form

log p = A � B/T, (2)

where A is a constant; B = �Hvap /2.3R; R =
1.986 cal mol�1 deg�1, the universal gas constant;
�Hvap , the molar heat of vaporization (cal); T, tem-
perature (K).

Figure 2 shows the temperature dependence of
the vapor pressure on temperature, as calculated by
Eq. (2) for different solution compositions.

The dependence of the boiling point of the AA�HF
solution on composition at 760 mm Hg is presented
in Fig. 3.

In addition, the experimental data were processed
using the Kirchhoff�Eigen equation (3), Kirchhoff�

Fig. 2. Hydrogen fluoride vapor pressure p vs. temperature
T for different compositions of the AA�HF system. (1) HF;
AA content (mol %): (2) 0.015, (3) 0.029, (4) 0.036,
(5) 0.043, (6) 0.049, (7) 0.066, and (8) 0.072.

Fig. 3. Standard boiling point tb of the AA�HF solution
vs. composition. (cAA) AA content; the same for Fig. 4.

Fig. 4. Molar heat of vaporization �Hvap of the solvent
vs. solution composition in the AA�HF system.

Rankine�Du’pre equations (4, 5), and Antoine’s equa-
tion (6) [3]:

ln p = A2 � B2 ln T + C2 T � H/T, (3)

ln p = A3 � B3 ln T + C3 T, (4)

log p = A4 � B4 log T + C4 T, (5)

log p = A5 � B5(t + C5 T ). (6)

The numerical values of the coefficients in
Eqs. (2)� (6) and the molar heats of vaporization,
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Table 2. Coefficients of Eqs. (2)�(6)
������������������������������������������������������������������������������������

� � Coefficients at indicated AA content, mole fraction
� ������������������������������������������������������������������������������
� � 0.015 � 0.029 � 0.036 � 0.043 � 0.049 � 0.066 � 0.072

������������������������������������������������������������������������������������
(2)� A � 7.4206 � 7.5237 � 7.5732 � 7.6237 � 7.7082 � 7.8342 � 8.0352

� B � 1348.8398 � 1398.1618 � 1432.8990 � 1463.2546 � 1515.0294 � 1578.4450 � 1676.5015
� r* � 0.99476 � 0.99638� 0.99351� 0.98917� 0.99441� 0.98798� 0.99025

(3)� A2 � �1158.836 � �1717.835 � �1711.043 � �3084.838 � �1711.073 � �2039.965 � �2320.721
� B2 � �204.1324 � �299.9803 � �299.7517 � �538.3592 � �299.7571 � �358.4233 � �407.7439
� C2 � �0.3206 � �0.4599 � �0.4676 � �0.8438 � �0.4676 � �0.5736 � �0.6557
� H � �29223.95 ��45398.58 ��44304.53 ��82070.02 ��44305.37 ��52081.34 ��59214.31
� r � 0.99871 � 0.99883� 0.99986� 0.99994� 0.99978� 0.99838� 0.99935

(4)� A3 � 4.3238 � �49.3884 � �32.2585 � �23.7155 � �14.8144 � 41.0688 � 58.0289
� B3 � 1.8907 � 9.8829 � 7.3621 � 6.1137 � 4.8240 � �3.4116 � �5.8556
� C3 � 2514.1964 � 126.9011 � 995.6700 � 1456.1928 � 1978.9970 � 4702.0533 � 5692.5784
� r � 0.99794 � 0.99744� 0.99954� 0.99925� 0.99877� 0.99768� 0.99866

(5)� A4 � 1.8776 � �49.3884 � �14.0097 � �10.2996 � �25.3308 � 17.8362 � 25.2019
� B4 � �1.8907 � 9.8829 � �7.3621 � �6.1138 � 11.3058 � 3.4117 � 5.8557
� C4 � 1091.8922 � 126.90113 � 432.4113 � 632.4113 � �8.4306 � 2042.0906 � 2472.2712
� r � 0.99783 � 0.99754� 0.99932� 0.99943� 0.99862� 0.99756� 0.99821

(6)� A5 � 7.927604� 11.53989� 10.0246 � 9.5279 � 9.0983 � 7.3026 � 7.1449
� B5 � 1686.1084 � 5056.2230 � 3385.5670 � 2903.3819 � 2513.8837 � 1262.0419 � 1163.6271
� C5 � 309.9434 � 554.8940 � 440.8348 � 400.6633 � 363.0267 � 240.2186 � 221.2471
� r � 0.99866 � 0.99875� 0.99984� 0.99991� 0.99969� 0.99848� 0.99921

������������������������������������������������������������������������������������
�Hvap�5,� 6227 � 6386 � 6520 � 6723 � 7035 � 7055 � 7732
cal mol�1� � � � � � �
������������������������������������������������������������������������������������
* (r) Correlation coefficient.

�Hvap , for fixed compositions in the temperature
range 0�90�C are listed in Table 2, along with the
correlation factors calculated for each of the above
equations.

The average relative error of experimental data
processing for Eqs. (2), (3), (4), (5), and (6) was 4, 3,
3.5, and 3.5%, respectively.

Figure 4 shows the dependence of the molar heat
of vaporization of the solvent on solution composi-
tion, as calculated by the Clausius�Clapeyron equa-
tion [4]:

�Hvap = 0.95RB ������ ,�
�

�
�T � 43

T 2
(7)

B = ��������������� ,
1 1

t1 + 230
������ � ������

t2 + 230

ln ( p2 p1 )0 0
��

(8)

where p1
0 and p2

0 are the vapor pressures at tempera-
tures t1 and t2, respectively.

The molal rise in the boiling point (ebullioscopic
constant, or boiling constant) for the AA solutions
in HF was 7.059 � 0.012 deg mol�1.

CONCLUSIONS

(1) The saturated vapor pressure in the anthranilic
acid�hydrogen fluoride system was studied by the
static method for solutions containing 8.79, 17.41,
21.70, 23.41, 28.08, 32.74, and 36.03 wt % anthra-
nilic acid at 0�90�C. It was shown that, in the con-
centration range studied, the system is not azeotrop-
ic and exhibits negative deviations from Raoult’s
law.

(2) The experimental data obtained were processed
using the Clausius�Clapeyron, Kirchhoff�Eigen, Kirch-
hoff�Rankine�Du’pre, and Antoine’s equations, with
average relative error of 4, 3, 3.5, and 3.5%, respec-
tively. It was found that the Kirchhoff�Eigen equation
describes the temperature dependence of the saturated
vapor pressure with the highest precision.
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(3) The molar heats of vaporization, �Hvap , were
determined for fixed compositions in the temperature
range 0�90�C.

(4) The molal rise in the boiling point of the anthra-
nilic acid solution in hydrogen fluoride was 7.059 �

0.012 deg mol�1.
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Abstract�Scanning electron microscopy and X-ray fluorescence microanalysis were applied to study
the distribution of zinc, lead, arsenic, antimony, and tin among phases of the converter matte from
the Pechenganikel’ combine.

In manufacture of nonferrous metals at plants of
the Kola Mining and Smelting Company (KGMK), it
is possible to process secondary raw materials con-
taining considerable amounts of impurities, such as
Zn, Pb, Sn, As, and Sb. In waste processing, these
impurities pass into various half-products (matte,
dusts, return slag). Owing to the high content of non-
ferrous metals, return materials are recycled into
various stages of the smelting process, which results
in gradual accumulation of impurities in some metal-
lurgical half-products and, in the end, in that these
impurities pass into commercial products. In this con-
text, it becomes important to study the behavior of
microimpurities in different stages of metallurgical
processes at KGMK.

The main source from which the microimpurities
under study come into the smelting process is the me-
tallic copper waste processed in vertical converters
at the copper shop of the Severonikel’ combine [1].
The converter slag, into which a large amount of
microimpurities passes, is a return material processed
in ore-thermal furnaces and horizontal converters at
the smelting shop. This is how Pb, Zn, As, Sb, and
Sn impurities find way into the converter matte of
the Pechenganikel’ combine.

Further ingress of the microimpurities into nickel
and copper concentrates depends on their distribution
among phases of the converter matte delivered to flo-
tation separation.

The real content of the impurities under study
in industrial converter mattes is rather low (wt %):
As 0.13; Pb 0.03; Zn, Sn, and Sb up to 0.01. In view
of this circumstance, increased amounts of these met-

als were introduced in laboratory into the copper
matte in order to elucidate the mechanism of micro-
impurity distribution among the concentrates. Zinc,
lead, arsenic, antimony, and tin (in metallic form)
were introduced (0.1 and 0.5 wt %) into a weighed
portion of the converter matte.

Experiments were done in an induction furnace
in the atmosphere of argon. A weighed portion was
melted in a crucible (heating rate of 1 deg min�1) and
then kept at 1300�C for 15�20 min and slowly cooled
with the furnace. The system for control over the fur-
nace heater allowed programmed cooling.

A sample of a typical converter matte from the Pe-
chenganikel’ combine was chosen for study [2]. Con-
verter matte composition (wt %): S 22.2, Fe 2.9,
Co 0.7, Ni 39.9, and Cu 30.6.

The converter matte samples with introduced im-
purities were studied using scanning electron micro-
scopy (SEM) and X-ray fluorescence microanalysis
(CamScan scanning electron microscope with ED
spectrometer and LINK ISIS 200 processing unit).
Under the chosen analytical conditions, the minimum
determinable content of Ni, Cu, Co, Fe, Zn, Pb(M

�
),

As(L
�

), Sb(L
�

), and Sn(L
�

) was 0.03�0.04 wt %.
(M

�
and L

�
are the characteristic lines of X-ray emis-

sion for the elements under study).

It was established that solid converter matte has
a structure typical of such products (Fig. 1a): the
matrix of the sample is constituted by nickel sulfide,
which is close in composition to heazlewoodite Ni3S2
(HzSS) and contains structures formed in eutectic or
eutectoid decomposition (Fig. 1b). Rounded copper
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sulfide inclusions, which are typical of the converter
matte structure, were found in the matrix of the heazle-
woodite solid solution. Copper sulfide has a structure
typical of the case of decomposition of a solid solu-
tion and corresponds in its average composition to
a chalcosine�bornite solid solution Cu2S�Cu5FeS4
(Cc�Bn)SS. The sample contains virtually no well-
formed crystals of the metallic phase.

The general view of a sample with 0.1 wt % im-
purities is shown in Fig. 1a.

The sample contains (Fig. 1c) minor amounts of
metallic copper in the form of typical lens-like inclu-
sions at the boundaries of nickel and copper sulfide
phases, minute inclusions of lead sulfide (also at
the phase boundaries between nickel and copper sul-
fides), and rounded inclusions of zinc sulfide in
the bulk of the chalcosine�bornite solid solution
(Fig. 1d).

The compositions of all the structural constituents
of the sample (with the exception of lead sulfide) are
listed in the table. Analysis of these data shows the
following.

(1) Lead is contained in the sample as a separate
PbS phase; other structural constituents contain no
lead impurities.

(2) Zinc is distributed among the chalcosine�
bornite solid solution and metallic copper. In view of
the small volume of metallic copper, it can be con-
cluded that the main part of zinc is contained in the
chalcosine�bornite solid solution. It is noteworthy
that the zinc sulfide phase is precipitated within the
bulk of the copper solid solution, which is, in all
probability, due to a decrease in its solubility in cop-
per sulfide at lower temperatures.

(3) Arsenic, tin, and antimony are concentrated in
nickel sulfide, with the maximum content of these
impurities observed in the structural constituents
formed in eutectoid decomposition, especially in the
metallic phase. This means that the impurities are
concentrated in crystallization of the residual melt.
The metallic phase, which is present in the form of
regular crystals, has composition typical of converter
mattes and does not contain any of these impurities,
since its crystallization occurs in early stages of
cooling.

Figure 2a shows the general view of a sample con-
taining 0.5 wt % impurities. As regards the main con-
stituents, the sample differs from the preceding one
only slightly. The differences are as follows: the con-
tent of metallic copper is much lower, the metallized

Fig. 1. Structure of a converter matte sample containing 0.1
wt % microimpurities. (a) General view, (b) structures
formed in decomposition of a heazlewoodite solid solution,
(c) inclusions of metallic copper and lead sulfide, (d) in-
clusions of zinc sulfide. (1) Chalcosine�bornite solid so-
lution, (2) heazlewoodite solid solution, (3) metallic
copper, (4) lead sulfide, (5) monosulfide solid solution
(MSS), (6) metallic component, and (7) lead sulfide.

phase in the structure formed in decomposition of nick-
el sulfide has the form of thin needle-like inclusions
oriented in a certain direction (Figs. 2b, 2c); rounded
and dendritic zinc sulfide crystals and inclusions of
the metallic copper�silver phase are observed within
the globules of the chalcosine�bornite solid solution;
no separate phases of lead are observed in the sample;
an iron�zinc oxide phase not associated with any other
phase is found in the sample.

Needle- or thread-like inclusions of the metallized
phase (Fig. 2b) are untypical of copper�nickel con-
verter mattes cooled in equilibrium or nearly equi-
librium mode. Introduction of an additional impurity
even in amount of 0.1% can strongly affect the com-
position and shape of crystals growing from the melt.
According to Saratovkin [3], if even at least a single
atom of an impurity substance is present at a dis-
tance of 1000 interatomic spacings from the face of
a growing crystal and the lattice constant is about 5 �,
then, when the face moves over a distance of 0.5 �m,
it encounters a monomolecular layer of the impurity
component, which hinders further crystal growth.
The blocking layer can be removed via convection or
diffusion. As is known, convection only exists in
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Fig. 2. Structure of a converter matte sample containing
0.5 wt % microimpurities. (a) General view; (b, c) struc-
tures formed in decomposition of a heazlewoodite solid
solution and precipitation of metallic copper, lead and zinc
sulfides, and oxide phase. (1) Chalcosine�bornite solid
solution, (2) heazlewoodite solid solution, (3) metallic
copper, (4) copper�silver metallic phase, (5) monosulfide
solid solution (MSS), (6) metallic component, (7) lead
sulfide, and (8) oxide phase.

the case when different layers in the system under
study have different densities, and at sufficiently slow
cooling of the converter matte, the convection flows
are insignificant.

Now, diffusion is considered for the case when
the impurity component does not form a solid solution
with the substance of the growing crystal. As a rule,
the diffusion rate is insignificant as compared with

the crystal growth rate, and the crystal can only grow
so as to move over the maximum possible distance at
the minimum possible expenditure of the building ma-
terial in the direction where this material is available.
The crystal starts to form thin outgrowths and takes
a thread- or needle-like shape.

If an impurity is a surfactant with respect to a crys-
tal growing from solution or forms a solid solution
with the substance of the crystal, then a change in sur-
face tension at the solution�crystal interface neces-
sarily affects the type of the crystal growth mechanism
and the kinetics of crystal growth. This also refers to
the case when a crystal of a new phase is formed from
a solid solution in, e.g., an eutectoid transformation.

The compositions of all the structural constituents
of the samples are listed in the table. In crystallization
of converter mattes under nearly equilibrium condi-
tions, the eutectoid decomposition of the high-temper-
ature form of nickel sulfide in the presence of iron and
cobalt is complete at 470�480�C. The product formed
in this stage of decomposition is (Fe, Ni, Co)SSS,
which contains, in accordance with the crystallization
rules [4, 5], the main part of �unassimilated� impurity
elements (see table).

Analysis of the data in the table shows that none of
the structural constituents contains lead, and zinc is
distributed among zinc sulfide, oxide phase, metallic
copper, and chalcosine�bornite solid solution. Zinc
sulfide, which contains virtually no copper, can be
formed both in direct sulfidization of metallic zinc
introduced into the matte, with the zinc sulfide phase
remaining heterogeneous (mp > 1600�C), and on
lowering the melt temperature. Arsenic is associated
with nickel phases: heazlewoodite solid solution,
monosulfide solid solution, and metallized phase from
the structure formed in decomposition of nickel sul-
fide. Antimony and tin are also associated with nickel
phases, with the main part of these impurities con-
tained in the metallized component formed in decom-
position of the heazlewoodite solid solution. The ox-
ide phase is, in all probability, formed in the course of
remelting, since it contains considerable amounts of
zinc and tin impurities. The absence of zinc in a sam-
ple that is richer in microimpurities can be accounted
for by the ingress of particles from the upper part
of the ingot into the sample. This conclusion is also
confirmed by the presence in the composition of the
given sample of iron oxide particles, which can only
be formed on the ingot surface. By contrast, the sam-
ple with microimpurity content of 0.1% contains par-
ticles from the lower part of the ingot, which is en-
riched in the lead phase.
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Composition of structural constituents of converter matte samples with varied impurity content
������������������������������������������������������������������������������������
Impurity� Structural � Composition, wt %

� �����������������������������������������������������������������content,� constituent of �
wt % � converter matte � S � Fe � Co � Ni � Cu � Zn � As � Ag � Sn � Sb � Pb

������������������������������������������������������������������������������������
0.1 �Converter matte* � 22.7 � 2.9 � 0.7 � 40.0 � 31.3 � 0.3 � 0.1 � � � 0.1 � 0.2 � 0.1

�(Cc�Bn)SS � 21.5 � 4.7 � � � 1.9 � 69.4 � 0.8 � � � � � � � � � �

�HzSS � 26.2 � 0.7 � 1.3 � 70.7 � 1.3 � � � � � � � � � � � �

�Metal (eutectic) � 8.5 � 9.6 � 1.4 � 62.6 � 13.2 � � �Up to 0.5� � �Up to 4.6� 0.9 � �

�Metal (crystal) � 1.4 � 9.5 � 1.4 � 79.9 � 7.6 � � � � � � � � � � � �

�Eutectoid* � 25.2 � 4.6 � 1.6 � 65.5 � 2.3 � � � � � � � 0.3 � 0.3 � �

�MSS � 29.9 �25.6 � 5.6 � 35.8 � 1.0 � � �Up to 0.4�Up to 0.2�Up to 0.4�Up to 0.4� �

�Metallic Cu � 0.4 � 0.7 �Up to 0.3� 2.0 � 95.7 � 0.9 � � � 0.8 � � � � � �

�Zinc sulfide � 27.6 � 5.0 � 0.4 � 0.3 � 21.7 �42.7 � � � � � � � � � �

0.5 �Converter matte* � 21.9 � 2.9 � 0.8 � 39.8 � 30.1 � 0.8 � 0.4 � � � 0.6 � 0.7 � 0.1
�(Cc�Bn)SS � 20.7 � 4.0 � � � 0.9 � 70.9 � 0.8 � � � � � � � � � �

�HzSS � 23.9 � 0.6 � 1.1 � 69.5 � 1.9 � � � 0.6 � � � 0.6 � 0.7 � �

�MSS � 28.0 �22.6 � 4.8 � 39.0 � 0.9 � � � 1.1 � � � 0.5 � 1.0 � �

�Metallized phase � 14.9 � 2.5 � 0.9 � 54.3 � 11.0 � � � 0.7 � � � 10.0 � 3.6 � �

�Metallic Cu � � � 0.6 � � � 0.4 � 95.3 � 0.8 � � �Up to 1.1� � � � � �

�Zinc sulfide � 31.1 � 1.7 � 0.3 � 1.0 � 1.9 �64.0 � � � � � � � � � �

�Oxide phase** � � �54.7 � 0.5 � 3.6 � 1.6 �10.3 � � � � � 2.1 � � � �

������������������������������������������������������������������������������������
* Average value.

** Oxygen content 28�29 wt %.

Thus, a study of the microstructure of the converter
matte samples revealed that, at the content used in
the experiments, antimony, tin, and arsenic form no
independent phases and are virtually entirely con-
centrated in the nickel-containing phase of the con-
verter matte. Zinc is present in the chalcosine�bornite
solid solution as an independent sulfide phase within
the copper-containing phase. Lead is sulfidized to
form an independent phase at the boundary of chal-
cosine�bornite globules.

It would be expected that, in flotation separation of
the converter matte from the Pechenganikel’ combine,
arsenic, antimony, and tin must mostly pass into the
nickel concentrate, and zinc, into the copper concen-
trate, with the question as to how lead is distributed

remaining open, since the behavior of zinc depends
to the greatest extent on the flotation process param-
eters.
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Abstract�Problems associated with synthesis of silica gels with prescribed pore characteristics from sta-
bilized silica sols with controlled colloid particle size, obtained in the metastable solubility region of
the system SiO2�H2O (8.5�9.5), are considered.

Conventionally, silica gels are synthesized from
alkali metal silicates by precipitation with an acid
[1�5]. The silica gels prepared using this technique
have a number of disadvantages: poor reproducibility
of pore characteristics, impossibility to control growth
of primary structure-forming colloid particles in
the course of gelation, necessity for removal of a con-
siderable amount of alkali metal cations, etc.

Strict requirements (narrow pore size distribution,
reproducible pore characteristics, high mechanical
strength, etc.) are imposed on sorbents and supports
for high-efficiency liquid chromatography. However,
silica gels prepared from soluble silicates cannot
satisfy these requirements completely.

Directed synthesis of sorbents with prescribed pore
characteristics has always been and still is a topical
task. Therefore, a search for methods that could solve
the problem of control and reproducibility of pore
characteristics is an important issue.

A possible way to control the porous structure of
silica gels is to use sols of silicic acid as starting
material [1, 6�8]. The size distribution of colloid
particles of a silica sol determines, in the end, the pore
size distribution (in gelation without precipitation),
and the size of particles themselves determine the spe-
cific surface area of the silica gels obtained.

There exist various methods for obtaining silica
sols [9�17]. These methods use polysilicic acid (PSA)
prepared by ion-exchange conversion of a liquid glass
solution (3.5�4.0 wt % SiO2, SiO2/Na2O = 3.25) as
starting material [9].

To gain better understanding of how SiO2 colloid
particles grow in the SiO2�H2O system, it is necessary

to consider some questions associated with nuclea-
tion of a new phase. A silica solution is subjected to
homogeneous nucleation. At high pH values, associ-
ates of silicate ions, which contain up to 5�10 SiO2
units, are mostly present in silicate solutions. For
silica, there exists a certain possibility of formation
of a dense octameric structure, which can form col-
loid particles about 1 nm in size. As the SiO2 : M2O
ratio becomes greater than 2 : 1, three-dimensional
corpuscular �colloid species� start to form in solution,
which eventually become nuclei [1].

It has been shown that nucleation of a new phase in
early stages of polycondensation, with the number and
size of nuclei depending on the initial supersaturation
in the system, results in that, further, this process starts
to occur by the heterogeneous mechanism [18, 19].

Nucleation occurs in the SiO2�H2O system at low
supersaturation values. The equilibrium solubility of
silica in water at room temperature is 0.007 wt % (in
terms of SiO2) [1]. Consequently, to ensure growth of
colloid particles of silicon dioxide, it is necessary to
clearly delineate the metastable solubility region in
the SiO2�H2O system. Particles grow in the metasta-
ble state, and both the particle growth and nucleation
occur at high degree of supersaturation [20�22].

The polysilicate fraction is characterized by narrow
polyion size distribution, which is due to the fact that
small particles are more soluble than large particles.
This leads to fast change in particle size distribution,
to the point of total homogeneity [1].

Nucleation and further growth of colloid SiO2 par-
ticles at high pH values make it possible to work with
more concentrated solutions, easily control the meta-
stable region by varying the pH of the medium (which
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yields colloid particles more uniform in size), and
suppress secondary nucleation.

When SiO2 particles grow without formation of
secondary growth centers, the supply rate of feeding
sol becomes important. In this case, the particle sur-
face on which further growth proceeds without sec-
ondary nucleation, becomes the rate-determining fac-
tor [15].

EXPERIMENTAL

SiO2 colloid particles grow upon addition of freshly
prepared PSA (3�4 wt % SiO2) to the starting alkali
solution under stirring. The process is carried out in
a vacuum-evaporation installation at boiling tempera-
ture of 80�85�C [16, 17]. The acid is introduced at a
rate equal to the evaporation rate of the system in such
a way that the volume of the system remains invari-
able during the entire growth stage.

Figure 1a shows the pH value of the system as
a function of the PSA feed factor in sol synthesis by
the first scheme. In this case, the volume of the initial
solution was 50% of the total PSA volume. As growth
criterion served the final pH value, which must not
be lower than 6.5 to preclude gelation of the system.

Figure 1b shows the pH value of the system as
a function of the PSA feed factor in sol synthesis
by the second scheme. In this case, the volume of
the initial solution was 25% of the total PSA volume.
According to this scheme, the pH of the medium in
which colloid particles grow is well-controlled by
periodic addition of a 0.1 M NaOH solution. Four
growth modes were studied, with the lower limit of
the pH of the growth medium controlled: (1) pH 8.0,
(2) pH 8.5, (3) pH 9.0, and (4) pH 9.25.

All silica sol samples were gelated by addition of
a 0.1 M HNO3 solution to pH 6.0�6.2. After aging of

Fig. 1. pH of the system vs. PSA feed factor n. SiO2 sol
obtained by (a) first and (b) second scheme. (a) Digits at
curves correspond to sample numbers in the table.

the samples obtained, they were washed with distilled
water, dried at 150�C for 2 h, and calcined at 500�C
for 4 h.

The size of colloid particles of the silica gels was
determined by titration by the Searce method [1].
The pore characteristics of silica gel samples were
determined by the methods of thermal desorption (TD)
[23, 24], benzene sorption [25], and mercury poros-
imetry (MP) (on Pore-Sizer 9300 porosimeter).

All the reagents used (NaOH, HNO3, HCl, NaCl)
were of chemically pure grade.

The table lists colloid particle sizes of silica
sols synthesized by the first scheme (Fig. 1a) at dif-

Characteristics of silica sols and silica gels
������������������������������������������������������������������������������������

Sample � Ssp, m2 g�1 � Average size � Pore � Average pore �
������������������������������������� � � �� � of silica sol � volume, � diameter in � pHfinno. � TD � MP � Searce � Ssp.av � particles, nm � cm3 g�1 � silica gel, nm �

������������������������������������������������������������������������������������
First scheme of synthesis

1 � 380 � 390 � 430 � 385 � 6.0 � 0.60 � 6.2 � 7.0
2 � 360 � 370 � 400 � 375 � 7.0 � 0.57 � 6.1 � 7.4
3 � 330 � 340 � 360 � 340 � 8.0 � 0.55 � 6.5 � 7.8

Second scheme of synthesis
4 � 275 � 252 � 260 � 262 � 10.6 � 0.60 � 9.0 � 8.0
5 � 248 � 220 � 235 � 234 � 11.7 � 0.58 � 10.0 � 8.5
6 � 192 � 201 � 195 � 196 � 10.6 � 0.56 � 12.0 � 9.0

������������������������������������������������������������������������������������
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Fig. 2. Pore size (d) distribution for silica gels obtained
from silica sols by (a) first and (b) second schemes. Final
pH value: (a) (1) 6.8, (2) 7.2, and (3) 7.8; (b) (1) 8.0,
(2) 8.5, (3) 9.0, and (4) 9.25.

ferent final pH values, and also pore characteristics of
silica gels obtained on their base.

Figure 2a shows the pore size distributions of
the silica gels studied. It can be seen that, in the case
when SiO2 colloid particles cease to grow at com-
paratively high pH values of 7.8, the silica gel ob-
tained from such a silica sol possesses a narrower pore
size distribution (curve 3). At lower pH values (6.8
and 7.2), mainly secondary nucleation occurs, with
the result that the pore size distribution for silica gels
prepared from such silica sols becomes broader (cur-
ves 1, 2). It follows from the table and Fig. 2a that
silica sols with colloid particles not larger than 8 nm
in size can be obtained. Synthesis of silica sols with
larger colloid particles by this scheme becomes im-
possible, since part of PSA is to be added to the sys-
tem outside the metastability region (pH < 8.0), which
leads to polydispersity of the system owing to forma-
tion of new growth centers.

Figure 2b shows the pore size distribution for silica
gels obtained from silica sols synthesized by the sec-
ond scheme. The table lists sizes of colloid particles
of these silica sols obtained at different pH values and
pore characteristics of silica gels synthesized on their
base.

Raising substantially the pH of the medium at
regular intervals (Fig. 1b) not only prevents formation
of secondary growth centers, but also leads to dis-
solution of minute nuclei formed via fluctuation ag-
gregation. The comparatively high pH values of
the medium (> 8.5) favor predominant growth of
the already existing nuclei without formation of new
growth centers. This makes it possible to obtain silica
sols with prescribed particle size.

It follows from Fig. 2b and the table that silica gels
with rather narrow pore size distribution can be ob-
tained from these silica sols. It should also be noted
that this method of silica sol preparation allows growth
of SiO2 colloid particles to 15 nm and more.

CONCLUSIONS

(1) The most favorable conditions for growth of
SiO2 colloid particles without secondary nucleation
are created at pH 8.5�9.5.

(2) Silica sols with prescribed particle size can be
obtained and silica gels with reproducible pore char-
acteristics can be synthesized on their base.
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Abstract�Sorption of Fe(III) cations on Cambrian blue clay is discussed in term of the Langmuir isotherm.
The thermodynamic characteristics of sorption were determined. The Gibbs energies of formation of sorbed
Fe(III) aqua and hydroxo cations were calculated. The role of hydroxo complexes in sorption was considered.

Earlier, we proposed a method for deactivation of
soils by washing with iron(III) salt solutions [1]. The
Fe3+ cation has high charge and relatively small ra-
dius. Owing to the high ionic potential (z/r), iron(III)
replaces other cations, including 137Cs and 90Sr radio-
nuclides, in ion-exchange reactions on the mineral
surface. A process was developed for decontamina-
tion of soil to remove 90Sr under natural conditions
[2, 3], but comprehensive physicochemical data are
required for its optimization. It was shown in [4]
that 90Sr is fixed mainly by the clay. In this study,
we analyzed sorption of Fe3+ on Cambrian blue clay
K2Al4[Al2Si6O20](OH, F)4 with specific surface area
of 5.86 m2 g�1 [5]. A thermal analysis showed that
this clay belongs to the hydromicaceous type.

The sorption � (mol kg�1) was determined under
static conditions at V/m 10 ml g�1 and clay sample
weight of 3 g as the difference between the concentra-
tions of the initial (c0) and equilibrium (c

�
) solutions

by the formula � = (c0 � c
�

)V/m. Initially, the clay
was treated with 1 M HCl, washed with water to
pH 3, and dried to air-dry state. A solution of FeCl3
was also acidified to pH 3. The time of equilibrium
attainment, in which the iron(III) concentration in the
solution became constant, amounted to 5�6 h; in the
experiments the time of phase contact was no less
than 1 day. The iron(III) content was determined from
the intensity of the absorption band of the thiocyanate
complex at 480 nm. The sorption isotherm obtained
from the experimental data listed in Table 1 is shown
in Fig. 1. The distribution coefficient of iron(III) be-
tween the solid and liquid phases was calculated by
the formula

Ds/l = �����
(c0 � c

�
)Vd

c
�

m�Fe3+
,

where c0 and the c
�

are initial and equilibrium Fe3+

concentrations in the aqueous phase, respectively (M);
V, solution volume (m3); d, solution density (kg m�3);
m, clay sample weight (kg); and �Fe3+, Fe3+ activity
coefficient in the equilibrium solution calculated by
the Davies equation [6].

It follows from Table 1 that the Fe3+ distribution
coefficient at equilibrium pH 3.1 � 0.3 is 27 � 4. The
sorption isotherm can be described by the Langmuir
equation, as indicated by the linear relationship be-
tween reciprocal sorption and reciprocal concentration
in accordance with equation

�
1
�

= �
1
�
�

+ ��
1

�
�

K
�
1

c
�

,

where �
�

is the limiting sorption (mol kg�1) and K
is the Langmuir constant.

The absolute term of the equation is equal to in-
verse limiting sorption, 0.026 mol kg�1 for Fe3+,
which is consistent with �

�
in the sorption isotherm.

Table 1. Data for building the iron(III) sorption isotherm
on clay
����������������������������������������
c0 � 104, �

pHeq
� c

�
� 104, � � � 104, �

Ds/l
�
�Fe3+

M � � M � mol kg�1 � �
����������������������������������������

1.54 � 3.42 � 1.28 � 2.6 � 2.8 � 0.73
4.78 � 3.34 � 1.84 � 29.4 � 27.5 � 0.58
6.4 � 3.44 � 2.38 � 40.2 � 31.3 � 0.54
6.7 � 3.35 � 2.53 � 41.7 � 31.1 � 0.53

14.6 � 3.14 � 5.24 � 93.6 � 43.6 � 0.41
28.3 � 2.85 � 16.9 � 114 � 22.5 � 0.30
43 � 2.72 � 27.9 � 151 � 23.5 � 0.23
55 � 2.62 � 35.5 � 195 � 27.4 � 0.20
61.4 � 2.56 � 46.1 � 153 � 18.5 � 0.18

����������������������������������������
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The landing site area of Fe3+, calculated by the for-
mula

SM = ���
Ssp

�
�

NA
,

where NA is the Avogadro number, is equal to 38 �
10�20 m2. Hence, the radius of the sorbed iron(III)
cation is 348 pm. This value should be regarded
as the average effective radius of sorbed Fe3+ � nH2O,
Fe(OH)2+ � mH2O, and Fe(OH)2

+ � qH2O cations, which
is greater than that for Sraq

2+ 302 pm [4] (309 pm
by Stokes), since the ionic potential and, correspond-
ingly, the degree of hydration of iron(III) cations are
higher.

The Langmuir constant K was determined from the
slope of the linear dependence in Fig. 2 to be 731.

The distribution coefficient and K found by us,
describe the set of the following equilibria:

Fe3+
aq
�� Fe3+

ads , (1)

Fe(OH)2+
aq
�� Fe(OH)2+

ads , (2)

Fe(OH)+
2 aq

�� Fe(OH)+
2 ads . (3)

Here, account is taken of the main iron(III) species
(with known thermodynamic parameters) existing in
the solution at pH 3.1. The sorption of polymeric
iron(III) species was neglected. Sorption of iron(III) in
the above approximation is described by Eqs. (1)�(3)
with coefficients m, n, and p:

�
n
m

= �����
[Fe(OH)2+]

[Fe3+]
= ��

Kh, 1

[H+]
, (4)

�
p
m

= �����
[Fe(OH)+

2 ]

[Fe(OH)2+ ]
= ��

Kh, 2

[H+]
, (5)

m + n + p = 1. (6)

The hydrolysis constants of iron(III) cations are
Kh, 1 = 6.74 � 10�3 and Kh, 2 = 3.09 � 10�3 [7]. The
concentration of hydroxonium cations was determined
from the experimental pH value of 3.1. Then, m =
0.024, n = 0.20, and p = 0.776. The overall equation
of iron sorption is as follows:

0.024Fe3+
aq + 0.2Fe(OH)2+

aq + 0.776Fe(OH)+
2 aq

(7)�� 0.024Fe3+
ads + 0.2Fe(OH)2+

ads + 0.776Fe(OH)+
2 ads.

Fig. 1. Isotherm of Fe(III) sorption on Cambrian blue
clay: (�) sorption and (c) iron(III) concentration; the same
for Fig 2.

Fig. 2. Linearized form of the isotherm of iron(III) adsorp-
tion on clay.

The Gibbs energy of reaction (7) was determined
from the overall distribution coefficient

�7G0
298 = �RT ln Ds/l = �8.2 	 0.3 kJ mol�1.

Let us calculate the equilibrium constants of equi-
libria (1)�(3):

�7G0
298 = m�1G0

298 + n�2G0
298 + p�3G0

298. (8)

Hence,

D = D1
mD2

nD3
p, (9)

where D is the experimental overall distribution coef-
ficient of iron(III) and Dn are partial distribution co-
efficients of particular iron species among reactions
(1)�(3), equal to

D1 = ���
[Fe3+

ads]

[Fe3+
aq]

, (10)

D2 = �����
[Fe(OH)2+

ads]

[Fe(OH)2+
aq]

, (11)

D3 = ������
[Fe(OH)+

2 ads]

[Fe(OH)+
2 aq]

, (12)

(13)D = ������������
[Fe(OH)2+

ads] + [Fe(OH)+
2 ads]

c
.
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Table 2. Thermodynamic characteristics of sorption of iron(III) cations on clay
������������������������������������������������������������������������������������

� �f G0
298 (Catz+

aq ) [7]� �f G0
298 (Catz+

ads ) � �f G0
298 �

����������������������������������������������Reaction
� kJ mol�1 �

Keq

������������������������������������������������������������������������������������
Fe3+

aq
�� Fe3+

ads � �4.52 � �22.1 � �17.6 � 1200� � � �
Fe(OH)2+

aq
�� Fe(OH)2+

ads � �229.37 � �239.6 � �10.2 � 60� � � �
Fe(OH)2

+
aq
�� Fe(OH)2

+
ads � �452.29 � �459.7 � �7.4 � 20� � � �

Sr2+
aq
�� Sr2+

ads [4] � �563.9 � �569.6 � �5.7 � 10� � � �
������������������������������������������������������������������������������������

In (13), the contribution of Fe3+ to the sorption was
neglected because of its small concentration. The so-
lution of system (9)�(13) gives D2 and D3:

D3 = ��������
Dc � [Fe(OH)2+

ads]

[Fe(OH)+
2 aq]

= ���������
Dc � K2[Fe(OH)2+

aq]

[Fe(OH)+
2 aq]

. (14)

Substituting in (14) D = 27, [Fe(OH)+
2 aq] = 0.2c,

and [Fe(OH)aq
2+] = 0.776c and assuming the exchange

constant of various iron(III) species to be approxi-
mately unity (in this case, D1 � D2

1.5, D2 � D3
2,

and D1 � D2D3), we obtain D1 = 1200, D2 = 60, and
D3 = 20. Hence, �1G0

298 = �17.6, �2G0
298 = �10.2,

and �3G0
298 = �7.4 kJ mol�1. The thermodynamic

characteristics of reactions (1)�(3) allow calculation
of the Gibbs energies of formation of sorbed iron(III)
cations and of the sorption equilibria (Table 2).

Consider the thermodynamics of ion exchange of
iron(III) and strontium(II) cations on the clay surface.
In this case, three exchange reactions proceed simul-
taneously:

1/3Fe3+
aq + 1/2Sr2+

ads
�� 1/3Fe3+

ads + 1/2Sr2+
aq ,

�15G0
298 = �3.02 kJ equiv�1, K15 = 3.4, (15)

1/2Fe(OH)2+
aq + 1/2Sr2+

ads
�� 1/2Fe(OH)2+

ads + 1/2Sr2+
aq ,

�16G0
298 = �2.25 kJ equiv�1, K16 = 2.5, (16)

Fe(OH)+
2 aq + 1/2Sr2+

ads
�� 1/2Fe(OH)+

2 ads + 1/2Sr2+
aq ,

�17G0
298 = �4.55 kJ equiv�1, K17 = 6.3. (17)

The Gibbs energy of the overall reaction of iron(III)
ion-exchange with strontium can be calculated by
the equation

�
�
G0

298 = 0.072�15G0
298 + 0.4�16G0

298

+ 0.776�17G0
298 = �4.65 kJ mol�1.

Then, the overall constant of the ion exchange
equilibrium is 6.5. Hence, we can conclude that
Sr2+ cations pass into the solution when washing soil
with an iron(III) salt solution. The constants obtained
can be used for calculating the volume of washing
solution and the number of washing cycles required
for achieving the necessary degree of soil deactivation
[2, 3].

The average dynamic charge of iron(III) cations in
the ion-exchange reaction with strontium cations on
the clay surface was calculated by the method of
Gamayunov et al. [8] by the formula

Kex =����
DFe�
�
���

z

�
�
���
DSr

.
�

�

After substitution in Eq.(1) of Kex = 6.5, DSr = 10,
and DFe = 27, we obtained z = 1.1. In [8], z = 0.72�
0.98 was obtained for Fe(III) sorption by humic acids.
The z value calculated in the present study is some-
what greater, which can be accounted for by acidifica-
tion of the solution to pH 3 and clay transformation
into the H form.

CONCLUSIONS

(1) Sorption of iron(III) by Cambrian blue clay
is described by a Langmuir isotherm with a constant
of 731. The maximum sorption is 0.026 mol kg�1.
The landing site area of iron(III) cations is 38.0 �,
and the effective radius of the hydrated cation is
348 pm. The distribution coefficient of iron(III) be-
tween the solid and liquid phases at equilibrium
pH 3.1 � 0.3 is 27 � 4.

(2) The constant of strontium(II) substitution with
iron(III) on the clay surface is 6.5. This shows that
90Sr can be displaced from contaminated soils by
washing with iron(III) salt solutions.
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Abstract�The sorption of Methylene Blue on carbon fibers with various pore structures was studied. The dye
sorption was analyzed as influenced by the initial concentration, temperature, time, and solution pH.

Activated carbons and carbon fibers are widely
used as sorbents for purification of wastewaters and
for fine treatment of drinking water [1, 2]. The sorp-
tion volume and pore size distribution primarily de-
termine the adsorption capacity of carbon materials.
Microporous materials effectively sorb small molec-
ules, whereas mesoporous materials are the most ef-
ficient in sorption of large molecules, especially from
liquid media. Moreover, the size, shape, charge, and
concentration of sorbate species, solution pH, concen-
tration of other compounds in solution, and the pro-
tonation of the ionic groups on the sorbent surface
(if present) and its surface charge should be taken
into account in studying sorption processes. In many
cases, sorption is influenced by temperature and flow
velocity of the solution from which the sorption is
performed [3].

Although the sorption of dyes and, in particular,
Methylene Blue (MB) on activated carbons has been
long studied, the mechanisms of diffusion and re-
tention of such large organic molecules in the sorbent
structure are still poorly understood [4�6]. It should
be noted that the experimental dependences of the dye
adsorption would allow prediction of the adsorption
behavior of other large organic molecules, such as
pesticides, organochlorine compounds, humic acids,
and proteins [7�9].

The practical goal of the study was to determine
(for the example of Methylene Blue) the feasibility
and rate of rendering harmless wastewaters containing
dyes [4�6, 10].

EXPERIMENTAL

In our study we used activated carbon fibers (ACFs)
prepared by carbonization of hydrated cellulose fibers

at 700�C with subsequent steam activation of the car-
bonized products at 800�C. The resulting fibers have
different sorption volumes and pore structures; the
ACF properties are listed in Table 1.

To study the pore structure of the samples, we
measured the isotherms of benzene sorption�desorp-
tion. The pH of the aqueous extract was determined
after keeping the ACF sample in distilled water at
room temperature (ACF : H2O ratio 1 : 200) for 1 day
in a sealed vessel; then the fiber was separated and
the solution pH was determined.

Methylene Blue was used in the form of quaternary
ammonium chloride; its structure is given below:

��
�N

S�
�����R3�N �N+�R1�� ��

R2R4

��
�N

S�
�����R3�N �N+�R1�� ��

R2R4

R1 = R2 = R3 = R4 =CH3.

The molecular weight of the dye is 284 (with-
out hydrochloric acid), and the molecular size, 14.3 �

Table 1. Properties of activated carbon filers
����������������������������������������

Parameter � ACF-1 � ACF-2 � ACF-3
����������������������������������������
Sorption volume for � 0.28 � 0.50 � 0.63
benzene, cm3 g�1 � � �
Volume of micropores,� 0.27 � 0.39 � 0.48
cm3 g�1 � � �
Volume of mesopores, � 0.01 � 0.11 � 0.15
cm3 g�1 � � �
Sorption activity for � 104 � 118 � 149
iodine, % [2, 11] � � �
pH of aqueous extract � 9.1 � 7.4 � 7.0
����������������������������������������
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Table 2. Parameters of MB sorption on ACF
������������������������������������������������������������������������������������

Initial solution � � Sorbent
�������������������� ������������������������������������������

c, mM � pH �
Parameter

� ACF-1 � ACF-2 � ACF-3
������������������������������������������������������������������������������������

1.5 � 4.2 � Sorption, mmol g�1 � 0.20 � 0.78 � 0.80
� � Degree of recovery, % � 22.0 � 97.8 � 98.0
� � Solution pH after sorption � 6.1 � 8.8 � 5.7

3.1 � 3.6 � Sorption, mmol g�1 � 0.29 � 1.42 � 1.58
� � Degree of recovery, % � 18.3 � 95.9 � 97.5
� � Solution pH after sorption � 4.1 � 4.1 � 3.8

4.7 � 3.5 � Sorption, mmol g�1 � 0.35 � 1.65 � 1.86
� � Degree of recovery, % � 15.3 � 68.0 � 75.3
� � Solution pH after sorption � 3.9 � 3.8 � 3.5

6.3 � 3.2 � Sorption, mmol g�1 � 0.37 � 1.81 � 1.96
� � Degree of recovery, % � 12.4 � 57.4 � 58.4
� � Solution pH after sorption � 3.3 � 3.25 � 3.3

9.4 � 2.5 � Sorption, mmol g�1 � 0.43 � 1.99 � 2.05
� � Degree of recovery, % � 9.3 � 42.6 � 43.3
� � Solution pH after sorption � 3.4 � 3.5 � 3.3

������������������������������������������������������������������������������������

6.1 � 4 �. The dye is well soluble in water, the solu-
tion is stable in the pH 2�11 range, and the maximum
light adsorption is observed at 597 nm [6, 12, 13].

The MB sorption was carried out under static con-
ditions (sorbent: solution ratio 1 : 500, agitation by
rocking at a rate of 125 min�1) from solutions with
different initial concentrations of the dye and, in some
cases, at different temperatures and pH values. The
amount of the sorbed dye was determined from the
difference of the dye concentrations in the initial
solution and in solution after sorption, evaluated
using an MKMF-1 spectrophotometer (l 10 mm)
[14].

The influence of the initial concentration c and ini-
tial acidity of the solution on the dye recovery, equi-
librium pH values, and actual sorption is illustrated in
Table 2. In this experimental series, the sorption time
t was 24 h.

As seen from Table 2, all the initial MB solutions
were acidic. With increasing initial concentration of
the dye from 1.5 to 9.4 mM, pH decreases from 4.2
to 2.5. This decrease in the solution pH is probably
due to the hydrolysis of MB as a quaternary am-
monium chloride. In sorption of MB, the solution pH
often increases owing to a decrease in the dye concen-
tration in solution and to sorption (neutralization) of
hydrochloric acid on the carbon fibers. In the presence
of oxygen in aqueous solutions, the activated carbon
fibers can generate hydroxy ions [15], which can in-
crease the solution pH.

The isotherms of MB sorption on the ACF samples
are shown in Fig. 1; these isotherms are plotted in
the coordinates of the linear Langmuir equation [16]:

ci / ai = 1 / (a
�

K) + ci / ai, (1)

where ai and a
�

are the actual and limiting sorption
capacities (mmol g�1); ci , the equilibrium MB con-
centration in the external solution (mM); K, adsorp-
tion equilibrium constant.

As seen from Fig. 1, a linear dependence of the
sorption capacity is observed in the entire range of
equilibrium concentrations, which indicates the for-
mation of an ideal adsorption solution. The equation
constants (limiting sorption capacity and equilibrium

Fig. 1. Isotherms of MB sorption on fibers with various
pore structures at 20�C. (ci ) Equilibrium concentration
of MB and (ai ) sorption capacity. Sorbent: (1) ACF-1,
(2) ACF-2, and (3) ACF-3; the same for Fig. 2.
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Table 3. Langmuir equation constants
����������������������������������������

Sorbent � a
�

, mol l�1 � K
����������������������������������������

ACF-1 � 0.49 � 0.60
ACF-2 � 1.92 � 8.68
ACF-3 � 2.08 � 24.04

����������������������������������������

constant), determined graphically, increase steadily
from ACF-1 to ACF-3 (Table 3).

As seen from Table 3, a
�

and K rapidly increase
with the appearance of mesopores in ACF-2 and ACF-3
(Table 1); this trend can also be related to increasing
radius of the micropores.

In the crude approximation, we can calculate the
volume of adsorbed MB molecules at their closest
packing in a single monolayer on the sorbent surface:

V
�

= a
�

NAVm , (2)

where NA is the Avogadro constant and Vm = 14.3 �
6.1 � 4 � 10�24 cm3 is the MB molecule volume.

Thus, we can evaluate the volumes of the adsorbed
MB molecules for the ACF-1, ACF-2, and ACF-3
samples to be 0.10, 0.40, and 0.44 cm3 g�1, respec-
tively. As seen from a comparison with the data given
in Table 1, micropores in ACF-2 and ACF-3 samples
are almost completely filled with sorbed MB molec-
ules, whereas in ACF-1 nearly half of the volume of
micropores is used. This fact indicates that the geo-
metric size of micropores in ACF-1 does not allow
accommodation of the MB molecules simultaneously
on two pore surfaces, if we assume that dye molec-
ules are arranged on the carbon surface as washers
(4 � high) and the width of the micropore is compa-
rable with this value. Thus, the pore structure of the
carbon sorbents can be easily determined from the
sorption capacity for MB [3].

Fig. 2. Kinetic curves of MB sorption on fibers with var-
ious pore structures, initial MB concentration 4.7 mM,
20�C. (ai) Sorption and (t) time; the same for Fig. 4.

The limiting sorption capacities a
�

of ACF-2 and
ACF-3 sorbents are approximately equal, although
the total sorption volume and the volume of micro-
pores in the ACF-3 sample are greater. This fact sug-
gests that, owing to the features of size distribution of
micropores in ACF-3 sample, certain micropores are
inaccessible to MB molecules. Hence, sorbents with
high content of micropores are not appropriate in some
cases for sorption of large organic molecules. More-
over, ACFs containing only micropores whose size
is comparable with the size of organic molecules
(ACF-1) are also inefficient, because the sorption
proceeds slowly owing to the absence of transport
mesopores and to steric hindrance, and some micro-
pores do not participate in sorption. This is confirmed
by our data on the sorption kinetics (Fig. 2).

The diffusion coefficients were evaluated using
the method of the kinetic curve moments [17], which
allows estimation of the diffusion coefficients with-
out solving a of system of kinetic equations. These
moments are defined as areas over the kinetic curve
which are commonly found graphically. To eliminate
this approximate operation, the following kinetic equa-
tion was proposed in [18] can be used:

� = 1 � exp (��tn ), (3)

which gives analytical expressions for the first mo-
ment of the kinetic curve:

M1 = ��1/n�(1 + 1/n) (4)

and for the effective diffusion coefficient in an infi-
nite cylinder (fiber) of radius R:

Deff = 0.125R2 / M1, (5)

where � and n are constants, �(x) is the tabulated
gamma function, and � = ai /a�.

The � and n constants were determined graphically,
by plotting the experimental data in the coordinates
corresponding to the linear forms of Eq. (3):
ln (1 � �) = f ( t n ) and ln ln (1 � �)�1 = f ( ln t ).

The experimental data are satisfactorily described
by Eq. (3) at n = 0.3. The effective diffusion co-
efficients (Deff) calculated from Eqs. (4) and (5) are
0.39 � 10�17, 2.3 � 10�17, and 6.0 � 10�17 m2 s�1 for
ACF-1, ACF-2, and ACF-3, respectively. At the same
time, the effective diffusion coefficient depends on the
equilibrium solution concentration. The dependence of
the effective diffusion coefficient of the concentration
of the equilibrium solution for ACF-2 is shown in
Fig. 3 (curve 1). With increasing concentration, Deff
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decreases, which may be due to the aggregation of
the molecules in solution.

Temperature strongly affects the dye sorption. The
kinetic curves of MB sorption on the ACF-2 fiber at
various temperatures are shown in Fig. 4. The tem-
perature dependence of the effective diffusion coef-
ficient for ACF-2 is shown in Fig. 3 (curve 2).

As seen from Fig. 4, with the temperature increas-
ing from 20 to 95�C, the sorption grows from 1.09 to
1.74 mmol g�1 (t = 2 h); the sorption rate increases
simultaneously: at 20�C the half-sorption time is
25 min, at 65�C, 5 min, and at 95�C, 3 min. These
results are in good agreement with published data [9].

The activation energies for temperature ranges
20�65 (Ea = 48.8 kJ mol�1) and 65�95�C (Ea =
20.3 kJ mol�1) were estimated from the temperature
dependence of the effective diffusion coefficient
(Fig. 3, curve 2), approximated by the Arrhenius equa-
tion. It is known that dye molecules are solvated in
solution and can form aggregates of several molec-
ules in dilute solutions and in the sorbent phase [19].
With increasing temperature, the rate of diffusion
grows, probably owing to breakdown of the solvation
shells of the molecules and their aggregates. This is
confirmed by a significant decrease in the activation
energy (Fig. 3, curve 2).

Our experimental data showed that sorption is al-
most independent of the solution acidity (or basicity)
in the pH 2.4�11 range.

At 20�C, only up to 25% of the MB dye can be
desorbed from the fiber with water. Subsequent treat-
ment with NaCl solution did not provide dye desorp-
tion, and further treatment with 0.1 N HCl for 24 h
allowed additional recovery of only 1% of MB.

Our experimental data suggest that at least 25%
of the dye is weakly sorbed on the sorbent surface
(physical bonding [3]). The absence of additional de-
sorption of the dye upon treatment with NaCl and HCl
solutions and the stability of sorption in a wide pH
range show that ion exchange does not contribute to
the sorption process.

CONCLUSIONS

(1) The sorption capacity and sorption rate were
found to grow with increasing sorption volume of
the sorbents.

(2) The limiting sorption capacities and constants
of adsorption equilibrium with Methylene Blue for all
the carbon fiber samples studied were calculated from
the adsorption isotherms using the Langmuir equation.

Fig. 3. Effective diffusion coefficient Deff vs. (1) concen-
tration ci and (2) temperature T of the equilibrium MB
solution for ACF-2 sorbent.

Fig. 4. Kinetic curves of MB sorption on ACF-2 fiber at
various temperatures. Temperature (�C): (1) 20, (2) 65,
and (3) 95.

(3) The effective diffusion coefficients in the 20�
65 and 65�95�C range were calculated. These data al-
lowed determination of the activation energies and
gave insight into the mechanism of dye sorption in
the fiber structure.

(4) It was established that sorption of Methylene
Blue is approximately constant in the pH 2.4�11 range.

(5) Treatment of the carbon fiber with water re-
sulted in approximately 25% desorption of the dye.
Upon subsequent treatment with NaCl and HCl solu-
tions, further desorption of the dye was insignificant.
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Abstract�Sorption of fulvic acids (FA) on anion exchangers based on styrene�divinylbenzene copolymer
was studied.

All the surface and underground waters contain
humic substances, among which fulvic acids (FAs)
prevail. The FA content exceeds that of humic acids
(HA) by a factor of 10�30 [1�4]. Fulvic acids are un-
desirable impurities in potable and industrial waters.
The coagulation and sorption on activated carbon re-
move humic substances unefficiently. More efficient
purification can be achieved by water treatment with
porous anion exchangers [4�6]. In order to improve
preparation of ultrapure water, a wide variety of sor-
bents should be tested to find the anion exchangers
with the maximum selectivity with respect to organic
pollutants and, especially, fulvic acids.

EXPERIMENTAL

In this study, we tested the following anion ex-
changers based on styrene�divinylbenzene copolymer
(DVB): widely used strongly basic AV-17P resin with
quaternary ammonium base sorbing sites, medium-
basic ANT-511 anion exchanger (Research Institute of
Plastics, Moscow, Russia), and Wofatit AD-41-anion
exchanger with tertiary amino groups (St. Bitterfeld
Chemiekombinat, Germany). We also tested weakly
basic IA-1 and IA-2 polycondensation ion exchangers
derived from m-phenyldiamine with primary and sec-
ondary amino groups (Research Institute of Plastics,
Nizhni Tagil, Russia) [5].

Before use, all the anion exchangers were condi-
tioned by alternating treatment with 1 M NaOH and
HCl [7]. The amount of removed impurities was de-
termined by the optical density of the filtrates at
220 nm. The conditioning was performed until the
optical densities (D220) of the washing solution at

the inlet and outlet of the column became equal. In
the course of conditioning, the IR spectra of anion ex-
changers were recorded.

The quarternary ammonium bases have ionization
constants Kb � 10�1�10�2 (pKb = 1�2). The tertiary
amino groups are less ionized: Kb � 10�3�10�5 (pKb =
3�5). The basicity of primary and secondary amino
groups depends on their location in the anion-ex-
changing polymer. When linked with aliphatic chains,
they have Kb � 10�3�10�5 (pKb = 3�5); when bound
to aromatic rings (directly or through a methylene
group), they have considerably lower ionization con-
stants: Kb � 10�6�10�9 (pKb = 6�9) [8, 9].

The ionization constants of low-basic amino groups
of IA-1 and IA-2 anion exchangers were refined by
potentiometric titration with 0.1 M HCl at constant
ionic strength (0.1 M KCl). Upon adding each por-
tion of the titrant, the mixture was allowed to stay for
14 days. We found that the ionization constants of
different batches of weakly basic anion exchangers,
calculated by the Henderson�Hasselbach method [10],
are close to 2 � 10�8 (pKb = 7.8).

In this study, we used fulvic acids recovered from
the Neva River by the technique reported in [3]. These
FAs were purified to remove mineral impurities and
then identified by physicochemical methods. The FA
content in the aqueous solutions was determined spec-
rophotometrically, using the calibration plot of D205�
D250 vs. FA concentration. The calibration solutions
were prepared by dissolving weighed portions of ash-
free FA. It is known that the optical density of aque-
ous solutions of FA in the ultraviolet range decreases
with increasing wavelength [1, 3]. Therefore, the cal-
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Fig. 1. Output curves of FA sorption on anion exchangers
(1) AV-17-2P, (2) ANT-511, (3) IA-1, (4) IA-2, and
(5) Wofatit AD-41. (c/c0 ) FA concentration ratio in
the filtrate and initial solution and (V ) number of column
volumes of the initial FA solution passed through the col-
umn; the same for Figs. 3 and 4.

Fig. 2. Sorption isotherms of FA on (1) Wofatit AD-41,
(2) AV-17-2P, and (3) ANT-511. (a) Sorption and
(ceq) equilibrium FA concentration in the aqueous phase.

ibration curves were constructed at different wave-
lengths. Such calibration curves allow determination
of the FA concentration (cFA) over a wide range with-
out dilution of the samples.

Taking into account that the shape of the output
curve of ion-exchange sorption is a function of both
the equilibrium and kinetic sorption characteristics
[11, 12], the FA sorption on the anion exchangers was
studied under dynamic conditions. In these exper-
iments, a sorbent was placed in a column with cross
section of 0.92 cm2. The sorbent bed height was
18�20 cm; the flow velocity, 10 � 1 m h�1; initial
FA concentration, 17 � 0.5 mg l�1; and pH, 3.2 � 0.1.

The mutual arrangement of the output curves
(Fig. 1) of FA sorption shows that the strongly basic
anion exchanger sorbs FAs somewhat more weakly
than the less ionizable resins. On filtering 700 column
volumes of the FA solution, the FA content in the fil-
trate was (0.1�0.15)c0 and 0.25c0 for weakly basic
and strongly basic anion exchangers, respectively.

The isotherms of FA sorption on anion exchangers
based on styrenedivinylbenzene copolymer were ob-
tained under static conditions. The sorbent and liquid
phases were brought in contact for 15 days at 20 � 1�C
with intermittent stirring for 8 h, followed by standing
for 16 h. The sorption isotherms (Fig. 2) have a convex
shape and are fairly well described by the Freundlich
equation [13]

a = �c
�

,

where a is sorption; c, sorbable substance concentra-
tion in the liquid phase; �, parameter characterizing
sorption of the sorbable substance at its concentra-
tion 1 mg l�1; �, empirical parameter varying from
0.1 to 0.5 [14].

It is known that tap water contains up to 10 mg l�1

FA [1, 3, 4], i.e., it is a dilute FA solution. As seen
from the above equation, the efficiency of sorption
treatment of water to remove FA is governed by the
� parameter at low FA concentrations. The values of
� and limiting FA sorption after 15-day contact with
different anion exchangers are given below:

Anion exchanger �(�3), mg g�1 a
�

(�5), mg g�1

ANT-511 122 375
Vofatit AD-41 41 610
AV-17-2P 62 485

Comparison of these results and those in Fig. 2
shows that the highest sorption activity is exhibited by
ANT-511 anion exchanger in dilute solutions, despite
its lowest sorption capacity for FA.

The sorption of large organic molecules decreases
the moisture content of the anion exchangers, which
hinders transfer of the sorbable components into a gran-
ule [15]. This steric hindrance deteriorates the sorp-
tion kinetics. Furthermore, the pore water volume and
transfer of sorbable components into the sorbent gran-
ule depend on the degree of cross-linking.

In order to elucidate how the cross-linking agent
(DVB) affects the sorption capacity of the anion ex-
changer for FA, we obtained the output curves of FA
sorption on AV-17-P anion exchangers containing 2,
12, and 20% DVB. We also studied the FA sorption
on AV-17-8 gel-like anion exchanger, which is a non-
porous analogue of AV17P. The total exchange ca-
pacity (TEC), content of weakly and strongly basic
amino groups, moisture content of AV-17 anion ex-
varied with varied DVB content, determined by stan-
dard techniques [16], are listed in the table.
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Characterization of AV-17 anion exchanger madifications
������������������������������������������������������������������������������������

Anion � TEC (�0.02), � Basic group content (�0.02), mg-equiv g�1 � Moisture content, � FA sorption
� ������������������������������������ �� � � � (�0.05),

exchanger � mg-equiv g�1
� strongly basic � weakly basic � g H2O/g � mg cm�3

������������������������������������������������������������������������������������
AV-17-2P � 4.53 � 2.98 � 1.55 (34.2)* � 3.44 � 3.01
AV-17-8 � 3.12 � 2.38 � 0.74 (23.8) � 1.41 � 2.11
AV-17-12P � 2.84 � 2.03 � 0.81 (28.5) � 1.20 � 1.08
AV-17-20P � 2.13 � 2.00 � 0.13 (6.1) � 1.13 � 0.61
������������������������������������������������������������������������������������
* Content of weakly basic amino groups, %.

These results show that all the sorbents tested con-
tain both weakly and strongly basic amino groups,
and the amount of weakly basic amino groups de-
creases with increasing content of the cross-linking
agent (DVB). The most cross-linked AV-17-20P an-
ion exchanger contains predominantly strongly basic
amino groups. For all of the anion exchangers, the
TEC and moisture content decrease with increasing
DVB content. Thus, our sorption experiments failed
to establish an unambiguous correlation between the
sorption capacity with respect to FA and the degree
of cross-linking.

The output curves of FA sorption were obtained
using a 17.2 � 0.5 mg l�1 FA aqueous solution at
pH �4.2. As seen from the table and Fig. 3, the sorp-
tion capacity decreases in the order AV-17-2P > AV-
17-8 > AV-17-12P > AV-17-20P with increasing de-
gree of cross-linking. It should be noted that, although
AV-17-8 is a nonporous anion exchanger, its TEC and
the shape of the output sorption curve follow the gen-
eral relationships typical of the sorbent series under
consideration.

We found that the maximum sorption capacity for
FA is exhibited by AV-17-2P anion exchanger with
the minimum DVB content (2%). This sorbent is char-
acterized by the highest moisture content and TEC.
The more cross-linked anion exchangers AV-17-12P
and AV-17-20P, which contain, respectively, 12 and
20% DVB, have virtually the same moisture content
(1.20 and 1.13 g H2O/g anion exchanger). However,
AV-17-12P contains a considerably larger amount of
weakly basic groups, which increases its sorption ca-
pacity as compared to AV-17-20P. However, it is not
improbable that the sorption capacity of the anion
exchangers under consideration is governed not only
by ionic groups, but also by the pore size. Although
the data on the moisture content show that the total
pore volume of AV-17-12P and AV-17-20P are close,
we can expect that the pores of more strongly cross-
linked AV-17-20P anion exchanger are narrower than
those of AV-17-12P. This factor hinders transfer of

FA molecules into AV-17-20P globules, and, there-
fore, FAs are predominantly sorbed on the sorbent
surface.

The sorption service life of ANT-511 (Fig. 4a) and
AV-17-2P (Fig. 4b) in water treatment to remove FA

Fig. 3. Output curves of FA sorption on AV-17 anion ex-
changers with varied cross-linking agent content. Cross-
linking agent content, %: (1) 2, (2) 8, (3) 12, and (4) 20.

Fig. 4. Output curves of FA sorption on (a) ANT-511 and
(b) AV-17-2P anion exchangers. Digits at curves are num-
bers of the filtration cycle.
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Fig. 5. FA distribution along a column packed with
(1) IA-2, (2) Wofatit AD-41, and (3) ANT-511 anion ex-
changers. (a) FA content in the anion exchanger and
(h) bed length.

was determined under dynamic conditions with sorp-
tion�desorption filtration cycles. In these experiments,
800 to 2500 column volumes of FA aqueous solution
was passed through a column. We found that, after
the first filtration cycle, the sorption efficiency of
AV-17-2P anion exchanger slightly decreases, pre-
sumably owing to incomplete FA desorption. By con-
trast, the sorption efficiency of ANT-511 anion ex-
changer remains unchanged even after treatment of
11 000 column volumes of water to remove FA in
five successive filtration cycles.

The IR spectra of a dry residue of FA-containing
water filtered through an anion exchanger showed that
the chemical nature of the organic matter sorbed on
the anion exchanger depends on the kind of a sor-
bent. With a strongly basic anion exchanger, the dry
residue of the filtrate contains no FA carboxy groups
but shows the presence of the aliphatic chains. At
the same time, on filtering through ANT-511 and IA-2
resins, the filtrates are depleted of aliphatic com-
ponents, but the carboxy groups appear. These re-
sults show that water treatment to remove organic im-
purities should be carried out by successive filtration
through strongly, medium, and weakly basic anion
exchangers.

In water treatment with two-stage sorption, the
weakly basic anion exchangers were used and regen-
eration was carried out with 2% NaOH. The strongly
basic anion exchangers were regenerated with an alka-
line�salt solution (2% NaOH + 10% NaCl) [4]. Upon
successive filtering through ANT-511 (Wofatit AD-41)
and AV-17-P at a filtration velocity of 10 m h�1,
the FA content in the initial model solution decreases
from 21.8 to 4.6�5.1 mg l�1.

Similar results were obtained in successive filtra-
tion of water through polymerization anion exchangers

of different basicities and weakly basic condensa-
tion anion exchangers. After successive filtration of
an aqueous solution (800 column volumes) through
IA-1(IA-2)�AV-17-P and IA-1(IA-2)�Wofatit AD-41
column systems, the average FA content in the fil-
trate did not exceed 4.8 mg l�1. Our results show
that the weakly and medium-basic anion exchangers
remove FA to a similar extent. We studied also FA
distribution along an anion-exchange column. In these
experiments, column was saturated with fulvic acids
and then divided into 3-cm parts. These fragments
were treated with an alkaline solution to desorb FAs.
Figure 5 demonstrates the FA distribution along
the column. This figure shows that saturation of IA-1
weakly basic anion exchanger with FA is stronger in
the upper layer and weaker in the lower layer; this
resin is more effective than strongly basic anion ex-
changers. With strongly basic resins, the FA sorption
is lower, and the sorption front is more diffuse.

The long-term bench tests showed that successive
filtration through IA-2 weakly basic condensation and
AV-17-2P strongly basic polymerization anion ex-
changers ensures efficient purification of Neva water
to remove FAs and HAs. Taking into account these
results, an anion-exchange sorption unit was installed
into an industrial desalination device with output ca-
pacity of 2 m3 h�1. Installation of such a unit elimi-
nates the need for coagulation water treatment. The
chemical oxygen demand of desalinated water pre-
pared by this technique does not exceed 1 mg O2 l�1,
which meets the requirements to industrial water.

CONCLUSIONS

(1) The sorption capacity of anion exchangers
based on styrene�divinylbenzene copolymer with re-
spect to fulvic acids increases with decreasing degree
of ionization of ionic groups or the content of the
cross-linking agent.

(2) Strongly basic anion exchangers predominantly
sorb the fulvic acid fractions containing ionic car-
boxylate groups; the medium and weakly basic anion
exchangers sorb nonionic organic impurities.

(3) Two-stage sorption treatment of water to re-
move fulvic acids by successive filtering through
columns packed with anion exchangers of different
basicities decreases the organic impurity content to
a level corresponding to deionized water with chem-
ical oxygen demand less than 1 mg O2 l�1.
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Abstract�Sorption of industrial oil by expanded graphite prepared from residual graphite hydrosylfate at
300�900�C was studied. The sorption isotherms of both neat oil and oil from its aqueous suspension were
measured. The sorption capacity for oil was studied as influenced by the specific surface area and specific
volume of expanded graphite sorbent.

As previously shown by the method of direct sorp-
tion, expanded graphite is a highly efficient sorbent
for petroleum (1 g of the sorbent sorbs up to 80 g of
petroleum) [1�5]. Expanded graphite has also been
proposed [6, 7] as a sorbent of various fats and oils;
however, no quantitative sorption parameters were re-
ported in these studies and the dependenes of the sorp-
tion on the sorbent properties were not evaluated. In
this study we analyzed sorption of industrial oil by
expanded graphite as influenced by the properties and
preparation conditions of the graphite. For this pur-
pose we used pure industrial oil (direct sorption) or
aqueous oil emulsions.

We used residual graphite hydrosulfate prepared by
the procedure described in [8]. The sorbent was pre-
pared by flash heating of residual graphite hydrosulfate
in a muffle furnace at temperature ranging from 300
to 900�C. The samples were kept at 300�500�C for
5 min and then at 600�900�C for 2 min. We measured
the specific surface area Ssp (m2 g�1), specific vol-
ume Vsp (cm3 g�1), and specific sorption of industrial
oil Wsp (g g�1) for all samples of expanded graphite.
The BET specific surface area was determined by
low-temperature argon adsorption in accordance with
GOST (State Standard) 13 144�79. The specific vol-
ume was calculated as the reciprocal of the bulk den-
sity of the sorbent, which, in turn, was determined
in accordance with GOST (State Standard) 14 922�77.

Sorption of neat I-20 industrial oil and sorption
of this oil from an aqueous emulsion were studied at
20�C. In the first case, a weighed portion of the sor-
bent was placed in a glass vessel, carefully wetted
with excess oil (25 g), and kept for 30 min to com-
plete the sorption. Then the vessel was covered with

perforated metal foil and unsorbed oil was allowed
to drain down for 1 day. The oil sorption was deter-
mined gravimetrically [9].

Oil sorption from an aqueous emulsion was per-
formed by the following procedure. An oil emulsion
was prepared by stirring a mixture of oil with 1 dm3

of distilled water with a magnetic stirrer. The oil
concentration coil (g dm�3) was varied from 0.08 to
20 g dm�3. A weighed portion of the sorbent was
added to the emulsion and the mixture was stirred for
15 min. The sorbent was then quantitatively separated
by filtration through a paper filter, dried at 100�C, and
weighed. The oil sorption on the paper filter was de-
termined in a blank experiment. In special experi-
ments, we found that there are no losses of sorbed oil
during drying of the sorbent.

The properties of the sorbents prepared at temper-
atures from 300 to 900�C are presented in the table.

We measured the sorption isotherm of I-20 indus-
trial oil from neat oil and its aqueous emulsion on

Properties of expanded graphite sorbent prepared at dif-
ferent temperatures
����������������������������������������

Texp, �C � Ssp, m2 g�1 � Vsp, cm3 g�1

����������������������������������������
300 � 9.6 � 52
400 � 12.1 � 122
500 � 30.7 � 149
600 � 41.2 � 179
700 � 55.4 � 222
800 � 47.8 � 250
900 � 66.7 � 278

����������������������������������������
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the sorbent prepared at 900�C. We used this sorbent
since it is characterized by the maximum specific sur-
face area, maximum specific volume and, as previously
shown [9], by the maximal sorption capacity for pe-
troleum. The sorption isotherms are shown in Figs. 1a
and 1b.

Both isotherms are typical of sorption processes.
The specific sorption of neat oil grows almost linearly
with increasing oil-to-sorbent weight ratio up to values
slightly exceeding 40 (Fig. 1a). The slope of the iso-
therm in this range is close to unity, i.e., the whole
amount of oil is sorbed by the expanded graphite. At
a ratio of about 100, the isotherm flattens out. The
sorption capacity of the expanded graphite for indus-
trial oil Wmax

sp (g g�1), determined from the sorption
isotherm, is about 70 g g�1. It should be noted that
this value is close to the sorption capacity of expanded
graphite for petroleum, determined by the direct sorp-
tion procedure [9].

When the oil is sorbed from its aqueous emulsion,
the specific sorption grows linearly with the oil con-
centration increasing up to 4 g dm�3 and then flattens
out. The maximum sorption of oil from the emulsion
(the sorption capacity), determined by cubic inter-
polation of the experimental data, is about 20 g g�1

at oil concentration of 6.7 g dm�3.

We studied how the temperature at which expanded
graphite was prepared affects the oil sorption from
an aqueous emulsion. In these experiments, the oil
concentration (6.7 g dm�3) was close to that at which
the isotherm of oil sorption by expanded graphite
prepared at 900�C starts to flatten out. Since the sorp-
tion capacity of graphite expanded at 900�C is highest
among the samples prepared in the range from 300 to
900�C, the above choice of emulsion concentrations
ensures that the values obtained for all the samples
studied fall on the plateaus of the sorption isotherms,
i.e., allows determination of their sorption capacities.

As seen from Fig. 2a, the sorption capacity of ex-
panded graphite determined in the experiment with
an oil emulsion grows linearly with increasing sor-
bent preparation temperature. This is due to a linear
rise in the specific surface area and specific vol-
ume of the sorbent with increasing preparation tem-
perature (see table; Figs. 2a, 2b). The influence ex-
erted by the specific surface area and specific volume
of the samples on the sorption capacity of graphites
expanded at 300�900�C for oil from an aqueous
emulsion is described by the following two-parameter
linear regression equation Wsp = 0.592Ssp + 0.415Vsp
(r = 0.995). As determined from Student’s t-test at the
confidence level of 0.95, the coefficient at parameter
Ssp is significant and the significance of the coefficient

Fig. 1. Isotherms of sorption of I-20 industrial oil at 20�C
by expanded graphite prepared from residual graphite
hydrosulfate at 900�C. (Wsp) Sorption capacity of ex-
panded graphite, (Roil ) initial oil/sorbent ratio, (coil ) oil
concentration in aqueous emulsion. (a) Direct sorption and
(b) sorption from aqueous emulsion.

Fig. 2. Sorption capacity of expanded graphite, Wsp
max, for

oil from an aqueous oil emulsion vs. (a) sorbent prepa-
ration temperature Texp , (b) specific volume of the sorbent
Vsp , and (c) specific surface area of the sorbent, Ssp .
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at Vsp is close to the limiting significance value. The
latter fact is probably due to strong correlation be-
tween Ssp and Vsp (r = 0.95). Our results show that oil
sorption from an aqueous emulsion depends on both
the specific volume and the specific surface area of
the sorbent. As determined from the regression equa-
tion, 60% of oil is sorbed on the sorbent surface, and
40%, in the bulk of the sorbent.

It should be noted that the sorption capacity of
expanded graphite for oil from an aqueous emulsion
is lower by a factor of 3.5 than that for neat oil. This
difference cannot be due to higher oil concentration
in neat oil, since the sorption capacity levels off at
6.7-g dm�3 oil concentration in the emulsion. This
cannot be accounted for by preferential sorption of
water, either, since the surface of the expanded graph-
ite is hydrophobic. Even if water is sorbed in the first
steps, it will be desorbed from the sorbent by hydro-
phobic oil. The lowering of the sorption capacity in an
aqueous emulsion as compared to the direct sorption
experiment is presumably due to structural transforma-
tions of expanded graphite under the action of water.
Indeed, the specific surface area and specific volume
(parameters responsible for the sorption capacity of
expanded graphite) of the samples wetted with water
and then dried decrease by a factor of 2�3.

CONCLUSION

Expanded graphite is an efficient sorbent for indus-
trial oil. The sorption is controlled by both the spe-

cific volume and the specific surface area of the sor-
bent. Graphite expanded at 900�C has the maximum
sorption capacity and can be used in practice. The ca-
pacity of this sorbent for neat oil is about 70 g g�1.
When oil is sorbed from its aqueous emulsions, the
sorption capacity decreases to 20 g g�1, but remains
sufficient for effective application of the sorbent.
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Abstract�Sorption of copper and copper oxide from the alloy surface by poly(methyl methacrylate) doped
with alkali metal cations was studied with the aim to develop nondestructive sampling of metals from the sur-
face. The sampling efficiency was studied as influenced by the content of alkali metal cations and water in
the polymeric matrix.

Nondestructive methods for studying and analyz-
ing the surface require, as a rule, complex equipment,
are expensive, and cannot be used for express analysis
on the site. Therefore, development of a nondestruc-
tive express analysis of various objects for the con-
tent of metals and their compounds is a topical prob-
lem.

The aim of this study was to demonstrate the pos-
sibility of using a polymeric formulation based on
polymethyl methacrylate and alkali metal trifluoro-
acetates (MPMMA) [1, 2] as a sorbent for nondestruc-
tive express sampling of metals and their oxides from
the surface of an alloy containing 74 wt % silver and
26 wt % copper.

EXPERIMENTAL

In chemical analysis, polymers are mainly used in
the form of solutions and films immobilized on the
surface of a conducting material [3, 4]. In this study,
we used MPMMA in the form of plates (organic
glasses) pre- pared by bulk polymerization of methyl
methacrylate (MMA) mixed with an appropriate alkali
metal trifluoroacetate [1]. The salt concentration was
varied from 1 to 6 mol per 1 kg of MMA. Some of
the samples were kept for 1 day in desiccators at
a humidity � of 47, 58, and 80%; the water content
in the samples depended on the nature and content
of a modifier (Table 1). We studied sampling from
the surface of a copper-containing alloy. The polymers
were mechanically pressed against the surface with
a 5 kg cm�2 force for 20 min. The contact time was
determined experimentally (Fig. 1).

The sorption of copper and its oxides by MPMMA
was determined voltammetrically with mercury and
amalgam (HgNa) electrodes (contact time 5 min) by
the procedure described in [5, 6]. The copper sorption
was measured with the first electrode, and the sorption
of copper and its oxides, with the second. After a con-
tact of the mercury or amalgam electrode with the po-
lymer surface, a differential voltammogram was re-
corded in 0.1 M KCl at potential sweeping in the
range from �0.8 to 0.0 V at a rate w = 30 mV s�1.
The potential was measured relative to 0.1 M silver
chloride electrode.

The copper sorption by the polymer depends on
the nature of metal cations introduced into the poly-

Table 1. Dependence of water content in polymethyl
methacrylate modified with CF3COOM on the relative
humidity �

����������������������������������������

CF3COOM,
� Water content (wt %) at indicated �, %
�������������������������������

mol kg�1
� 47 � 58 � 80

����������������������������������������
CF3COOK: � � �

2 � 2.3 � 2.9 � 4.0
6 � 2.4 � 4.5 � 6.5

CF3COONa: � � �
2 � 2.5 � 3.6 � 4.8
6 � 2.7 � 6.8 � 8.3

CF3COOLi: � � �
2 � 3.5 � 4.9 � 7.4
6 � 5.2 � 10.0 � 13.8

����������������������������������������
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Fig. 1. Voltammetric signal I characterizing the sorption
capacity of MPMMA(K+) as a function of the time t of
contact with the sample.

Fig. 2. Voltammogram recorded with the amalgam elec-
trode and characterizing copper sorption on MPMMA con-
taining (1) potassium, (2) sodium, and (3) lithium trifluoro-
acetates. (E) Potential.

mer (Fig. 2) and on their hydration properties (Fig. 3,
Table 1). The activity of alkali metal cations grows in
the order Li+ (Na+) < K+, which is probably due to
the difference in their ionic radii. As the ionic radius
increases, the positive charge is shielded, the bonding
of the cation with the terminal groups of the poly-
meric matrix is weakened, and the mobility of the cat-
ion grows.

The sorption activity of MPMMA samples contain-
ing Li+ and Na+ cations increases after keeping the
samples in a humid atmosphere. This is due to an in-
crease in the radius of the hydration shell of the alkali
metal cations, which is the most pronounced for lithi-
um. Correlation analysis of the results of voltam-
mometric determination of copper shows that the sorp-
tion capacity of MPMMA depends on the content of
alkali metal trifluoroacetate. The sorption grows with
increasing CF3COOK concentration in the polymer
(Fig. 3, curves 1�3). The sorption capacity of the

Fig. 3. Voltammetric signal I of amalgam electrode, char-
acterizing the copper sorption by MPMMA, vs. the content
c of (1�3) CF3COOK, (4) CF3COONa, and (5) CF3COOLi
in the polymer. Polymers were kept in desiccators with
humidity (%) of (1, 4, 5) 80, (2) 58, and (3) 47.

CF3COOK-modified polymer for copper oxides in-
creases after keeping the polymer in a humid atmo-
sphere. This is also the case for elemental copper, but
the analytical signal is lower by an order of magni-
tude. The sorption of both forms of copper by the po-
lymer kept at � = 80% is the strongest, and by the po-
lymer kept at � = 47%, the weakest.

In the case of a polymer containing CF3COONa,
the rise in the sorption of elemental and oxidized cop-
per species with increasing modifier content is ob-
served for the polymer kept at 80% humidity (Fig. 3,
curve 4) and not observed for a polymer kept at 58%
humidity.

The sorption of copper oxides by MPMMA con-
taining CF3COOLi grows with increasing modifier
content only for the samples kept at 80% humidity
(Fig. 3, curve 5). The content of the lithium salt has
virtually no effect on the sorption of copper oxide.
Thus, the polymers modified with lithium and so-
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dium salts and kept in a humid atmosphere are char-
acterized by copper sorption dependent on the mod-
ifier content and by improved reproducibility of
the analytical results (Table 2).

The copper sorption was determined gravimetrical-
ly. CF3COOLi-doped MPMMA (modifier content
5 mol kg�1) sorbs 0.0011 � 0.0002 g of copper after
contact with a 1-cm2 surface of a copper plate for
7 days.

Sorption of elemental copper and its oxides by
MPMMA is probably due to potential difference across
the polymer/sample interface, which is confirmed by
emf generation in the Cu�MPMMA�Pt system. After
a contact of the polymer with a sample, the absorp-
tion band of water sorbed by alkali metal cations
(� = 3500 cm�1) broadens and becomes unsplit,
which indicates hydrogen bonding between water
molecules. The bands of the functional groups of the
polymer and those of alkali metal trifluoroacetates
incorporated in the polymeric matrix are not shifted.
These facts suggest that copper sorbed by MPMMA is
in the form of an aqua complex weakly bound to
the polymer matrix. After prolonged contact of
MPMMA with a copper-containing sample (60 days),
the polymer turns blue. The sorption properties of
MPMMA with respect to copper and its oxides do not
change for up to 4 years.

CONCLUSIONS

(1) Polymethyl methacrylate doped with potassium
cations exhibits the best sorption properties with re-
spect to copper. The sorption of copper and its com-
pounds from the sample surface by this polymer is the
strongest. The reproducibility of analysis of the sam-
ple surface for copper with a polymeric formulation
composed of polymethyl methacrylate and CF3COOK,
kept in a humid atmosphere, is the best.

(2) The formulation composed of polymethyl meth-
acrylate and alkali metal salts is promising for non-
destructive analysis of the surface of copper-contain-
ing samples.

Table 2. Variation coefficients Sr (n = 3) of the voltam-
mometrically determined content of copper sorbed by
MPMMA kept in desiccators at various humidities
����������������������������������������

CF3COOM,
� Sr (%) at indicated �, %
������������������������������

mol kg�1 � 58 � 80 � 58 � 80 � 58 � 80
������������������������������
� CF3COOK � CF3COONa � CF3COOLi

����������������������������������������
1 � 24 � 19 � 28 � 24 � 29 � 25
2 � 23 � 18 � 27 � 22 � 26 � 22
3 � 20 � 16 � 23 � 19 � 22 � 18
4 � 15 � 12 � 20 � 15 � 17 � 13
5 � 12 � 7 � 16 � 11 � 13 � 9

����������������������������������������
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Abstract�The analytical properties of the cathodic peak of tin(II) reduction and the anodic peak of iron(II)
oxidation on a graphite electrode were studied with the electrode surface mechanically renewed directly in
a solution before applying a potential in each measurement. The influence of the organic components of
the phenolsulfonic tin-plating electrolyte on the cathodic current of tin(II) reduction and anodic current
of iron(II) oxidation was studied. A dc voltammetric method was proposed for determining tin(II) directly
in the phenolsulfonic tin-plating electrolyte, and iron(II) after the electrolyte is diluted tenfold with a 0.5M
H2SO4 supporting solution.

Tin is one of the few metals, whose compounds
are not harmful to humans. For this reason, it is used
to coat any items associated with storage and manu-
facture of food products. Tin coatings are also used
for electrochemical protection of steels and for im-
parting good electrical conductivity to contact sur-
faces. Tin is electroplated in both acid and alkaline
solutions. Acid electrolytes are prepared by dissolving
tin(II) salts in sulfuric, hydrofluoric, tetrafluoroboric,
phenolsulfonic, and sulfamic acids. The most widely
used in industry are sulfate electrolytes containing
a 0.5�1.0 N solution of SnSO4 in 1.5�2 N sulfuric
acid, which hinders tin(II) hydrolysis and raises the
electrical conductivity of the solution [1]. Dense,
compact, finely grained tin deposits with structure
relatively uniform across the thickness are obtained
from acid electrolytes in the presence of some sur-
factants.

Electrolytes based on tin(II) phenolsulfonate in
n-phenolsulfonic acid are less subject to tin(II) oxi-
dation than sulfate electrolytes [2]. The stability of
this electrolyte and the coating quality at high current
densities are also markedly improved upon addition
of a surfactant.

In this study, we verified the possibility of moni-
toring the content of tin(II) and iron(II) by dc volt-
ammetry in a phenolsulfonic tin-plating electrolyte.
This electrolyte is used for tin coating of steel tape in

the Ferrostan technology. Its standard composition is
(g l�1): Sn2+ ions (in the form of SnSO4) 30, n-phenol-
sulfonic acid 75.8 (66%), and ESNA (ethoxylated
�-naphtholsulfonic acid) as surfactant additive 6.7.
Since the Ferrostan technology uses anodes made of
metals other than tin, the content of tin(II) in the elec-
trolyte decreases continuously. According to the tech-
nical regulations, the tin(II) concentration in electro-
lyte is maintained within 30 � 1 g l�1. For this reason,
it is necessary to monitor its content at regular inter-
vals of time and adjust it by adding a concentrated
SnSO4 solution. The most common industrial meth-
od for determining tin(II) is volume iodatometric or
iodometric titration [3].

A method is known for direct voltammetric de-
termination of tin(II) in chloride solutions [4]. This
technique is based on recording the anodic peak of
tin(II) electrooxidation on a graphite electrode at
a potential Ep = 0.3 V. It was noted in [4] that a peak
of Sn4+ reduction is observed in addition to the cath-
odic peak of Sn2+ reduction at Ep = �0.68 V, and,
therefore, the latter cannot be used for determining
tin(II) content in a chloride medium. Tin(II) is re-
duced to metal in a 1M H2SO4 solution on mercury
electrode at a half-wave potential E1/2 = �0.46 V [5].

When in use, tin-plating electrolyte continuous-
ly accumulates Fe2+ ions, which affect adversely the
coating quality at concentrations higher than 10 g l�1.
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This necessitates monitoring of the iron(II) concentra-
tion in tin-plating electrolytes on regular basis. Elec-
trooxidation of Fe2+ to Fe3+ on a mercury electrode
in a sulfate supporting electrolyte occurs at E1/2 =
+0.54�+0.60 V [6]. Among organic supporting solu-
tions, the oxalate solution is more commonly used for
voltammetric determination of Fe2+, since the half-
wave potential of iron(II) oxidation in this solution is
� 0.24 V [7].

The method of direct voltammetric determination
of Sn2+ and Fe2+ ions on a graphite indicator electrode
served as basis for developing a procedure for moni-
toring the content of these ions in a phenolsulfonic
tin-plating electrolyte. The influence of all electrolyte
components on the peak currents of each ion to be
determined was studied and conditions of microelec-
trode polarization were chosen.

EXPERIMENTAL

Voltammograms were recorded with a PA-2 po-
larograph and N-307 plotter in a three-electrode cell
with a saturated calomel reference electrode and aux-
iliary graphite electrode. The graphite indicator elec-
trode was in the form of a cylindrical rod made of
cured epoxy resin (external diameter 4 mm). Its elec-
trically active part (2 mm in diameter) made of a
hardened graphite formulation was situated along
the rod axis. The working surface of the indicator
electrode (rod edge) was renewed at regular intervals
directly in the test solution by cutting-off mechani-
cally a 0.5-�m surface layer on a special device [7, 8].
The surface was always renewed before applying the
electrode potential. The potential sweep rate was var-
ied from 10 to 100 mV s�1.

Model electrolyte solutions were prepared accord-
ing to prescription by dissolving organic components
in distilled water and adding a calculated weighed
portion of SnSO4 and FeSO4 � 7H2O. Preliminarily,
the tin content in the reagent (pure grade) was found
by iodatometric titration (starch indicator) [1], and
the iron(II) content in a freshly recrystallized reagent,
by theoretical calculation. Since tin(II) and iron(II)
are easily oxidizable, all solutions were prepared from
separate weighed portions of a reagent in a deoxy-
genated supporting solution.

As supporting solutions were chosen sulfuric, hy-
drochloric, oxalic, and phenolsulfonic acids. The volt-
ammogram of a sulfate supporting electrolyte shows
in the cathodic region a peak due to reduction of dis-
solved oxygen, which completely disappears after ar-
gon is passed through the solution for 5 min. The po-

Fig. 1. Voltammograms of Sn2+ cathodic reduction on
mechanically renewed graphite electrode in phenolsulfonic
electrolyte for tin plating. cSn2+ = 10 g l�1, V = 50 mV s�1,
and n = 5. (E ) Potential; the same for Figs. 2 and 3.

larization curve of cathodic reduction of tin(II) to
metal on a graphite electrode in a 0.2M H2SO4 sup-
porting solution shows a clearly pronounced and well-
resolved peak at Ep = �0.66 V. A study of the influ-
ence exerted by phenolsulfonic acid, ENSA surfactant,
and iron(II) compound on the cathodic peak of tin(II)
reduction demonstrated that the qualitative and quan-
titative characteristics of the tin(II) peak in a sulfate
supporting electrolyte are not affected by these com-
ponents. The calibration plot of the peak current of
tin(II) reduction against its concentration in a 0.2M
H2SO4 solution is a straight line emerging from the
origin. However, at Sn2+ content exceeding 10 g l�1,
the slope of the calibration plot changes somewhat.

Compared with the sulfate supporting electrolyte,
the potential of the Sn2+ reduction peak in a phenol-
sulfonic electrolyte containing 76 g l�1 n-phenolsul-
fonic acid and 6.7 g l�1 ENSA is shifted to the nega-
tive region and, depending on the bulk concentration
of tin(II), falls within Ep = �0.90��0.95 V. The lin-
ear run of the Ip = f (cSn2+) calibration plot for Sn2+

reduction in a phenolsulfonic electrolyte is preserved.
The reproducibility of voltammograms of tin(II) ox-
idation is demonstrated in Fig. 1 for five curves. The
relative standard deviation of the peak current for
tin(II) concentration of 30 g l�1 in this electrolyte at
n = 8 and P = 0.95 does not exceed 0.006.

As is known, Sn2+ ions are easily oxidized by at-
mospheric oxygen, so the Sn4+ ions are always accom-
panying. A study of the electrochemical behavior of
Sn2+ ions in a 0.5M sulfate supporting solution de-
monstrated that Sn4+ ions are cathodically reduced
on a graphite indicator electrode at potentials Ep =
�0.80��0.87 V. The difference between the potentials
of tin(II) and tin(IV) peaks in this supporting solution
is insignificant (�0.15��0.2 V). In those cases, when
Sn2+ and Sn4+ are present simultaneously, an overall
voltammogram is recorded in a sulfate supporting so-
lution. Another situation is observed in a phenolsul-
fonic supporting solution. Addition of a tin(IV) com-
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Fig. 2. Voltammograms of cathodic reduction of Sn2+

and Sn4+ in phenolsulfonic electrolyte for tin plating.
V = 100 mV s�1 and I = h � 10�5 A cm�1. (1) Supporting
solution of phenolsulfonic electrolyte, (2) supporting solu-
tion with addition of Sn4+ (cSn4+ = 0.17 g l�1), (3) solu-
tion 2 with addition of Sn2+ compound (cSn2+ = 0.28 g l�1).

Fig. 3. Voltammograms of supporting solutions and iron(II)
oxidation on renewed graphite electrode V = 50 mV s�1

and I = h � 10�5 A cm�1. (1) 0.5 M H2SO4 solution with
addition of Sn2+ (cSn2+ = 3 g l�1), (2) phenolsulfonic elec-
trolyte diluted tenfold with 0.5 M H2SO4 solution, (3) sup-
porting solution 2 with addition of Fe2+ (cFe2+ = 2 g l�1).

pound to the phenolsulfonic supporting solution shifts
somewhat the onset potential of hydrogen evolution in
the voltammogram, but the peak of the Sn4+ cathodic
electroreduction is not recorded before the region
of hydrogen evolution (Fig. 2, curve 2). At the same
time, the peak of Sn2+ reduction is preserved with-
out any change in its shape (Fig. 3, curve 3).

It should be noted that the reproducibility of the
current and potential of the tin(II) reduction peak de-
pend on the state of the surface of the graphite elec-
trode. In the absence of mechanical renewal, with the
deposit on the surface of the graphite electrode dis-
solved electrochemically, the potential of the subse-
quent peak of tin(II) reduction shifts to the cathodic
region by approximately 0.10 V. In addition, the re-
producibility of the peak current decreases by an order
of magnitude and more. After the mechanical renewal
of the graphite electrode is resumed, all the parameters
of the peak of tin(II) reduction are restored.

Thus, the experiments on model solutions showed
that the content of tin(II) can be determined by volt-
ammetry rapidly, and in a simple way, directly in
a phenolsulfonic tin-plating electrolyte from the cur-

rent of its reduction peak in the cathodic region of
polarization of the graphite electrode.

Fe2+ ions are oxidized to Fe3+ on a graphite elec-
trode in all the supporting solutions chosen for the ex-
periment. In a sulfate solution (0.2�0.5 M H2SO4),
Fe2+ is oxidized anodically at +0.33 V. The peak of
tin(II) oxidation is not recorded in this potential range
in sulfate solutions (Fig. 3, curve 3), in contrast to
chloride solutions, i.e., the presence of tin(II) in a
solution does not affect the current of the iron(II) ox-
idation peak. In the Ip = f (cFe2+) calibration plot,
the current of iron(II) oxidation in a sulfate support-
ing solution is proportional to bulk concentration of
iron(II) within the range 0.1�15 g l�1.

In the voltammogram measured in freshly prepared
phenolsulfonic supporting electrolyte, two current peaks
are recorded in the anodic region, with the first of these
observed at Ep = +1.05 V. Apparently, oxidation
products of organic compounds are accumulated in the
supporting electrolyte during its storage, which leads
to an increased number of the anodic peaks observed.
In a solution of phenolsulfonic electrolyte, i.e., in the
presence of the organic compounds mentioned above,
the potential of the iron(II) oxidation peak is shifted
by 0.45 V to the positive region, reaching a value
Ep = +0.78 V. Voltammetric determination of iron(II)
directly in a phenolsulfonic electrolyte is complicated
by the presence of a neighboring peak of phenolsul-
fonic acid oxidation (Fig. 3, curve 2). The shape of
the iron(II) oxidation peak is distorted somewhat (flat-
tened), since there is no portion of current drop af-
ter the maximum because of an increase in the current,
associated with the subsequent peak of oxidation of
organic compounds (phenolsulfonic acid and SAA).
This fact makes it difficult to measure the current
of the iron(II) oxidation peak. A tenfold dilution of
phenolsulfonic acid with sulfuric acid is sufficient
for obtaining an analytical signal of iron(II) that is
suitable for measurements (Fig. 3, curve 3). In such
a supporting solution, tin(II) does not affect the cur-
rent of iron(II) oxidation peak, either. The linear cal-
ibration plot for the current of the iron(II) peak was
obtained in a phenolsulfonic electrolyte diluted with
0.5 M sulfuric acid within the range 1�15 g l�1 iron(II).

To improve the peak parameters, electrochemical
oxidation of iron(II) was studied in a 0.2 M solution
of oxalic acid (pH � 3). The peak of iron(II) oxidation
in this supporting electrolyte is shifted somewhat to
the cathodic region and has a more clearly pronounced
shape than that in the sulfate solution. Unfortunately,
tin(II) is also oxidized in the oxalate supporting solu-
tion in the anodic region. For this reason, oxalic acid



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 6 2003

VOLTAMMETRIC DETERMINATION OF TIN(II) AND IRON(II) 915

Results of voltammetric determination of Sn2+ and Fe2+ on renewed graphite electrode in phenolsulfonic electrolyte for
tin plating
������������������������������������������������������������������������������������

Fed, g l�1 � Found by voltammetry, g l�1 � Sr � Volumetric analysis, g l�1

������������������������������������������������������������������������������������
Sn2+ � Fe2+ � Sn2+ � Fe2+ � Sn2+ � Fe2+ � Sn2+ � Fe2+

������������������������������������������������������������������������������������
25.4 � 7.99 � 25.2 � 0.4 � 8.01 � 0.16 � 0.021 � 0.028 � �
29.4 � 10.01 � 29.5 � 0.3 � 9.98 � 0.08 � 0.016 � 0.008 � �
34.8 � 15.05 � 35.1 � 0.2 � 15.1 � 0.2 � 0.011 � 0.013 � �

� � 26.6 � 0.6 � 1.0 � 0.1 � 0.019 � 0.039 � 27.8 � Not found
� � 13.0 � 0.3 � 1.3 � 0.1 � 0.022 � 0.036 � 11.8 � �

� � 30.0 � 0.4 � 3.5 � 0.1 � 0.011 � 0.014 � 30.2 � 3.8
� � 28.0 � 0.6 � 5.2 � 0.1 � 0.021 � 0.016 � 29.2 � 6.5

������������������������������������������������������������������������������������

cannot be used as supporting solution in determining
iron(II) in tin-plating electrolytes. To obtain reliable
results in voltammetric determination of iron(II), it is
important to renew mechanically the surface of the
graphite electrode in the solution being analyzed each
time before recording a voltammogram, similarly to
the case of tin(II). This makes it possible to obtain
peaks with well-reproducible intensities (see table).
Presumably, electrochemical renewal of the electrode
surface without cutting off a spent layer is insuffi-
cient, since such a renewal changes the shape of the
iron(II) peak, with the peak becoming flattened and
disappearing completely in the subsequent tests. Prob-
ably, iron(II) oxidation is hindered in this case by ad-
sorption of organic components (phenolsulfonic acid,
surfactant, and products of their oxidation) of the so-
lution on the graphite electrode.

To determine tin(II), phenolsulfonic tin-plating
electrolyte (25�30 cm3) was charged into an electro-
lyzer with electrodes, the surface of the graphite in-
dicator electrode was renewed by cutting off a 1�
2-�m layer, the potential of polarization onset was
set at �0.4 V relative to a saturated Calomel electrode,
and the cathodic peak of tin(II)was recorded in the
potential range �0.9��0.95 V at a sweep rate of
100 mV s�1. The peak current was measured and the
tin(II) concentration in the electrolyte was found from
the calibration plot.

To determine iron(II), 5 cm3 of phenolsulfonic
electrolyte was placed in a 50-cm3 volumetric flask,
and 0.5 M H2SO4 was added to the marker. The mix-
ture was stirred and part of it was poured into the elec-
trolyzer. The surface of the graphite indicator elec-
trode was renewed by cutting off a �1�2-�m layer,
the onset potential of polarization was set at 0.0 V,
and the peak of the anodic oxidation of iron(II) was
recorded at a potential sweep rate of 50 mV s�1.
The current of the iron(II) peak at +0.78 V was deter-

mined, and the iron(II) concentration was found from
the calibration plot.

The results obtained were verified by the �fed�
found	 method on model solutions of phenolsulfonic
electrolyte, and also on technological electrolytes
taken from a working electrolyzer, by comparing the
results of voltammetric determination with the previ-
ously obtained data of chemical analysis. Table lists
the results of a voltammetric determination of tin(II)
and iron(II) on a renewed graphite electrode.

The good reproducibility and correctness of the
results obtained in model solutions can be attributed
to the fact that the analysis was done in freshly pre-
pared solutions. Apparently, a slight deviation of the
results of voltammetric determination in technological
solutions from the previous data of chemical analysis
stems from the fact that they were obtained at dif-
ferent times. Oxidation processes permanently occur
in an electrolyte, which results in that the concentra-
tion of the cations being determined varies somewhat.

The voltammetric method has the following advan-
tages: it is fast, simple, and can be automated. The
time necessary for analyzing a single sample for the
content of two components is less than 10 min.

CONCLUSION

A fast instrumental method for determining on-line
the content of tin(II) and iron(II) by dc voltammetry
on a graphite mechanically renewed electrode in
phenolsulfonic tin-plating electrolyte with linear po-
tential sweep was developed.
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Abstract�Cyclic voltammetry was applied to study the effect of addition of 2,2�-dipyridyl on joint electro-
reduction of Te(IV) and Cd(II) from sulfuric acid solutions on glassy carbon and titanium electrodes.
The optimal potentials of electrodeposition of CdTe films were determined and the structure of these films
was studied by means of X-ray phase analysis.

The method of electrochemical deposition of thin
films of semiconducting compounds, with underpo-
tential deposition of the second component (UPD
method) was described by Stickney et al. [1]. Later,
this technique has been used to obtain very thin films
of a semiconducting compound, CdTe [2�6]. This
method can be conveniently applied to obtain a photo-
sensitive material at common pressures and tempera-
tures.

Cadmium telluride is a semiconductor with energy
gap of 1.44 eV and one of the best suitable materials
for use in devices for solar energy conversion.

The known method for obtaining CdTe films in-
cludes electrodeposition from sulfuric acid solutions
containing 0.5 M CdSO4 and 4.5 � 10�3 M K2TeO3
at pH 1.4�1.6 and temperatures of 85�90�C [3, 5].
A low rate of CdTe deposition from these solutions,
which results from the low concentration of telluri-
um(IV) in the electrolyte, has been noted. Therefore,
a number of researchers suggested to use complex
compounds of tellurium in nonaqueous electrolytes
[7] or ammonia media [8]. The choice of an electro-
lyte and electrodeposition conditions strongly affects
the structure and phase composition of the deposits
obtained [4, 5].

The present study is concerned with conditions of
CdTe electrodeposition from sulfuric acid solutions,
with addition of 2,2�-dipyridyl as a complexing agent
for cadmium and a surfactant. Account is taken of
the fact that, in acid solutions, 2,2�-dipyridyl is ad-
sorbed on the electrode in the form of protonated mol-
ecules [9].

EXPERIMENTAL

The experimental procedure was described in detail
in [10, 11]. As working electrodes served glassy car-
bon and titanium disk-shaped electrodes with apparent
surface area of 0.07 cm2. A platinum coil with large
surface area (1.5 cm2) was used as auxiliary electrode.
All the potentials obtained experimentally in this
study are given relative to a silver chloride reference
electrode. Before carrying out an experiment, the sur-
face of working electrodes was subjected to mech-
anical treatment with finely dispersed Al2O3 and then
washed with distilled water. The structure of cadmium
telluride films was studied using a DRON-4 instru-
ment with Co-radiation. For this purpose, cadmium
telluride films were deposited onto 1 � 1 cm glassy
carbon or titanium plates.

As supporting electrolyte served 0.45 M Na2SO4 +
0.05 M H2SO4 solution.

To reveal specific features of the electrochemical
reactions leading to the formation of CdTe compound,
cyclic voltammetric curves of joint reduction of
Cd(II) and Te(IV) ions in a sulfuric acid solution at
a glassy carbon electrode were measured (Fig. 1a). In
the first reduction cycle (curve 1), the voltammetric
curve shows a Te(IV) ion reduction wave (Emax =
�0.26 V) by the reaction

Te(IV) + 4e � Te0 (1)

and a Cd(II) ion reduction wave (Emax = �0.8 V) by
the reaction

(2)Cd(II) + 2e � Cd0.
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Fig. 1. Voltammetric curves of joint discharge�ioniza-
tion of Te(IV) and Cd(II) ions on a glassy carbon elec-
trode in sulfate electrolytes of various compositions.
(I ) Current and (E ) potential; the same for Figs. 2�4.
(a) cTe(IV) = cCd(II) = 1 � 10�3 M. (b) cTe(IV) = 0.98 �

10�3 M; cCd(II) (M): (1) 0 and (2) 0.5 � 10�3.

Fig. 2. Cyclic voltammetric curves of CdTe reduction on
a glassy carbon electrode in the presence of 2,2�-dipyridyl.
Cycling range 0��1.1 V, cTe(IV) = cCd(II) = cdipy =
1 � 10�3 M. Digits at curves correspond to cycle num-
bers.

The peak of reduction of metallic tellurium to tel-
luride ions

Te0 + 2e � Te2�, (3)

which is characteristic of reduction of elementary
tellurium and commonly appears at the limiting cur-
rent of Te(IV) reduction at negative potentials, is
not observed. In the second reduction cycle (Fig. 1a,
curve 2), the Te(IV) reduction wave in the voltam-
metric curves is shifted to more positive potentials,
the current of Te(IV) reduction decreases, and an ad-
ditional reduction wave with characteristic peak
(Emax = �0.35 V) appears. The height of the Cd2+

reduction wave increases with respect to the limiting
current of Te(IV) reduction. When the potential sweep
direction is changed, the anodic voltammetric curves
show a rise in the height of the peak corresponding to
oxidation of metallic cadmium (Ep = �0.7 V).

In the subsequent reduction cycles (curves 3�7),
the Te(IV) reduction current and the current of the ad-
ditional wave decrease, but the Cd(II) reduction wave
becomes more pronounced [the difference of the limit-
ing current of Te(IV) and the current corresponding
to the Cd(II) peak grows], which leads to an increase
in the amount of metallic cadmium on the electrode
surface and to a rise in the oxidation current of me-
tallic cadmium in the reverse run of the voltammetric
curves.

Figure 1b (curve 2) shows that formation of
the CdTe compound shifts the anodic peak of tel-
lurium oxidation to Te(IV) to more positive potentials
to E = 0.56 V. The shift is 0.06 V.

Figure 2 shows cyclic voltammetric curves of joint
reduction of Te(IV) and Cd(II) on a glassy carbon elec-
trode in a sulfuric acid electrolyte in the presence of
1 � 10�3 M of 2,2�-dipyridyl. In the first cycle (Fig. 2,
curve 1), the voltammetric curve shows a Te(IV) re-
duction wave, which is peaked at Emax = �0.3 V, a
peak of Cd(II) reduction (Ep = �0.8 V), and a wave
of 2,2�-dipyridyl reduction (E1/2 = �0.85 V). A peak
corresponding to Cd0 oxidation to Cd2+ (Ep = �0.73 V)
appears in the anodic region. In the second and sub-
sequent cycles (Fig. 2, curves 2�5), the cathodic
curves show a shift of the Te(IV) reduction wave to
less negative potentials and a significant decrease in
the current of Te(IV) reduction. An additional Cd(II)
reduction wave, which is clearly observed in an acid
solution containing no 2,2�dipyridyl at potentials more
negative than �0.3 V [12�16], is weakly manifested in
the presence of 2,2�-dipyridyl. In the absence of 2,2�-
dipyridyl, the anodic peak of Cd0 oxidation to Cd2+

grows with increasing number of deposition cycles
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Fig. 3. Effect of CdTe deposition potential on the current
of anodic peaks of oxidation (a) in the presence of 2,2�-di-
pyridyl and (b) without it on (a) glassy carbon and (b) ti-
tanium electrodes. (a) cdipy (M): (1) 0, (2) 1.7 � 10�4,
(3) 3.4 � 10�4. (4) 6.7 � 10�4, (5) 1 � 10�3, and (6) 2.7 �

10�3. (b) Concentration (M): (1) 1 � 10�3 Te(IV) and
1 � 10�3 Cd(II), (2) 1 � 10�3 Te(IV) and 1 � 10�2

Cd(II).

(Fig. 1a), whereas in the presence of this compound,
this peak is virtually not observed at all (Fig. 2).
This indicates that electrodeposition of cadmium is
hindered in the presence of 2,2�-dipyridyl.

Also, the influence exerted on the height of anod-
ic peaks of CdTe oxidation by the potential of CdTe
deposition onto a glassy carbon electrode in a sul-
furic acid electrolyte at various 2,2�-dipyridyl concen-
trations was studied. The concentrations of telluri-
um(IV) and cadmium(II) were 1 � 10�3 M, and that
of 2,2�-dipyridyl was varied from 1.7 � 10�4 to 2.7 �

10�3 M. The deposition potentials were in the range
from �0.3 to �0.8 V. Before measuring anodic volt-
ammetric curves, CdTe was deposited onto the elec-
trode surface at the chosen cathodic potentials with
electrolyte stirring for 30 s. With increasing 2,2�-di-
pyridyl concentration, the heights of anodic peaks
of cadmium telluride oxidation decrease, i.e., the
amount of CdTe deposit on the electrode surface be-
comes lower (Fig. 3a). At low 2,2�-dipyridyl concen-
trations (up to 1 � 10�3 M), the range of cadmium
telluride electrodeposition expands. Deposition of
cadmium telluride on the surface of the glassy carbon

Fig. 4. Voltammetric curves of cathodic deposition of Te(IV)
and Cd(II) on an unrenewed titanium electrode. Potential
sweep rate Vs = 10 mV s�1. Concentration (M): (a�c) 1 �

10�3 Te(IV), (b, c) 1 � 10�3 Cd(II), (c) 2.5 � 10�4 dipy.

electrode is possible at these 2,2�-dipyridyl concen-
trations at potentials ranging from �0.2 to �0.8 V.
However, at higher 2,2�-dipyridyl concentration (2.7 �

10�3 M), the range of electrodeposition becomes
markedly narrower. The maximum amount of cad-
mium telluride electrodeposited from a sulfuric acid
electrolyte in the presence of 2,2�-dipyridyl is ob-
served at electrodeposition potential E = �0.5 V
(Fig. 3a).

Joint electrodeposition of tellurium(IV) and cad-
mium(II) at their equal concentrations in the elec-
trolyte (1 � 10�3 M) was also studied by analyzing
cyclic voltammetric curves of cathodic deposition
onto the titanium electrode. In Figs. 4a�4c, these
curves are compared with cyclic curves of telluri-
um(IV) electrodeposition onto a titanium electrode.
As in all of the above-described experiments, the
second and subsequent curves of Te(IV) reduction
(Fig. 4a) show a significant shift of the reduction po-
tential in the positive direction, which is due to reduc-
tion of Te(IV) at the surface of an electrode partly
covered with metallic tellurium and to a gain in the
crystallization energy. In the absence of cadmium(II),
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two stages of tellurium(IV) reduction to tellurium(0)
and then to tellurium(�2) is clearly observed in all
deposition cycles. The decrease in the height of the
first Te(IV) reduction wave with increasing number of
cycles may be associated with the possible decrease in
the amount of HTeO2

+ cations at the electrode surface
in unstirred solutions because of the reaction between
Te(IV) and Te(�2) to give finely dispersed Te(0) or
with a change in the conductivity of the tellurium-
coated electrode.

The half-wave potential for the first stage of reduc-
tion changes from second to sixth cycle only slightly
(Fig. 4a). It may be assumed that adsorption of dis-
persed tellurium formed by reaction (1) at the elec-
trode has virtually no effect on the reduction potential.

The general appearance of the first wave in the
voltammetric curve of electroreduction is preserved
when there occurs joint reduction of tellurium(IV) and
cadmium(II) (Fig. 4b). However, the second peak of
tellurium(0) reduction to telluride ions in the range of
negative potentials under study (up to �0.8 V) disap-
pears in this case. This points to firm binding of tel-
luride into a compound with cadmium. The cadmium
reduction wave, which must have appeared at a po-
tential of �0.7 V at the titanium electrode, is also
absent at the chosen relative concentrations of Te(IV)
and Cd(II). Preliminary experiments revealed that the
cadmium reduction wave is observed at this potential
if the cadmium(II) concentration exceeds severalfold
the concentration of tellurium(IV).

It can be seen from Fig. 4b that a clearly pro-
nounced additional wave appears in the third and sub-
sequent reduction cycles. Additional reduction current
appears at a potential of �0.3 V. The limiting current
of this wave preserves its value as far as �0.75 V.
The nature of this additional wave has been discussed
previously [14, 17]. This wave is due to underpoten-
tial reduction of cadmium at a tellurium-coated elec-
trode by the so-called UPD reduction mechanism.
The potential of cadmium(II) reduction is shifted by
approximately 0.470 V because of the high Gibbs
energy of CdTe compound formation, which is equal
to �92.8 kJ mol�1 [1]. Therefore, the reaction of re-
duction at potentials of the additional wave can be
written as

Cd2+ + 2e + Te 0
surf � CdTe. (4)

Despite that the subsequent reduction cycles occur
at the electrode surface partly covered with a CdTe
deposit, the additional reduction wave remains well
pronounced. Analysis of the reduction potentials

(Fig. 4b) shows that the potential of the additional
wave of cadmium(II) reduction virtually coincides, in
the first and second cycles, with the potential of
the tellurium(IV) reduction wave, which occurs with
substantial overvoltage at the clean surface of the
titanium electrode.

Introduction of 2,2�-dipyridyl additive raises the
limiting current of the additional reduction wave
(Fig. 4c). This effect may be due to adsorption on
the electrode of complexes formed by cadmium and
2,2�-dipyridyl, which act as additional source of cad-
mium ions in reaction (4). The amount of CdTe de-
posit accumulated on the electrode surface was de-
termined from the oxidation current of this compound
under assumption that the current is proportional to
the amount of the substance on the electrode.

The oxidation peak height grows with accumula-
tion of CdTe on the titanium electrode. The heights of
oxidation peaks of CdTe accumulated during 120 s
with stirring at different potentials without 2,2�-di-
pyridyl were used to choose the potential at which the
greatest amount of CdTe is deposited. The deposition
was done on a titanium electrode at potentials in the
range E = �0.30��0.60 V. Figure 3b (curve 1)
shows that the highest oxidation current is observed if
the CdTe deposit is accumulated at E = �0.35 V.

Deposition of CdTe at this potential in the presence
of 2,2�-dipyridyl in different concentrations demon-
strated that the greatest amount of CdTe is deposited
at 2,2�-dipyridyl concentration of 2.5 � 10�4 M. De-
position of CdTe with accumulation for 120 s at dif-
ferent potentials in the presence of 2.5 � 10�4 M 2,2�-
dipyridyl confirmed that the highest current of CdTe
oxidation corresponds to potential E = �0.35 V.

Also, the effect of varying the ratio of initial cad-
mium and tellurium concentrations on conditions of
CdTe deposition onto a titanium electrode was studied.
On raising the concentration of cadmium by a factor
of 10 (1 � 10�3 M K2TeO3 + 1 � 10�2 M CdSO4),
the height of the peak of tellurium(IV) reduction to
tellurium(0) decreases as compared with that in the
voltammetric curve for Cd : Te = 1 : 1, and the cur-
rents of cadmium oxidation and reduction increase in
proportion to its concentration in solution. In this
case, the peak of CdTe oxidation at the titanium elec-
trode is not observed in the anodic region. At high
content of cadmium in the electrolyte, the peak of
CdTe oxidation becomes noticeable when the oxida-
tion curve is measured after accumulation of cadmium
telluride for 120 s (E = �0.30 V) under stirring, which
indicates that the amount of CdTe electrodeposited in
the presence of a large excess of Cd(II) ions in the
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electrolyte is smaller. Figure 3b (curve 2) shows that
the maximum current of CdTe oxidation corresponds
to a deposition potential E = �0.30 V, i.e., the optimal
potential of CdTe deposition is shifted to less negative
values in the presence of an excess amount of cad-
mium ions in the electrolyte. In this case, the current
of CdTe oxidation is much lower than the oxidation
currents observed at equal Cd and Te concentrations
in the electrolyte.

On the basis of the results obtained, the following
electrolytes and potentials for electrodeposition of
CdTe compound in 0.45 M Na2SO4 + 0.05 M H2SO4
as supporting electrolyte were chosen: 1 � 10�3 M
CdSO4 + 1�10�3 M K2TeO3 and 1�10�3 M CdSO4 +
1 � 10�3 M K2TeO3 + 3.4 � 10�4 M dipy at E =
�0.50 V on glassy carbon electrode; 1 � 10�3 M
CdSO4 + 1�10�3 M K2TeO3 and 1�10�3 M CdSO4 +
1 � 10�3 M K2TeO3 + 2.5 � 10�4 M dipy at E = �0.35 V
on titanium electrode.

These electrolytes were used to obtain CdTe de-
posits on large planar electrodes with surface area of
1 cm2. An X-ray phase analysis of these deposits was
made.

Figure 5 shows X-ray diffraction patterns of cad-
mium telluride films on a glassy carbon electrode. It
can be seen that the film obtained at 90�C (Fig. 5b)
is characterized by more distinct reflections of the
CdTe compound. The reflections from the substrate
are poorly pronounced. This means that the electro-
deposition process yielded a film whose crystal struc-
ture is well formed. By contrast, electrodeposition
at a temperature of 30�C (Fig. 5a) gives a more amor-
phous film whose X-ray pattern is complicated by re-
flections associated with carbon mainly constituting
the glassy carbon electrode. This confirms the con-
clusion that electrodeposition should be carried out
in conventional electrolytes at elevated temperatures
to ensure better crystallization conditions.

In the case of electrodeposition of cadmium tel-
luride from a sulfuric acid electrolyte containing 2,2�-
dipyridyl, the X-ray diffraction pattern changes. Fig-
ures 5c and 5d show diffraction patterns of CdTe
films deposited at 30 and 90�C and E = �0.5 V. It can
be seen that addition of 2,2�-dipyridyl favors crystal-
lization and makes it possible to obtain a crystalline
film with well-pronounced structure at low tempera-
ture and the optimal electrodeposition potential equal
to �0.5 V.

The shift of the electrodeposition potential to the
negative direction has unfavorable effect on the struc-
tural characteristics of a film. When this potential

Fig. 5. X-ray diffraction patterns of CdTe films on glassy
carbon electrode. (I ) Intensity and (2�) Bragg angle;
the same for Fig. 6. Concentration (M): (a�d) 1 � 10�3

Te(IV) and 1 � 10�3 Cd(II) and (c, d) 3.4 � 10�4 dipy.
Temperature (�C): (a, c) 30 and (b, d) 90.

approaches the electrodeposition potential of cadmium
(�0.8 V), the X-ray diffraction pattern is affected
adversely. The films obtained are thin, the reflections
are unclear, and the whole pattern is complicated by
carbon reflections.

Raising the concentration of 2,2�-dipyridyl changes
the X-ray diffraction pattern: CdTe films become
thinner, but the density and adhesion of these films
are higher than those in films obtained without addi-
tion of 2,2�-dipyridyl.

Tellurium is present in the form of a separate phase
in all of the X-ray diffraction patterns, with a decrease
in the intensity of tellurium peaks in comparison with
CdTe peaks observed when electrodeposition onto a
glassy carbon electrode is performed at 30�C, 2,2�-di-
pyridyl concentration of 3.4 � 10�4 M (Fig. 5c), con-
centration ratio Cd : Te = 1 : 1 (cCd(II) = cTe(IV) = 1 �

10�3 M), and electrodeposition potential E = �0.5 V.

Thus, it was established that, by introducing minor
concentrations of 2,2�-dipyridyl into an electrolyte,
one can obtain a well-formed crystalline deposit as
a CdTe film with lowered content of the free tellurium
phase at low temperatures.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 6 2003

922 DERGACHEVA et al.

Fig. 6. Effect of 2,2�-dipyridyl on X-ray diffraction patterns
of CdTe films on titanium electrode. Deposition conditions:
E = �0.35 V, t = 90�C. 2,2�-dipyridyl concentration (M):
(a) 0 and (b) 2.5 � 10�4.

Figure 6 shows X-ray diffraction patterns of CdTe
films deposited at 90�C onto a titanium electrode at
cTe(IV) = cCd(II) = 1 � 10�3 M without 2,2�-dipyridyl
(Fig. 6a) and with addition of 2.5 � 10�4 M 2,2�-di-
pyridyl at the choses optimal deposition potential E =
�0.35 V (Fig. 6b).

It can be seen from Fig. 6 that a significant de-
crease in the content of the free tellurium phase and
predominance of CdTe reflections are observed under
these conditions. The results obtained suggest that the
titanium substrate exerts a specific influence on the
deposit structure. The favorable effect of 2,2�-dipyridyl
addition on the structure of the CdTe deposit on ti-
tanium is only observed in the case of deposition at
90�C and a 1 : 1 ratio of the cadmium and tellurium
concentrations in the electrolyte. (Fig. 6b). The X-ray
diffraction pattern in Fig. 6b characterizes the forma-
tion of a well-structured CdTe film with 100% main
peak intensities and a pronounced decrease in the rel-
ative content of the tellurium phase to 20%.

CONCLUSIONS

(1) In joint electrodeposition of cadmium(II) and
tellurium(IV), cadmium is reduced at more positive
potentials than its standard potential, with the CdTe
compound formed.

(2) Introduction of 2,2�-dipyridyl into a sulfuric
acid electrolyte makes higher the limiting current of
the additional cadmium reduction wave.

(3) Use of an electrolyte containing equal amounts
of cadmium(II) and tellurium(IV) and minor addition

of 2,2�-dipyridyl [(2.5�3.4) � 10�4 M] makes it pos-
sible to obtain CdTe deposits at 30�C and to diminish
the content of the free tellurium phase.
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Abstract�Processes occurring in a cycled nickel-zinc battery with positive nickel oxide electrode fabricated
from spherical nickel hydroxide on foamed-nickel support and the influence exerted by its physicochemical
parameters on changes in the electrolyte composition and on inter- and intraelectrode mass transfer of zinc
was studied.

Until recently, positive electrodes with metal-
ceramic (MC) support have been predominantly used
in nickel-zinc (NZ) batteries, because, in contrast to
compacted electrodes, they are not �poisoned� by
zinc ions. The successful use of electrodes made of
spherical nickel hydroxide in nickel-cadmium (NC)
and nickel-metal-hydride (NMH) batteries posed the
question of their suitability for NZ batteries, too.
First, use of spherical nickel hydroxide could help
in solving the problem of poisoning of a compacted
nickel oxide electrode (NOE), since introduction of
hydroxide compounds of cobalt into the electrode
stabilizes the electrode capacity in the presence of
zinc [1]. Second, use of an active paste composed of
spherical particles, which can be well compacted, and
lightweight foamed support could improve the energy-
related characteristics of a battery [2, 3]. In addition,
a study of processes occurring in NZ batteries with
compacted NOE is of particular interest for revealing
the influence of its physicochemical parameters on
processes occurring in the electrode itself and at the
zinc electrode.

It seems impossible to use for this purpose, for
prognosticating the characteristics and service life
of NZ batteries, data obtained for NC and NMH bat-
teries, since processes in NOE in the nickel�zinc sys-
tem occur under different conditions.

This study is concerned with prototype NTs-25
batteries differing from previously developed batteries
only in the positive electrode: in these batteries the
NOE with MC support onto which nickel hydroxide
is deposited is replaced with NOE with compacted
active mass composed of spherical nickel hydroxide

on foamed-nickel support at the same number of elec-
trodes and same apparent surface area.

The advantage of spherical nickel hydroxide pre-
pared by the technology developed in [2] over the
materials previously used in compacted electrodes is
due not only to the possibility of denser (by a factor
of 1.2�1.5) packing of its particles, but also to its
higher conductivity. Cobalt hydroxide introduced into
the electrode during its fabrication is transformed, in
the course of NOE forming, into a compound with
conductivity of 10�2 S cm�1, which is several orders
of magnitude higher than the conductivity of Ni(OH)2,
equal to 10�5 S cm�1 [4].

In the case of dense packing of nickel hydroxide
particles modified with cobalt, a rather high solid-
phase conductivity is ensured in NOE. Simultaneous-
ly, the conditions of ion transport in the liquid phase
change fundamentally. The pore size in the active
paste of the electrode in question are of the same
order of magnitude as particle size, but the pores are
closed. Therefore, their role in transport of electrolyte
ions within the electrode is insignificant. By contrast,
nickel hydroxide particles are distributed in the elec-
trode of the MC type over the inner surface of coarser
and deeper pores, which creates conditions for in-
volvement of electrolyte ions in current transport deep
inside the electrode.

EXPERIMENTAL

The electrodes for the batteries under study were
fabricated by the technology described in [2, 3]. As
starting material served nickel hydroxide composed
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Table 1. Parameters of NTs-25 battery with NOE made of
spherical nickel hydroxide on foamed-nickel support
����������������������������������������

Parameter
� Electrode
���������������������������
� positive* � negative

����������������������������������������
Active paste of � Ni 53.9, � ZnO, Znmet,
electrodes, % � Co 5.1�5.6, � CdO, PbO,

� Zn 3.2, � polyethylene
� fluoroplastic, � oxide,
� carboxymethyl � fluoroplastic
� cellulose �

Separator � Polypropylene �1. Polypropylene
� �2. Alkali-resistant
� � paper
� �3. Hydrated cellu-
� � lose film 101
�Capacity ratio of � 1/2.3

active pastes (+/�) �
Battery mass, g � 735
Number of elec- � 7(+)/8(�)
trode assemblies �
����������������������������������������
* Positive electrode used in doubled form.

of 1�30-�m particles with predominant radius of about
10 �m. The active mass was pasted onto a foamed-
nickel support and then the electrodes were compacted
to a required thickness. The electrode parameters
(amount and composition of paste, electrode thick-
ness) were calculated in such a way that the proto-
type electrode should have capacity comparable with
that of the MC electrode used in the NTs-25 battery.
This made it possible not only to compare the parame-
ters of the batteries under study with those of the ex-
isting batteries, but also to reveal specific features
of processes occurring in compacted electrodes with
foamed-nickel support.

Table 1 lists the initial parameters of the batteries
under study.

The batteries were tested in a ventilated variant
with low-pressure valves (0.4 � 102 kPa). In choosing
the conditions of fabrication of prototype NOE and in
performing tests, account was taken of the possible
influence exerted by specific structural features of
the active paste under study and by an additive intro-
duced on the occurring processes and the electrochem-
ical parameters of the NZ battery.

Nickel hydroxide with structure of the � type, used
in the experiments, was chosen as optimal after test-
ing several batches. It contained 5.6% Co and 3.2%

Zn, which corresponds, for cobalt, to the range of
optimal values (5�7%) found in [5] in an electrochem-
ical and Raman study of nickel hydroxide of � type,
Ni1 � x Cox (OH)2 [or Ni1 � x Cox OOH].

Spherical nickel(II) hydroxide commonly contains,
in addition to cobalt, 2�4% Zn(II), which is introduced
to prevent formation in the electrode of the gamma
phase of NiOOH, which has irregular and easily de-
structible structure. The presence of such an amount
of zinc does not impair the service characteristics
of NOE.

According to [6], up to 10 mol % zinc(II) can be in-
troduced into NOE, with the structure of the � type
preserved, and this does not affect adversely the pa-
rameters of the electrode. The solubility of the zinc
component of the forming intercalation compound in
alkaline solutions is approximately 2 orders of mag-
nitude lower than the solubility of zinc oxide [7], i.e.,
the intercalating zinc remains in the active paste.

In cycling of NZ batteries with metal-ceramic NOE,
more than 20% zinc(II) is accumulated in the elec-
trodes. In battery charging, zinc is deposited within
NOE pores as an independent ZnO phase [8]. It was
observed that accumulation of zinc oxide in such great
amounts does not affect adversely the parameters of
MC NOE.

The tests were carried out with account of the data
obtained in [4], where the mechanism of the activating
action of cobalt compounds on the electrochemical
activity of Ni(OH)2 was studied and the composition
of the oxide compound, which has electronic con-
duction and serves as active component, was deter-
mined. The charging was done in the rather intensive
mode [with a current of 0.1�0.2 C] recommended in
[4], which favors formation of the Ni1 � x Cox OOH
phase on the basis of �-CoO2H. In discharges, the po-
tential was not allowed to decrease below 0.1 V rela-
tive to the mercury oxide reference electrode (in 7 M
KOH solution) in order to preserve the activity of this
compound. The potential only decreased below this
value when performing two deep discharges, with no
more than 20% of the total capacity taken off, in view
of the necessity for oxidation of the reduced phase
accumulated in the zinc electrode.

The extent to which an electrode fabricated from
spherical Ni(OH)2 is charged in forming depends on
the excess capacity imparted in the course of charg-
ing. At a capacity of 150% in terms of the Ni(OH)2 �
Ni(OH)3 conversion, a degree of charging equal to
90�95%, which is preserved in subsequent cycling,
can be achieved in 2 or 3 cycles [2]. However, such
a charging mode was found to be unacceptable for
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Table 2. Modes of NTs-25 battery testing
������������������������������������������������������������������������������������

� Charging � Discharge
��������������������������������������������������������������

Mode � I (A) in indicated stage �
Uc , V

�
C, A h

�
I, A

�
Uc , V��������������������� � � �

� I � II � � � �
������������������������������������������������������������������������������������
Forming cycles: � � � � � �

1st � 3 � � � 1.98�2.05 � 33 � 3 � 1.2
2nd � 3 � � � 1.98�2.05 � 33 � 3 � 1.2

Cycling � 7�5 � 1.5�1 � 1.98�2.05 � 28�20 � 5 � 1.2
Deep discharge (126th cycle) � 5 � 1 � 1.98�2.05 � 22 � 5 � 0.1�0.0
������������������������������������������������������������������������������������

a ventilated NZ battery with 2.3/1 capacity ratio of
the negative and positive electrodes.

The NTs-25 batteries studied were formed in two
cycles. The charging current was 3 A, and 120% of
capacity calculated for the conversion of Ni(OH)2 in-
to Ni(OH)3 was imparted to the positive electrode in
each cycle. The nickel use factor was 0.6.

In the subsequent working cycles, the batteries
were charged with a current of 7�5 A in stage I and
1.5�1.0 A in stage II, without allowing the voltage
to rise above 2.05 V in each stage, and discharged
with a current of 5 A to final voltage of 1.2 V. In
some cycles, the electrode potentials were measured
relative to a mercury oxide electrode. The tests were
done at room temperature.

Because of the increase in the amount of reduced
phase in the zinc electrode in the process of cycling,
its content became so high by 125th cycle that sub-
sequent complete charging of the batteries was im-
possible. Therefore, they were subjected to deep dis-
charge with a current of 5 A to a final voltage of
0.1�0 V, after which the battery capacity again sta-
bilized at 24�22 A h (Table 2).

Fig. 1. Variation of the voltage U during (1, 2) charging
and (1�, 2�) discharge of NZ batteries with (1, 1�) NOE made
of spherical nickel hydroxide on foamed-nickel support and
(2, 2�) metal-ceramic electrode. (Cd) Discharge capacity;
the same for Fig. 2.

In cycling for 200 cycles, one battery of each batch
was disassembled at regular intervals of time to in-
spect the state of the electrodes and to analyze the
active paste and the electrolyte. The data obtained
were compared with similar results of tests of NTs-25
batteries with MC NOE. It was found that the charg-
ing voltage of the batteries under study is somewhat
lower than that of batteries with MC NOE (Fig. 1).
This reflects the specificity of the processes at the
NOE, which mostly occur in the inner-diffusion mode
at low concentration of OH� ions in the reaction zone
in a battery with MC electrode, and in the outer-dif-
fusion mode in the batteries with spherical nickel hy-
droxide, which are the subject of this study. The dis-
tribution of current within the MC electrode is largely
due to the low conductivity of nickel hydroxides. In
view of the high conductivity of the Ni1 � x Cox OOH
compound contained in the positive electrode, the cur-
rent in the batteries under study mostly flows in the
solid phase and the electrochemical process occurs at
the surface.

The difference in current distribution between the
electrodes being compared is particularly pronounced
in the case of deep discharge (Fig. 2). In the NOE

Fig. 2. Variation of the potentials E of (1, 3) negative and
(2, 4) positive electrodes of NZ batteries with NOE on
(1, 2) foamed-nickel and (3, 4) MC supports in deep dis-
charge in the 126th cycle.
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Fig. 3. Variation of the amount M of zinc accumulated in
(1) NOE made of spherical nickel hydroxide on foamed-
nickel support and (2) in metal-ceramic electrode in the
course of cycling of NZ batteries. (N) Number of cycles;
the same for Figs. 4 and 5.

Fig. 4. Variation of the amount M of zinc (1) lost from
the zinc electrode and (2) introduced into NOE made of
spherical nickel hydroxide with foamed-nickel support in
the course of cycling of NZ batteries.

with spherical nickel hydroxide, studied here, the po-
tential rapidly shifts toward negative values, as far as
the potential of hydrogen evolution, after the main
part of the active paste is reduced. The discharge of
a zinc electrode with excess capacity continues, after
a short-time shift of the potential toward positive
values, with simultaneous evolution of hydrogen at
the NOE, until the charged phase contained in it is
exhausted.

In additional discharge of MC NOE, the potential
shifts more slowly. This indicates that, as the potential
decreases, the process involves surface area with un-
discharged active paste, on which additional discharge
of nickel hydroxide occurs at decreasing potential of
the zinc electrode. The subsequent evolution of hy-
drogen at the NOE is accompanied by a similar grad-
ual reverse shift of the potential of the zinc electrode
toward negative values (Fig. 2).

The specific features of the processes occurring at
NOE made of spherical nickel hydroxide give rise to
differences in how the state of the active paste of
the electrodes and the electrolyte composition vary in
cycling of the batteries being compared. This, in the
first place, refers to the inter- and intraelectrode mass
transfer of zinc.

In NOE with MC support, zinc accumulates in
pores, mainly as ZnO, through decomposition of the
zincate complex under conditions of anodic polariza-
tion and incomplete chemical dissolution of zinc in
the case of cathodic polarization [8].

In view of the increased conductivity of the solid
spherical nickel hydroxide and hindered current trans-
port in the electrolyte in pores, the electrochemical
process in electrodes made of spherical Ni(OH)2 is
concentrated at the electrode surface and is accom-
panied by less pronounced changes in concentration
in the diffusion layer. Therefore, accumulation of zinc
in the electrode is slow and has another dynamics.
In contrast to the MC electrode, in which mass trans-
fer ceases after 50�60 cycles, the content of zinc in
the NOE under study grows at a constant rate (Fig. 3).
It is noteworthy that there exists a virtually complete
correspondence between the mass of zinc lost by the
negative electrode and that accumulated in the NOE
(Fig. 4). The difference of these quantities approxi-
mately corresponds to the amount of zinc that passed
into the electrolyte.

The difference in dynamics between the processes
under consideration may be due to the following. In
the absence of conditions for decomposition of the
zincate complex in the diffusion layer of the electrode,
accumulation of zinc may occur as a result of its in-
troduction into the nickel hydroxide structure. The oc-
currence of this process and the degree of its involve-
ment in zinc transport can be judged from the solubil-
ity of zinc contained in NOE in KOH solutions [7].
A chemical analysis of the positive electrode made of
spherical nickel hydroxide, performed after 200 cycles,
demonstrated that zinc accumulated in the electrode
does not dissolve in a 5 M KOH solution (this con-
centration is established in the battery electrolyte in
the course of cycling). After keeping the electrodes in
KOH, 85.5% of the total amount of zinc accumulated
in the NOE in cycling remains in the electrodes. Thus,
loss of zinc from the negative electrode and its accu-
mulation in NOE are due to introduction of zinc into
the nickel hydroxide structure by intercalation.

Simultaneously with the decline in interelectrode
transport of zinc in batteries with spherical NOE,
compared with the MC electrode, the intraelectrode
mass transfer of zinc within the negative electrode
itself also decreases. This follows from the distribu-
tion of phases of the active paste along the electrode
height in the course of cycling (Table 3).

It can be seen that no loss of zinc is observed in
the upper part of the electrode. There only occurs
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Table 3. Phase distribution in the active paste of the zinc electrode in NZ battery with NOE made of spherical nickel
hydroxide in the course of cycling*

������������������������������������������������������������������������������������

Phase of active

� Phase content, %
�����������������������������������������������������������������������
� 1st cycle � 63rd cycle � 110th cycle � 200th cycle
�����������������������������������������������������������������������

paste

� 1 � 2 � 3 � 1 � 2 � 3 � 1 � 2 � 3 � 1 � 2 � 3
������������������������������������������������������������������������������������
Zn � 33 � 33 � 33 � 31 � 37 � 31 � 30.5 � 35 � 34 � 31 � 26.1 � 42.5
ZnO � 33 � 33 � 33 � 37 � 38 � 28 � 35.6 � 33 � 30 � 36.5 � 32.7 � 30.3
Zn + ZnO � 33 � 33 � 33 � 34 � 37.5 � 29.5 � 33.5 � 34 � 32 � 34 � 29.4 � 36.4
Total Zn + ZnO � 96.5 � 95.8 � 90.5 � 83.3
in the electrode � � � �
������������������������������������������������������������������������������������
* 1, 2, and 3 stand for upper, middle, and lower parts of the electrode, respectively.

its insignificant redistribution into the middle part of
the electrode. Under similar conditions of cycling of
the MC NOE, only about 60% of the active paste is
retained in the upper part of the zinc electrode already
by 100th cycle. The comparison performed suggests
that redistribution of zinc over the surface of the neg-
ative electrode is largely due to redistribution of cur-
rent in NOE. In the course of cycling of the MC elec-
trode, the extent to which its upper part is charged
grows, since the conductivity of the active paste is
higher in this region. This also leads to gradual over-
charging of the upper part of the zinc electrode and
the resulting loss of its shape [9].

In electrodes with spherical nickel hydroxide the
distribution of current is more uniform, since the dif-
ference in conductivity between Ni(OH)2 and NiOOH
is compensated for by the influence of the electrically
conducting cobalt compound.

The concentrations of KOH and K2CO3 vary in the
initial period of cycling of the battery under study
(up to 30 cycles) (Fig. 5). Then the content of KOH
and K2CO3 stabilizes. Such a kind of variation of
the electrolyte composition indicates that this varia-
tion is due to gradual transfer to the electrolyte of
carbonates originally contained in the active paste of
the electrodes and in separators. As shown by pre-
vious studies [10], the KOH concentration established
in the battery (4.5 M) is sufficient for ensuring stable
operation in cycling conditions of the NOE under
study.

CONCLUSIONS

(1) Electrodes fabricated from spherical nickel hy-
droxide with addition of electrically conducting co-

balt compounds ensure effective current transport
in the solid phase and occurrence of the anodic pro-
cess in the outer-diffusion mode. In this case, the
charging of the electrode is accompanied by less pro-
nounced, compared with that in the inner-diffusion
mode, decrease in the concentration of OH� ions in
the reaction zone, which does not impair the stabil-
ity of the zincate complex. Zinc mainly accumulates
in the nickel oxide electrode fabricated from spheric-
al nickel hydroxide as a result of its introduction
into the structure of the positive electrode. The re-
sulting disturbance of equilibrium in the reversibly
operating system is compensated for by loss of the
corresponding amount of zinc from the negative elec-
trode.

(2) Use of spherical nickel hydroxide in nickel-zinc
batteries makes it possible to markedly decelerate the
deshaping of the zinc electrode owing to increased
uniformity of current distribution in the nickel oxide
electrode in the presence of cobalt compounds and,
correspondingly, in the zinc electrode, too.

Fig. 5. Variation with cycling of the concentration c of
(1) KOH and (2) K2CO3 in the electrolyte of NZ battery
with NOE made of spherical nickel hydroxide on a foamed-
nickel support.
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Abstract�The effect of artificially preset current density distribution in an electroionite apparatus on the ex-
tent of water demineralization is considered. The change in the extent of demineralization on varying the dis-
tribution of one and the same current between parts of apparatus at the inlet and outlet of diluate is explained.

In [1], specific features of current density distribu-
tion along the height of an electroionite apparatus, i.e.,
electrodialyzer with ion-exchange filler in its cham-
bers, were considered and the following was shown.
In an electrodialyzer with inert separators, the local
current density decreases in the direction of diluate
supply. By contrast, in an electroionite apparatus, the
tendency toward a decrease in the local current density
becomes less pronounced, and this parameter may
even grow with increasing current strength and elec-
trical conductivity of the ion-exchange filler. In the
present study, the effect of current density distribution
on the efficiency of the electroionite apparatus and, in
particular, on the degree of demineralization is con-
sidered.

In all the known studies concerned with the current
density distribution in an electrodialyzer, this distribu-
tion has only been considered under natural conditions
and special provisions were made to prevent dis-
turbance of this natural distribution. In [2], it was
noted that, in principle, an artificial current density
distribution can be created, but it was only meant to
create conditions under which certain model concepts
can be implemented. In the present study, an artificial
current density distribution is regarded and used as
a preset process parameter.

EXPERIMENTAL

A three-chamber electrodialyzer with MK-40 cat-
ion-exchange membrane on the cathode side and
MA-41I anion-exchange membrane on the anode side
was used. The depth of the diluate chamber was 1 mm,
and that of electrode chambers, 10 mm; the width of
all the chambers was 10 mm, and the height, 120 cm.

A grid woven from alternating bands with cation-
and anion-exchange properties and bulk conductivity
was placed in the diluate chamber [3, 4]. Tap water
subjected to back osmosis treatment and having elec-
trical resistivity of 30 k� cm was fed from below
upwards into all the chambers at a rate of 2 cm s�1.
The anode was made of platinum. A stainless steel
cathode was separated, along its height, into two equal
parts. A variable resistor was switched into the circuit
of each of these parts in series with an ammeter. The
average, over the entire apparatus area, current density
was always set to a constant value of 0.1 mA cm�2.
The electrical resistivity of the diluate was measured
with a Tesla BM 484 semiautomatic bridge in a ther-
mostated flow-through cell at a temperature of 20�C.

Dividing the electrode into only two parts allows
characterization of the current distribution by only a
single dimensionless parameter � defined as the ratio
between the strength of the current flowing through
the upper part of the apparatus to the total current
strength.

Without additional resistors, i.e., in the case of
a natural current distribution, the value of � was 0.47
for the ion-exchange filler used [1]. When resistors of
up to 20 k� were switched into the circuit of the
upper part of the apparatus, � decreased to 0.08, and
on switching the same resistors into the circuit of
the lower part, � increased to 0.96. The limiting
values of � (0 and 1) can be formally obtained by
entirely switching off, respectively, the upper or lower
part of the cathode.

The figure shows the dependence of the electrical
resistivity � of the diluate on the � value set with
resistors. With increasing load on the upper part of
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Electrical resistivity � of demineralized water vs. preset
value of �. Average current density 0.1 mA cm�2, diluate
flow velocity 2 cm s�1.

the apparatus, the electrical resistivity grows, and
only in the case of completely switched-off lower
part, � decreases somewhat. The direct dependence
of � on � shows that more favorable conditions for
deep desalination are created when the zones of the
lowest diluate concentration and highest current den-
sity coincide, i.e., when the probability of exceeding
manyfold the limiting diffusion current density is
the highest. According to the conventional concepts
of electrodialysis, this must have led to a decrease
in current efficiency; however, the rise in � actually
points to a more effective action of the current.

This behavior can be accounted for by specificity
of deep electrodialysis demineralization. When the
electrical conductivity of a solution approaches, be-
cause of the presence of dissolved salts, the back-
ground value determined by the electrical conductivity
of the medium, the remaining salt ions mostly pass
from solution into the ion-exchange resin as a result
of ion exchange, rather than under the action of the
electric field. For this to occur, it is necessary that
a sufficient fraction of the ion-exchange material fill-
ing the diluate chamber should be present in the hy-
drogen and hydroxide forms. Just this objective is
achieved when most part of the current is passed
through the upper, lying closer to the diluate outlet,
part of the apparatus. Thus, it may be concluded that,
at least in the outlet part of the apparatus, the follow-
ing demineralization mechanism is operative at a suf-
ficiently high current density: decomposition of water
at the heteropolar contact of ion-exchangers, sorp-
tion of hydrogen ions and hydroxy ions by ion-ex-
changers, ion exchange of these ions for dissolved salt
ions, and removal of salt ions across unipolar con-
tacts of ion exchangers and membranes and, through
the latter, into the concentrate. This charge transfer
mechanism does not lead to a decrease in the current
efficiency, since ions of the medium, which are in-
volved in the transport, do not find way into the con-
centrate, with the transfer chain ending there with

transfer of salt ions. Presumably, the energy expended
for dissociation of water is not lost completely, since
hydrogen ions an hydroxy ions are returned into the
diluate and, upon molization, release energy, which
heats the diluate and thereby facilitates dissociation
of other water molecules.

Such a demineralization mechanism is not new and
may be operative for mixed ion-exchange filler of
any kind. However, for the woven grid used in the
experiment, it is the most probable mechanism for
two reasons. First, ions of the medium, which arrive
at the ion-exchange grid and move within it, may
traverse a relatively long path, with high probability
of their exchange for salt ions. Second, the heteropolar
contacts of ion exchangers are abundant and virtually
do not include contacts that could serve as a source
of mineralization.

The point is that, both in the case of multilayer
charging of the chamber with a mixed bed of gran-
ulated ion exchangers and with a grid woven from
bands with ion-exchange properties and different
polarities of counterions, there exist equal numbers of
heteropolar contacts with �diluate� and �concentrate�
geometric arrangement. However, in the case of a grid
there is a good, multiple electrical contact between all
parts of each monopolar part of the grid and the cor-
responding membrane. Since the ion exchanger has
immeasurably higher electrical conductivity than the
surrounding demineralized water, the electric voltage
applied to the diluate chamber must drop nearly en-
tirely across the solution. In this case, the electric
potentials of all parts of a monopolar half of the grid
and of the corresponding membrane must be nearly
the same. Consequently, the electric potentials of all
points of the cation-exchange part of the grid must be
more negative than the potentials of all points of
the anion-exchange part, since just this relationship is
observed between the electric potentials of the cor-
responding membranes delimiting the diluate cham-
ber. In this case, it is of no importance on which sides
of a heteropolar contact are the cation- and anion-ex-
changer. In other words, when the diluate chamber is
filled with a mixed bed of ion-exchangers in the form
of a woven grid, all the numerous heteropolar contacts
operate as diluate contacts, irrespective of their geo-
metric orientation.

When most of the current flows through the inlet
zone of the apparatus, in which the diluate concentra-
tion is higher, the ratio of the current density to solu-
tion concentration becomes more uniform over dif-
ferent points of the chamber. In this case, the prob-
ability of appearance of zones in which the limiting
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diffusion current density is much exceeded becomes
lower, with the correspondingly decreasing probability
of ion-exchange absorption of salt ions from solution
and diminishing share of charge transfer by the mech-
anism described above.

Further analysis of the data in the figure poses
a question as to why the diluate quality is not the
same at the limiting values of the distribution factor
(0 and 1). Formally, it must have been of no impor-
tance which half of the apparatus, upper or lower, is
working. However, it is apparent that at different
electric potentials of two neighboring, but separated
from each other, parts of the cathode, a current will
flow between them across the electrode solution. In
this case, the electric charge passing through the am-
meter must be partly transferred to the switched-off
part of the cathode, and then to the anode through
the switched-off part of the electrodialyzer. A certain
amount of charge transfer between the two zones of
the apparatus necessarily occurs on connecting an ad-
ditional resistor to one of them.

This means that the real � deviates somewhat from
that found from ammeter readings toward its natural
value corresponding to a normally connected electrode
with equal electric potentials in all of its parts. Con-
sequently, the whole apparatus actually works on
switching-on any of the two halves of the cathode, but
the operation modes are somewhat different in two
limiting cases (� = 0 and � = 1). At � = 0, a greater
part, even though not the whole of the current is con-
centrated in the inlet part of the apparatus. A notice-
able desalination of the solution occurs in the inlet
part, whereas the diluate quality in the upper part of
the apparatus is nearly not improved at all, since the
current density in this zone is insufficient for the ion-
exchange mechanism of deep desalination to be oper-
ative. By contrast, at � = 1, a low current density at
the inlet is sufficient for preliminary desalination
through electromigration, which is common with elec-
trodialysis, and high current density at the outlet

converts ion exchangers into the hydrogen and hy-
droxide forms, thereby favoring deep desalination
with intense ion exchange. As a result, the electrical
resistivity of the diluate at � = 1 much exceeds that
at � = 0. This confirms, to a certain extent, the fea-
sibility of the above mechanism of deep desalination.

Apparently, the optimal value of � corresponds to
such a process in which there occurs pronounced
preliminary desalination in the inlet zone of the ap-
paratus and, at the same time, the current density in
the outlet zone is sufficiently high for converting a re-
quired amount of ion exchangers into the hydrogen
and hydroxide forms. In the case in question, this
optimum corresponds to � = 0.85�0.90.

CONCLUSIONS

(1) The degree of demineralization of water in its
electroionite treatment depends on how the preset
current density is distributed over the electroionite
apparatus along the direction of dilate feed.

(2) The degree of demineralization can be raised
substantially by artificially redistributing the current
density.

(3) There exists a certain optimal ratio of current
densities at the diluate entry into, and exit from the
apparatus.
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Abstract�The uniformity of growth of porous silicon layers, electrochemical parameters of their synthesis,
surface resistance, and morphology of porous structure in aqueous and aqueous-alcoholic electrolytes
(H2O�Cn H2n + 1OH, n = 1, 3�5) was studied.

Porous silicon (PS) formed in electrochemical an-
odic treatment of single-crystal silicon in HF-based
electrolytes has been studied extensively [1]. How-
ever, its use in semiconductor electronics is restricted
by high nonuniformity of its morphological structure.
This is particularly characteristic of lightly doped
n-type silicon [2, 3]. Nevertheless, the interest in PS,
demonstrated by specialists developing designing-and-
technological variants of semiconductor electronic
circuits with varied degree of integration, is unwaning
[4, 5]. Studying the specific features of PS film forma-
tion in relation to properties of the employed elec-
trolytes is a topical task.

In continuation of previously commenced invest-
igations [6], the present study is concerned with the
influence exerted by the properties of alcohol com-
ponents of the electrolytes on the uniformity of growth
of PS layers, their porosity, and surface resistance,
and also on electrochemical characteristics of pore
formation processes, such as effective valence and
current efficiency. The study is aimed to determine
what electrolytes with alcohol solvents of HF are
the most appropriate for synthesis of PS films in
semiconductor microelectronics.

EXPERIMENTAL

PS layers were formed in darkness at current den-
sity of 10 mA cm�2 in the course of 60 min on lightly
doped KEF-20 (100)Si substrates. The electrochem-
ical cell used for this purpose was described in [6]. As
starting electrolyte served 48% hydrofluoric acid. As
organic solvents of HF were used alcohols Cn H2n + 1OH
(n = 1, 3�5). The influence of ethanol on PS synthesis
was described in [6]. The concentration of alcohol in-

gredients of the electrolytes used in the study was
varied within the range 0.5�15.0 M. The uniformity
of PS film formation on the surface of the silicon
anode, the corresponding porosities, pore morphology,
effective valence, and current efficiency were deter-
ined using procedures described in [6�8]. The surface
resistance of PS layers was measured using a four-
probe ac technique. The electrodes of the four probe
measuring device, spaced by 1 mm, were made of
titanium.

To gain better understanding of how the alcohol
components of the electrolyte affect the pore mor-
phology and uniformity of PS film growth on the sur-
face of silicon substrates, similar studies were carried
out for solutions with HF diluted with water. In cal-
culating the dilution, it was taken that 48% hydroflu-
oric acid corresponds to a solution with zero amount
of added water.

The growth rate of PS layers and uniformity of their
distribution over the surface of the silicon anode in
aqueous electrolytes is illustrated by Fig. 1. It can
be seen that dilution of HF with water leads first to
gradual, and then to fast decrease in the growth rate
of PS films. The scatter of PS layer thicknesses is
wide (�30 �m) in all cases (Fig. 1, curve 1). The var-
iation of their porosity indicates that the most pro-
nounced rise in this parameter occurs when electro-
lytes with water concentration exceeding 30 M are
used (Fig. 1, curve 2). As revealed by an electron-
microscopic study, this tendency is due to abundant
formation of branches on walls of the growing pores.
As a result, the morphology of the porous structure of
PS layers synthesized in aqueous electrolytes can be
interpreted as tree-like.
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Fig. 1. Effect of dilution of HF with water on (1) thickness
d and (2) porosity � of PS layers. (c) HF concentration.

Fig. 3. Effect of concentration c of alcohols on thick-
ness d of PS layers. (1) Methanol, (2) 2-propanol, (3) 1-bu-
tanol, and (4) 1-pentanol; the same for Figs. 4 and 5.
Vertical arrows show scatter of thicknesses over the anode
surface (shown in + direction).

The effect of dilution of HF with water on the pro-
cess of pore formation in PS synthesis is due to a cer-
tain weakening of the influence exerted on it by elec-
trochemical factors. This is indicated by changes in
the effective valence and current efficiency (Fig. 2).
As follows from the dependences presented here, the
effective valence decreases within the range 2.8�2.6,
i.e., only slightly (Fig. 2, curve 1). The current ef-
ficiency changes more substantially, with its values
growing steadily. The limiting value exceeds 160% in
the given case (Fig. 2, curve 2). This means that dilu-
tion of HF with water favors chemical dissolution of
silicon. However, since no acceleration of SiF2 (inter-
mediate product of electrochemical dissolution of
silicon) formation is observed, this points to weak
influence of chemical reactions on the arrival of
charge carriers (holes) at the Si|electrolyte interface.
This gives rise to a nonuniform front of silicon etch-
ing on the anode surface and a tendency toward for-
mation of narrow side channels on pore walls, prob-
ably, because of spontaneous dissolution of silicon.
The occurrence of electroless processes of this kind
in water on the surface of PS was also reported in [9].

Fig. 2. (1) Effective valence n and (2) current efficiency
� of electrochemical dissolution of silicon vs. water con-
centration c in electrolyte.

Fig. 4. PS layer porosity � vs. alcohol concentration c in
electrolyte.

It should be noted that the surface resistance Rs of
PS layers synthesized in electrolytes of the system
H2O�HF is independent of the dilution of HF with
water and equals 15�20 � cm�2. The order of mag-
nitude of Rs points to high ion mobility on the PS
surface, which can be accounted for both by sorption
of H2F+ or H3O+ ions on the surface and by its hydro-
philic properties.

When PS is synthesized using electrolytes with al-
cohol components, film formation depends on the mo-
lecular weight of the organic additives (Fig. 3, cur-
ves 1�4). In a narrow range of concentrations (0�1 M),
the growth rate of PS layers increases. In subsequent
dilution of HF with the alcohol components, the in-
tensity of PS formation decreases. The rate of PS film
growth changes to a greater extent for alcohols with
n � 3 (Fig. 3, curves 2�4). The scatter of PS film
thicknesses over the surface of the silicon anode does
not exceed �16 �m in all of the aqueous alcoholic
electrolytes used. The highest uniformity of their dis-
tribution is achieved in the case of solutions with ad-
dition of 2-propanol (Fig. 3, curve 2). These same
layers show the highest porosity (Fig. 4, curve 2).
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Fig. 5. Effect of alcohol concentration c in electrolyte on
effective valence n of silicon dissolution.

The alcohol components with n � 3 strongly affect
the variation of the effective valence (Fig. 5, cur-
ves 2�4). The value of this electrochemical parameter
of the process of PS formation in electrolytes belong-
ing to the system HF�H2O�i-C3H7OH decreases from
2.8 (for 48% hydrofluoric acid) to 2.0 when the con-
centration of the organic component reaches a value of
11 M (Fig. 5, curve 2). The corresponding current ef-
ficiencies grow to 200%. This indicates that chemi-
sorption of the alcohol components of the electrolytes
favors formation on the PS surface of additional pos-
itive charge carriers, which accelerate the SiF2 forma-
tion.

Thus, chemical dissolution of silicon in aqueous-
alcoholic electrolytes is more intimately related to
electrochemical processes occurring in PS synthesis.
Electron-microscopic studies demonstrated that the
morphology of the porous structure of PS layers
synthesized in electrolytes of the system H2O�HF�
Cn H2n + 1 OH is not represented by system of branch-
ing channels. The diameter of their voids is approx-
imately 1.3�1.5 times that in PS layers synthesized in
aqueous electrolytes at the same dilution of HF. Rais-
ing the molecular weight of the alcohol components
of the electrolytes favors expansion of the pore voids.
Their orientation coincides to a greater extent with
the direction of the flowing current, compared with
the case of PS layers synthesized in aqueous electro-
lytes. This is particularly pronounced for the porous
structure of PS layers synthesized in electrolytes with
2-propanol, with concentration exceeding 1 M. In this
case, the shape of pore voids can be interpreted as
needle-like.

The Rs values for PS layers synthesized in elec-
trolytes with alcohol components are approximately
3 to 4 orders of magnitude higher than the correspond-
ing values for PS films of the same thickness, syn-
thesized in aqueous electrolytes. In this case, the
higher the molecular weight of an organic substance,
the greater Rs . This indicates that chemisorption of
the alcohol ingredients of the electrolyte on the PS

surface is due to formation of coordination bonds be-
tween hydroxy groups in their molecules and atoms in
the solid phase.

It was noted in [10] that a similar adsorption mech-
anism changes the electrical parameters of adjacent
defects on the semiconductor surface and the field
effect of these defects extends as far as several lat-
tice constants. This shifts the Fermi level of semicon-
ducting silicon toward the valence ?band and creates
positive charge on the silicon surface. It should be
noted that this process may also be favored by forma-
tion in electrolytes of the system H2O�HF�CnH2n + 1OH
of Cn H2n + 1 OH2

+ cations, as it occurs in alcoholic
solutions of hydrochloric acid [11]. These cations
possess abnormally high mobility [11] and raise by
an order of magnitude the mobility of Cl�, H3O+, and
OH� ions, thereby making much higher the electrical
conductivity of the solutions. In the Cn H2n + 1 OH2

+

group, the highest mobility is observed for cations
formed from i-C3H7OH. These data reveal, probably,
one of the major reasons why all characteristics of
pore-formation on the surface of the silicon anode are
changed to the greatest extent in electrolytes of the
system H2O�HF�i-C3H7OH (Figs. 4 and 5, curves 2).

In view to the presence of Cn H2n + 1 OH2
+ cations in

alcoholic electrolytes with HF, account should also be
taken of the particular specificity of the influence
exerted by the cations on the state of the solid surface,
which is commonly covered with a hydrated oxide
film. This influence is manifested in that, despite hav-
ing the charge of the same sign as the solid phase,
organic cations are adsorbed on its surface owing to
their high adsorption potential. This leads to hydro-
phobization of the surface, shielding of the electrical
double layer, and the resulting decrease in the electro-
kinetic potential in electrolytes [12].

In processes occurring in electrochemical treatment
of materials in aqueous-alcoholic electrolytes with HF,
these factors make the current distribution of the ma-
trix substance surface more uniform and accelerate
the mass-exchange of reagents within the forming
pores. In synthesis of PS films, this creates conditions
for their formation with more uniform, over the anode
surface, porous structure morphology [13] with pore
voids oriented along the current flow direction, which
is actually the case in electrolytes with 2-propanol.

Thus, the presence of alcohol components in solu-
tions with HF favors formation on the surface of a sil-
icon wafer of PS films with uniform thickness and
more regular porous structure. The best suitable for
this purpose are electrolytes containing 2-propanol.
Their use makes it possible to obtain PS films best
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satisfying the requirements of the technology of semi-
conductor integrated circuits.

CONCLUSIONS

(1) In aqueous-alcoholic electrolytes, the growth
rate of porous silicon films and their porosity depend
on the concentration of the alcohol components and
their molecular weight. The most uniform distribution
of porous silicon films with thickness of 80 �m and
more on a lightly doped n-type silicon is achieved in
their synthesis in electrolytes containing more than
1 M of 2-propanol.

(2) Introduction of alcoholic complexes into elec-
trolytes changes the effective valence and current ef-
ficiency of porous silicon synthesis. In electrolytes
containing 2-propanol, the current efficiency increases
to 200%, and the effective valence decreases to 2.

(3) The morphology of the porous structure of
porous silicon layers synthesized in electrolytes with
2-propanol is represented by needle-like pores whose
voids are oriented along the direction of the flowing
current.

(4) The positive influence of the alcohol compo-
nents on synthesis of porous silicon layers is due to the
formation in the electrolytes with HF of Cn H2n + 1 OH2

+

ions whose chemisorption and high adsorption po-
tential favor uniform distribution of the current over
the surface of the silicon anode and intensify the
mass-exchange of reagents in the forming pores.
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Abstract�A new method is proposed for evaluation of protective properties of polymeric coatings.
The method allows evaluation of the corrosion rate of a coated metal by means of potentiometric indication.

One of the main difficulties encountered in devel-
oping new polymeric coatings is rapid evaluation of
their protective properties. Several methods have been
proposed, which allow prognostication, with varying
reliability, of the service life of protective coatings.
These methods include impedance meagerment and
impedance spectroscopy, conductometry, and some
others [1�4]. However, none of these techniques
enables unambiguous assessment of protective prop-
erties of coatings.

The method developed in this study, which makes
it possible to evaluate the rate of metal corrosion
under a protective coating, is based on measuring
the time of destruction by corrosion of a metal layer
of known thickness under a protective coating. It is
proposed to use potentiometric indication for deter-
mining the instant of time at which the corrosion pro-
cess is complete. Potentiometric indication can be
applied in those cases when the electrochemical po-
tential of an electrode made of a metal under study
changes dramatically after its destruction by corro-
sion. This can be achieved by using two-layer bi-
metallic indicator electrodes. The surface layer of the
indicator electrode is to be fabricated from the metal
under study, and the inner layer, from a metal whose
potential in the corrosive medium is more positive
than the potential of the metal under study. The most
convenient support is copper, since its potential in
corrosive media is more positive than the potentials
of the majority of construction metals and alloys. In
a test, the potential of the indicator electrode is first
determined by the potential of a metal under study,
e.g., iron, and after its destruction by corrosion, by
the potential of the support metal.

The aim of this study was to assess the possibility
of applying the potentiometric method to study prop-
erties of protective coatings.

EXPERIMENTAL

To ensure rapid evaluation of protective properties
of coatings, it is very important to choose correctly
the thickness of the surface layer of the bimetallic
indicator electrode. Use of electrodes with thick sur-
face layer makes longer the testing time. Small thick-
ness of the surface layer may give rise to rather sig-
nificant errors because of the possible scatter of its
thickness. In most cases, the rate of metal corrosion
under a coating must not exceed 0.1 mm/yr (�1.14 �
10�2 �m h�1), which ensures a 20�30-year service
life of a technical structure, e.g., pipeline. If it is
taken that the acceptable duration of corrosion studies
must not exceed 500�1000 h, then the most con-
venient thickness of the layer of metal under study is
5�10 �m.

In this study, iron, which is the most widely used
construction material, was chosen as the metal of
the surface layer. Copper was used as the material of
the support. To rule out edge effects, the study was
carried out with cylindrical electrodes having spherical
lower end. The electrode area was 15 cm2. An iron
layer 10 �m thick was deposited onto the surface of
the copper electrode by electroplating from a chlo-
ride electrolyte [5]. Corrosion studies were performed
in glass cells communicating with the atmosphere.
The electrode potential was measured with a V7-23
digital voltmeter relative to a silver chloride reference
electrode. As corrosive medium served 0.5 M (3%)
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aqueous solution of NaCl. As protective coating was
used Asmol varnish [TU (Technical Specification)
5623-002-16 802 026�94].

The experiments were done as follows. Electrolyte
was poured into a glass cell in which the electrode
under study and reference electrode were placed.
The cell communicated with the atmosphere through
a special aperture. The tests were done at temperatures
ranging from 18 to 25�C. All the potentiometric meas-
urements were made after thermostating the cells at
25�C in an air thermostat.

To assess the reliability of the results obtained,
the corrosion rate of a steel St.3 electrode was studied
in parallel under similar conditions. In studying
the corrosion behavior of steel electrodes, each test
was interrupted after stable potential was attained
and corrosion products were accumulated in amounts
sufficient for analysis. The corrosion products were
carefully removed from an electrode under study and
transferred to solution, together with the corrosion
products accumulated in the electrolyte. Then the
resulting solution was subjected to complexometric
titration to determine the content of iron ions [6].
The results obtained in analysis were used to calculate
the corrosion rate. Further, the experiment was con-
tinued, following the same procedure. The electrodes
were again placed in the cell, poured over with fresh
electrolyte, and the cycle described above was re-
peated. The experiment was done several times, until
stable results were obtained. To assess their reproduc-
ibility, 3 to 4 parallel runs were performed.

The study was carried out for the example of two-
layer bimetallic electrodes with and without a pro-
tective coating. The potential of metallic electrodes
in a corrosive medium is determined by several si-
multaneously occurring chemical and electrochemical
processes. To determine the steady-state potentials,
the variation of the potential of steel and copper
electrodes was studied in preliminary experiments.
The data obtained are shown in Fig. 1. It can be seen
that, during first hours after bringing the steel and
copper electrodes in contact with a corrosive solution,
their potentials shift into the cathodic region. This can
be accounted for by a change in the pH value and
composition of the near-electrode layer of the elec-
trolyte in the course of corrosion. The potentials of
both the copper and steel electrodes stabilize in
25�30 h. The stabilized potentials remain invariable
within several thousand hours.

Because of the difference between the properties of
electroplated deposits of iron and steel, it could be
expected that they should behave differently in elec-

Fig. 1. Chronopotentiograms of (1) copper and (2) iron
electrodes in 3% NaCl solution. (E ) Potential and (t) time;
the same for Fig. 2.

Fig. 2. Chronopotentiograms of two-layer bimetallic �iron-
on-copper� electrodes in 3% NaCl solution. (1) Without
coating and (2) with a single-layer coating with Asmol
varnish.

trochemical regard, too. However, as shown by the re-
sults of the study, the manners in which the potentials
of a steel electrode and a two-layer bimetallic �iron-
on-copper� electrode vary are virtually the same.

Chronopotentiograms of two-layer bimetallic elec-
trodes with and without a protective coating are shown
in Fig. 2. It can be seen that the electrode potentials
start to shift, in 310 h for an electrode without coating
and 830 h for a coated electrode, toward the anodic
region, reaching in the end the potential of the copper
electrode. The instant of time at which the potentials
start to shift, found as an intersect of two tangents
to linear portions of the chronopotentiograms, points
to the time of the through damage of the iron layer.
The time of complete iron dissolution can be found
from the intersect of tangents to the transition and
final portions of the chronopotentiograms.

To determine the true corrosion rate of a coated
metal by the method of the thin-layer electrode, it is
necessary to correctly determine the time of corrosion
destruction of the indicator layer of the metal. With
account taken of the roughness of this layer and the
positive and negative deviations from its integral-
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Analytically determined corrosion rates vc
������������������������������������������������������������������������������������

t, h
� Amount of corrosion products, g � vc � 105, g cm�2 h�1 � v*

c. av
�������������������������������������������������������������������������������
� sample no. 1 � sample no. 2 � sample no. 1 � sample no. 2 � 105 g cm�2 h�1 � 102

�m h�1

������������������������������������������������������������������������������������
190 � 0.0319 � 0.0282 � 1.12 � 0.99 � 1.06 � 1.38
96 � 0.0218 � 0.0210 � 1.51 � 1.45 � 1.48 � 1.92
71 � 0.0185 � 0.0133 � 1.74 � 1.25 � 1.50 � 1.95

109 � 0.0189 � 0.189 � 1.16 � 1.16 � 1.16 � 1.51
96 � 0.0194 � 0.0277 � 1.35 � 1.93 � 1.64 � 2.13

������������������������������������������������������������������������������������
* (vc. av) Average corrosion rate.

average thickness considered to be equiprobable, it
may be assumed that, in the middle of the transition
portion, the actual dissolution depth of the layer is,
to a first approximation, close to its integral-average
thickness.

To assess the reliability of the data obtained,
corrosion rates of iron, found by analysis of the
amount of corrosion products (see table) and yielded
by chronopotentiometry, were compared. The corro-
sion rates �c found from the results of potentiometric
studies are presented below:

Time of completion of a corrosion vc � 102, �m h�1

process

Appearance of through damage 3.23
Time found at the middle 2.00
of the transition portion
Completion of corrosion destruction 1.61

It can be seen that the corrosion rates obtained by
different methods are in satisfactory agreement.

The relative error of the analytically found mean-
arithmetic value of the average corrosion rate, with
respect to the corrosion rate calculated at the middle
point of the transition portion of the chronopotenti-
ogram, was about 10%. The corrosion rate found from
the time corresponding to the middle of the transition
portion of the chronopotentiogram is the closest to
the corrosion rate found analytically.

The time of destruction of the uncoated and coated
metal under study can be used to calculate the coef-
ficient of protective action of a coating, Kpr (cm�1):

Kpr = ����� ,tm lmclc

tmc lmKpr = ����� ,tm lmclc

tmc lm

where tm is the time of dissolution of the layer of
an uncoated metal under study (h); tmc, the time of
dissolution of coated metal (h); lc, the coating thick-
ness (cm); lm, the thickness of the metal electrode
under study (cm); lmc, the thickness of the coated
metallic electrode under study (cm).

The service life of a metal under protective coating,
T (h), can be found as

T = Tm Kpr lpr ,

where Tm is the service life of uncoated metal (h);
Kpr, the coefficient of protective action of a coat-
ing, (cm�1); lpc, the thickness of the protective coat-
ing (cm).

The average corrosion rate of St.3 steel was 1.37 �
10�5 g cm�2 h�1.

The linear velocity of steel dissolution can be
readily calculated from the data in the table to be
1.78 � 10�6 cm h�1 or 1.78 � 10�2 �m h�1.

CONCLUSION

The potentiometric method using a two-layer bi-
metallic electrode can be successfully applied to eval-
uate the protective properties of polymeric coatings.
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Abstract�New catalysts based on cadmium, zinc, chromium, iron, and aluminum compounds were synthe-
sized and their properties were studied. A pilot catalyst batch was obtained and tested on a pilot installation.

Pyridine and its homologs are widely used in pro-
duction of chemicals and pharmaceuticals and in
agriculture [1, 2]. The interest in these compounds
increased after the appearance of pesticides of selec-
tive and total action such as Reglon, Fusilad, Parskvat,
Lontrel, etc. [3].

Among the known methods for preparing pyridine
bases, their synthesis from acetylene and ammonia
(methanol) is the most promising [4�7]. Wide in-
dustrial use of this method is impeded by the lack of
highly active and stable catalysts. The available cata-
lysts for synthesis of pyridine bases from acetylene
and ammonia work with constant activity for 72 h at
best [8, 9].

Formation of pyridine bases from acetylene and
ammonia or acetylene, ammonia, and methanol is
a result of complex combination of parallel-successive
reactions accompanied by vinylation, dehydrocycliza-
tion, isomerization, trimerization, etc.

In the gas phase, this is only possible with poly-
functional catalysts.

An analysis of published data on the mechanism
of acetylene and amine activation showed that d-metal
(zinc, cadmium, chromium, iron, cobalt, etc.) com-
pounds, which are also active in reactions of addition
of various molecules to acetylene can catalyze am-
monia and amine vinylation in the gas phase. Such
compounds are typical catalysts for dehydrogenation
and dehydration [10, 11].

Studies of promotion of cadmium and zinc com-
pounds with metal fluorides and X-ray diffraction
analysis of other polyfunctional catalytic systems
showed that, during catalyst preparation, zinc, cad-

mium, iron, and aluminum form hydroxofluorides
Cd(OH)F, Zn(OH)F, Al(OH)2F, Al(OH)F2, etc.,
which are, probably, responsible for the high catalytic
activity of the catalysts [12, 13].

The zinc and cadmium ions favor activation of
acetylene and ammonia molecules, and the basic cen-
ters on the catalyst surface (O�, F�, OH�) favor forma-
tion of amide groups from ammonia and amines:

M(OH)F(NH3)
MF(NH2) + H2O

M(OH)(NH2) + HF

�

�
M(OH)F(NH3)

MF(NH2) + H2O

M(OH)(NH2) + HF

�

�

where M is Zn2+, Cd2+, Fe2+, etc.

An X-ray diffraction study showed that the cat-
alysts are fairly active in the semiamorphous-crystal-
line state, in which they contain chemically bound
water. With the calcination temperature from 450 to
650�C, the fraction of the crystalline phase grows,
the content of chemically bound water decreases, and
hydroxofluorides start to decompose. As a result, the
specific surface area and activity of the catalyst de-
crease.

We found that, when catalysts contain, along with
zinc, cadmium, and aluminum hydroxofluorides, also
3.0�5.0 wt % zinc and chromium(III) [or iron(III)]
oxides, they are fairly active, selective, and stable in
synthesis of pyridines from acetylene, and ammonia
(methanol). Taking this circumstance into account, we
synthesized more than 30 catalysts; their compositions
and properties are listed in Table 1.

As seen, the KTsZhKhA-5 catalyst is the most
active and stable in synthesis of 2- and 4-methylpyr-
idines, while the KTsKhZhA-6 catalyst is the best
in synthesis of pyridine and a mixture of isomeric
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Table 1. Comparative characteristics of catalysts
������������������������������������������������������������������������������������

� � � � � � � Catalyzate (organic layer) composition, %
� � � � � � ���������������������������������

Catalyst
� Composition, � � � � � �
� wt % � � � � � �

pyridine
� 2-methyl- � 3- and 4-meth-

� � � � � � � � pyridine � ylpyridines
������������������������������������������������������������������������������������
KTsA-1 � CdF2 3.0, � 96.0 � 172.0 � 4.2 � 96.0 � 85.0 � � � 42.0 � 24.0

� ZnO 5.0, � � � � � � � �(4-methylpyridine)
� AlF3 3.0, � � � � � � � �
� Al2O3 89.0 � � � � � � � �

KTsKhA-2 � CdF2 3.0, � 120.0 � 165.0 � 4.8 � 112.0 � 88.0 � 30.0 � 31.0 � 18.0
� ZnO 3.0, � � � � � � � �
� Cr2O3 3.0, � � � � � � � �
� AlF3 3.0, � � � � � � � �
� Al2O3 88.0 � � � � � � � �

KTsKhA-3 � CdF2 3.0, � 96.0 � 165.0 � 4.6 � 96.0 � 85.0 � � � 44.0 � 24.0
� ZnO 5.0, � � � � � � � �
� Cr2O3 3.0, � � � � � � � �
� AlF3 5.0, � � � � � � � �
� Al2O3 86.0 � � � � � � � �

KTsZhA-4 � CdF2 5.0, � 120.0 � 203.0 � 5.6 � 132.0 � 90.1 � 32.1 � 28.0 � 22.0
� ZnO 7.0, � � � � � � � �
� ZnF2 3.0, � � � � � � � �
� AlF3 3.0, � � � � � � � �
� Fe2O3 3.0, � � � � � � � �
� Al2O3 80.0 � � � � � � � �

KTsZhKhA-5 � CdF2 2.0, � 144.0 � 232.0 � 6.1 � 152.0 � 92.0 � � � 52.0 � 34.0
� Cr2O3 3.0, � � � � � � � �
� ZnF2 3.0, � � � � � � � �
� ZnO 3.0, � � � � � � � �
� Fe2O3 3.0, � � � � � � � �
� Al2O3 86.0 � � � � � � � �

KTsKhZhA-6 � CdF2 1.5, � 180.0 � 196.0 � 6.4 � 163.0 � 92.0 � 34.0 � 22.0 � 24.0
� Cr2O3 2.0, � � � � � � � �
� ZnF2 1.5, � � � � � � � �
� AlF3 3.0, � � � � � � � �
� ZnO 3.0, � � � � � � � �
� Fe2O3 3.0, � � � � � � � �
� Al2O3 86.0 � � � � � � � �

������������������������������������������������������������������������������������

methylpyridines. Promotion of zinc-chromium-alumi-
num and zinc-chromium-iron-aluminum catalysts with
1.5�3.0 wt % cadmium, zinc, and aluminum fluorides
raises the acetylene conversion and catalyst productiv-
ity by a factor of 1.5�2.0. In the process, the loss
of cadmium metal from the catalyst is probably pre-
vented by introduction of cadmium fluoride into the
defective spinel structure characteristic of �-Al2O3
and by its fixation in this structure.

To determine the dependence of the activity of cat-
alysts on their texture properties, we measured the
specific surface area, acidity, pore radius and vol-

ume, phase composition, and mechanical strength of
the catalysts. The acidity of the KtsKhZhA-6 catalyst
strongly differs from that of the other catalysts. It
acidifies water within the first 20 s by 1.2 pH units;
after 40 min, the pH value stabilizes. The other cat-
alysts acidify water by 0.4 to 0.8 pH units within the
first 20�30 s (see figure).

Probably, it is hydroxofluorides that produce acidic
centers on the catalyst surface. The presence of hy-
droxofluorides on the catalyst enhances sorption of
acetylene, ammonia, and methanol molecules, with
the result that their molecules are polarized.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 6 2003

PROPERTIES OF MIXED POLYFUNCTIONAL FLUORIDE CATALYSTS 941

Table 2. Characterization of synthesis of pyridine bases on KTsKhZhA-6 catalyst [T 280�360�C, Wtot 150�180 h�1,
C2H2 : NH3 = 1 : 2 (vol : vol)]
������������������������������������������������������������������������������������

Synthesis
� �Acetylene� Catalyzate composition, wt %
� � ������������������������������������������������������������� T, �C � conver- �

time, h
� � sion, % � 2-methylpyridine � 4-methylpyridine � acetonitrile � sum of by-products

������������������������������������������������������������������������������������
0�30 � 280 � 98.0 � 35.5 � 16.4 � 32.0 � 15.0

30�60 � 290 � 95.0 � 39.6 � 23.2 � 26.0 � 13.0
60�90 � 300 � 92.0 � 42.0 � 21.0 � 21.0 � 10.0
90�120 � 310 � 90.0 � 44.0 � 24.0 � 16.0 � 25.0

120�150 � 320 � 86.0 � 47.0 � 22.0 � 12.0 � 19.0
150�160 � 330 � 82.0 � 51.0 � 25.0 � 8.0 � 26.0
180�200 � 340 � 70.0 � 53.0 � 27.0 � 3.0 � 17.0

������������������������������������������������������������������������������������

It was found that, in the first 60 h, the selectivity of
a fresh catalyst with respect to pyridine yield is un-
stable; the major products are acetonitrile, benzene,
propionitrile, etc. After 70 h, the process selectivity
becomes stable, and the acetonitrile content in the cat-
alyzate gradually decreases (Table 2).

After 180 h of work and subsequent regeneration,
the catalyst becomes completely ripened. In this case,
the content of acetonitrile, by-products, and tars in
the catalyzate does not exceed 20�25%.

We found that the specific surface area of the cat-
alyst decreases with time by 30 m2 g�1 on the average.
Simultaneously, its mechanical strength increases by
approximately 0.8�1.0 MPa. It should be noted that,
in the course of catalyst operation, a new crystalline
phase is formed, which makes the catalyst more stable.

The KTsKhZhA-6 catalyst was tested in the con-
tinuous mode for 1500 h in synthesis of pyridine and
isomeric methylpyridines from acetylene, ammonia,
and methanol. The following optimal process param-
eters were found: temperature 360�440�C; acetylene :
ammonia : methanol molar ratio 1.0 : 2.0 : 0.8; total
space of the velocity 100�200 h�1. The catalyzate
(organic layer) obtained under these conditions has
the following composition (wt %): pyridine 28.0�33.0,
2-methylpyridine 12.0�25.0, 3-methylpyridine 18.0�
21.0, 4-methylpyridine 12.0�15.0, with the remainder
being higher pyridines, acetonitrile, and tars.

Thus, new catalysts based on cadmium, zinc, chro-
mium, iron, and aluminum oxides and fluorides were
developed and tested in synthesis of pyridine bases
from acethylene, ammonia, and methanol.

The catalysts were prepared by suspending, fol-
lowed by molding, drying, and calcination. Alumi-
num hydroxide (calcination loss 33.0%) was used as
support.

X-ray diffraction patterns of the catalysts were re-
corded on a DRON-2 diffractometer (CuK

�

radiation).
The specific surface area was measured by the BET
method. The catalyst acidity was determined pH-met-
rically with a pH-673 pH-meter equipped with an
ESL-43-07 glass electrode. The pore structure of the
catalyst was studied by mercury porosimetry.

The catalytic condensation of acethylene with am-
monia and methanol was performed in a 25 � 1000 mm
cylindrical stainless steel flow-through reactor. The
temperature, space velocity, and ratio of the initial
components were varied.

The reaction products were analyzed by GLC
[Chrom-5 chromatograph, Apiezon-M (12�15 wt %)
on Celite 545 as stationary phase, column tempera-
ture 120�C, toluene as internal reference, carrier gas
helium, flow rate 2.4 l h�1].

The products were separated by catalyzate frac-
tionation on a 30-TP column and identified by their
physical constants and also by obtaining their picrates
and chloroplatinates.

Variation with time t of pH of water contacting with the
catalyst surface. Catalyst: (1) KTsKhZhA-6, (2) KTsZhKhA-
5, and (3) KTsMA-4.
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Abstract�Conditions under which various kinds of carbon nanoparticles are obtained by thermal oxidative
conversion of methane in chlorine in the temperature range 20�500�C were studied. The influence exerted
by conditions of synthesis of nanodispersed carbon on the properties of its samples was analyzed.

According to the theory of chemical-informational
synthesis [1�6], desired products can be obtained with
minimum energy expenditure and maximum produc-
tivity by performing synthesis far from equilibrium,
with programmed departure from equilibrium, and
�quenching� these metastable products with minimum
possible delay. Experience shows that mostly low-
molecular-weight products are formed in one mode of
methane burning [7, 8], and supramolecular products
of oxidative condensation of methane, in another [9].
Use of flame as a reaction zone bounded on all sides
allows localization of a high-temperature chemical
process, which enables sufficiently fast quenching,
and allows control over its rate by varying not only
hydrodynamic, but also thermal conditions, e.g., by
changing one method of cooling of burning products
for another.

EXPERIMENTAL

This paper presents the results obtained in experi-
ments on fine control over the process of oxidative
condensation of methane, which makes it possible to
preset not only the degree of condensation of hydro-
carbon chloroderivatives, but also parameters of supra-
molecules of these highly condensed synthesis prod-
ucts. Pipeline methane (98% methane, 0.7 ethane, 0.2
propane, 0.07 butane) and oxidizing gas �khlor� Cl2

*

obtained by reacting calcium hypochlorite with hydro-
chloric acid were used in the experiments. This gas
contained (vol %): chlorine 46.5, HCl 24.4, nitrogen
20.8, oxygen 5.5, water 0.85, and CO2 1.95. The ox-
idative conversion of methane was performed in a tu-
bular reactor by burning the gas in a flow of chlorine.
Solid reaction products were separated from gaseous
products in a separator. The elemental analysis of

the resulting solid products was made by their burning
in oxygen in the presence of a catalyst and by ESCA;
the specific surface area was measured by the method
of low-temperature adsorption of nitrogen; IR spec-
troscopy, mass spectrometry, and electron microscopy
were also employed.

A study of solid products of methane conversion
demonstrated that they are composed of nanosize car-
bon particles enveloped with a shell composed of
a solid solution or layers of benzene chloroderiva-
tives [9]. These derivatives are rather easily evap-
orated on heating to 300�350�C in a vacuum, with
the organic shell removed and the carbon core of the
particles stripped. Carbon samples were studied on
an MS-1301 mass spectrometer, in which a sample
was heated from room temperature to 1200�C. On
heating a sample to 300�C, the mass spectrum shows
high-intensity lines corresponding to C6Cl4

+, C6Cl4H+,
C6Cl5

+, C6Cl5H+, C6Cl6
+ and higher-molecular-weight

substances (up to C28H14), with hexa- and pentachloro-
benzene being the main desorption products; the in-
tensity ratio for C6Cl6

+ and C6Cl5H+ is approximately
1.5 : 1. In the temperature range 300�1200�C, desorp-
tion of organic products from a sample terminates
virtually completely. Thus, thermal treatment at 300�C
and higher results in that a sample is completely freed
of a shell and becomes pure carbon at 1200�C.

As objects of further investigation served samples
subjected to thermal treatment in a vacuum at 300�C
for 1�1.5 h, with 25�30% of their mass lost. A study
of these samples with a Tesla BC-613 electron mi-
croscope (at magnification of 80 000) demonstrated
that they are composed of particles 100 to 300 � in
size, which form chain-like structures.
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Fig. 1. Specific surface area S of a carbon sample vs.
(a) flow rate ratio CH4/Cl2

* and (b) reactor heating tem-
perature T.

One of the most important characteristics of carbon
products is their specific surface area. The specific
surface area of the samples under study depends both
on the ratio of reagent flow rates and on the synthesis
temperature.

Figure 1a shows the dependence of the specific
surface area of the samples (after removal of a shell
composed of organic products) on the flow rate ratio
of methane and �khlor� (Cl2

*, a mixture of chlorine,
oxygen, HCl, nitrogen, etc.).

It can be seen that the specific surface area of car-
bon samples grows with increasing excess of meth-
ane; however, the yield of carbon black particles de-
creases. The results obtained were used to choose the
optimal flow rates of gases fed into the conversion
process (ml min�1): CH4 230 and Cl2

* 68. Under these
conditions, a rather large amount of carbon particles
with specific surface area of about 300 m2 g�1 is
formed.

The specific surface area of carbon samples is strong-
ly affected by the temperature of external heating of
the reactor. In some experiments, the reaction zone was
preliminarily heated with an electric furnace to 20�

Elemental composition of carbon-containing sample
����������������������������������������

Element
� Content, wt %
���������������������������������
� ESCA � burning in oxygen

����������������������������������������
C � 72.7 � 72.5
Cl � 16.5 � �

O � 8.8 � �

N � 0.7 � �

H � � � 1.2
����������������������������������������

680�C, and then oxidative conversion of methane was
performed under the same conditions in a Cl2

* flow.
The experiments were done at the previously chosen
optimal ratio of methane and Cl2flow rates (see Fig. 1b).

It can be seen from Fig. 1b that, on raising the re-
actor temperature, the specific surface area of the car-
bon samples obtained decreases. The maximum spec-
ific surface area of samples obtained without addi-
tional heating was 360 m2 g�1. The size of particles,
calculated from their specific surface area, is approx-
imately 10 nm, and that following from electron-mi-
croscopic data falls within the range 10�30 nm. The
difference can be accounted for by particle aggregation.

Industrial carbon black, which has specific surface
area exceeding 100 m2 g�1, retains such a high degree
of dispersity for short time only [6]. The specific sur-
face area of the carbon samples synthesized in the
present study remained unchanged for 20 days. After
100 days, it decreased somewhat, but still remained
rather high (250�270 m2 g�1). The highest specific
surface area was observed for carbon samples stored
for a long time in the initial state (without removing
the organic shell) and subjected to temperature treat-
ment in a vacuum immediately before measuring the
specific surface area. Apparently, the shell composed
of benzene chloroderivatives, which is formed in the
course of synthesis and covers the carbon particles,
prevents their aggregation. In �encapsulated form,�
dispersed particles retain high specific surface area for
a long time. It follows from the aforesaid that a re-
producible method for obtaining and stabilizing car-
bon nanoparticles, with their physicochemical prop-
erties long preserved, has been found.

The elemental composition of the carbon samples
was studied by burning them in a flow of oxygen and
by ESCA. Analysis for the content of carbon, hy-
drogen, and nitrogen was made on a Hewlett Packard
185B Carbon Hydrogen Nitrogen Analyzer. However,
this technique yielded understated values of carbon
content in the samples, probably, because of the in-
complete burning of carbon in a flow of oxygen dur-
ing the time of analysis (50 s). In further studies,
the content of carbon was determined by burning a
sample in a flow of oxygen in the presence of a cat-
alyst (in the course of 20 min), using a procedure de-
scribed in [10]. The content of other elements in
the samples synthesized was determined by ESCA.
This technique does not record hydrogen, and, there-
fore, the concentrations of elements were corrected
with account of the content of hydrogen. The thus
obtained elemental composition of carbon-containing
samples is listed in the table.
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Both these analytical techniques yield data on the
content of carbon in the samples under study, which
are in rather good agreement. Studying the mechanism
of transformations occurring in the course of synthesis
is complicated by the wide variety of possible chem-
ical reactions involving free radicals. However, anal-
ysis of the products formed in oxidative condensation
of methane burning in a chlorine flow confirms the
validity of the scheme suggested in [7]. Chlorine re-
moves from methane all its four hydrogen atoms to
form carbons

CH4 + 2Cl2 � C + 4HCl.

Carbon atoms immediately combine to form carbon
nanoparticles:

nC � [C]n.

The nanoparticles react with chlorine to give chlo-
rine-containing carbon

[C]n + 0.5mCl2 � [C]nClm.

On the surface of [C]nClm particles, there occur re-
actions yielding an organic shell composed of benzene
chloroderivatives

6CH4 + 15Cl2 � C6Cl6 + 24HCl

(it is known that synthesis of hexachlorobenzene is
performed in the presence of activated carbon.) In
view of the fact that the shell of nanoparticles syn-
thesized in oxidative conversion of methane in its
burning in a �khlor� flow is composed of organic
benzene derivatives, it may be assumed that, before
being subjected to thermal treatment at above 300�C,
the carbon-containing particles themselves are con-
stituted by partly chlorinated aromatic structures.

CONCLUSIONS

(1) It is confirmed by a new experiment that mono-
disperse �technical-grade carbon��nanodispersed car-
bon, can be obtained in the temperature range 20�
500�C. A homologous series of supramolecules of
nanodispersed carbon is formed in the given tempera-
ture range.

(2) The synthesis can be guided in a desired direc-
tion by changing the mode of diffusion burning, i.e.,
it can be controlled by varying the synthesis condi-
tions.

(3) The efficiency of chemical-informational syn-
thesis is high: it occurs in high yield at moderate tem-

peratures, needs no catalysts, and makes it possible to
prescribe properties of target products.
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Abstract�A mathematical method for prognostication of results obtained in fractionation of free-flowing
bulk materials with account of the input particle concentration is described. Using this method makes it
possible to substantiate the choice of the optimal design of contact units in cascade pneumatic classifiers
for various technological conditions.

Of particular importance for ensuring efficient sep-
aration of free-flowing bulk materials in cascade
pneumatic classifiers is prognostication of the results
of the process. Solution of this problem reduces to
substantiation of the optimal separation boundary
ensuring the maximum yield of the target product
with account of the technological requirements to
quality. The previously developed mathematical mod-
els for prognostication of the optimal parameters of
the process in question have been constructed with-
out considering the input concentration of particles
in an apparatus, which governs its output capacity
[1, 2].

Let us consider a process of separation of a poly-
disperse mixture, which is aimed to obtain a coarse
fraction of a certain granulometric composition, the
product in the given case. Technological requirements,
as a rule, restrict the maximum content of contami-
nating fractions and the minimum content of the com-
mercial fraction; the output of the commercial product
must be the highest. Thus, the constraint on the con-
tent of contaminating fractions in the product can
be written as

� rki � k,cont
m

i = 1
� rki � k,cont
m

i = 1

where i and m are the initial and final numbers of
the contaminating fractions in the product; rki

cont, the
content of ith contaminating fraction in the product;
k, the maximum content of contaminating fractions in
the product.

The constraint on the content of valuable fractions
in the product is written in a similar way

� rki � L ,val
b

i = a
� rki � L ,val
b

i = a

where a and b are the initial and final numbers of
the valuable fractions in the product; rki

val, the content
of ith valuable fraction in the product; L, the min-
imum content of the valuable fraction in the product.

To these constraints should be added the condition
ensuring the maximum yield of the product, �k, which
has the form �k � max. Then, with account of
the relations

rki = �ki ri / �k, �k = � �ki ri,
n

i = 1
rki = �ki ri / �k, �k = � �ki ri,

n

i = 1

(where �ki is the degree of fractionation recovery of
ith fraction from the initial mixture into the product,
and ri is the content of ith fraction in the initial mix-
ture), the following system, which is a mathematical
model applicable to solution of the problem at hand,
can be written:

� rki =cont
m

i = 1
� �ki ri /
m

i = 1
� �ki ri � k,
n

i = 1

�
�

�
� /

/� rki =cont
m

i = 1
� �ki ri /
m

i = 1
� �ki ri � k,
n

i = 1

�
�

�
� /

/

(1)� �ki ri /
b

i = a
� �ki ri � L,
n

i = 1

�
�

�
� /

/� rki =val
b

i = a
� �ki ri /
b

i = a
� �ki ri � L,
n

i = 1

�
�

�
� /

/� rki =val
b

i = a

� �ki ri 	 max.
n

i = 1
�k = � �ki ri 	 max.

n

i = 1
�k =

The degree of fractionation recovery is sufficiently
well approximated with the Plitt function [3]
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�ki = 1 
 �������� ,
1 + (xi /xb)P

100
(2)

where xi is the average grain size of ith class, and P
is the efficiency factor characterizing the steepness of
the fractionation separation curve �k (x).

As optimization parameters in solving the given
problem serve the separation boundary xb and the
Eder�Mayer number � = x25 /x75, where x25 and
x75 are sizes, according to the separation curve, of
particles 25 and 75% recovered into the coarse prod-
uct. The Eder�Mayer number and the efficiency factor
are related by � = (1/9)1/P [4]. The parameters charac-
terizing the efficiency of the separation process de-
pend both on the design of contact units (CU) of cas-
cade pneumatic classifiers and on the input particle
concentration �.

Figure 1 shows experimental dependences P = f (�)
for pneumatic classifiers with CU of various designs
[5]. This dependence is approximated by an equation
of the following type

P = c1�
2 + c2� + c 3 . (3)

The values of the coefficients c1�c3 are listed in
the table for all the apparatus under study. Substitut-
ing the P = f (�) dependence in Eq. (2), we obtain
an expression for �k for each apparatus design in
relation to the input particle concentration �.

For example, for a pneumatic classifier with triple-
flow CU, the degree of fractionation recovery can be
calculated using the equation

�ki = 1 
 ��������������������� ,
1 + (xi /xb)�0.004�2 � 0.21� + 5.01

100

The problem in question is tackled with by deter-
mining the optimal separation boundary xb at which
the condition (1) is valid, by solving by computerized
marching method with preset step the system of in-
equalities (1) at different P in relation to the input
particle concentration �.

The given mathematical model was applied to
prognosticate the results obtained in separation of
filling materials (stock) of roasting furnaces1 in order
to make recommendations concerning the choice of
the optimal CU design. The CU were mounted in
����������
1 Vyazemskii zavod grafitovykh izdelii Open Joint-Stock Com-

pany (VZGI).

Fig. 1. Efficiency factor P of pneumatic classification
vs. particle concentration � in the apparatus. Apparatus:
(1) hollow; with contact units: (2) lamellar, (3) double-
flow, (4) steplike, and (5) triple-flow.

the separation chamber of pneumatic classifiers with
output capacity of 15 ton h�1. The technological con-
ditions required that a certain granulometric composi-
tion of the stock should be ensured, with the content
of particles less than 500 �m in size not exceeding 5%.
In this case, the content of valuable fractions must not
be less than 70%. The averaged granulometric com-
position of the stock is given below:

Sieve mesh, �m 1000 630 400
Partial residues 24.6 10.7 8.5

Sieve mesh, �m 315 200 160
Partial residues 6.6 11.2 9.4

Sieve mesh, �m 100 63 50 Tray
Partial residues 12.9 10.3 1.8 4.0

The mathematical model was used to compute pa-
rameter values in order to solve the problem men-
tioned above for the given composition of the filling
material. The separation efficiency was preset using
the Eder�Mayer number and the P factor (in Plitt’s
approximation) for particle concentration in the flow,
�, varying from 0.5 to 6.5 kg m�3 with a step of
0.5 kg m�3.

Coefficients in Eq. (3)
����������������������������������������

Apparatus � c1 � c2 � c3
����������������������������������������
Pneumatic classifier: � � �

hollow � 
0.33 � 2.33 � 
0.45
with lamellar CU � 
0.34 � 1.54 � 3.45
with double-flow CU � 0.04 � 
1.67 � 11.20
with steplike CU � 
0.40 � 1.74 � 7.74
with triple-flow CU � 
0.04 � 
0.21 � 5.01

����������������������������������������
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Fig. 2. Yield �k of coarse product and boundary particle
size xb vs. particle concentration in the apparatus. Apparatus
with (1) steplike and (2) double-flow CU.

Figure 2 shows the results of calculation as a de-
pendence of the yield of the finished product, �k, and
boundary particle size xb on the concentration � for
apparatus with steplike and double-flow CU. It can be
seen that the maximum yield for the given pneumatic
classifiers is 42%. Such a low yield of the stock of
required granulometric composition can be accounted
for by the fact that the content of valuable fractions in
the initial filling material is 43.8%, and that of con-
taminating fractions, 56.2%. In this case, the limiting
particle concentration � = 5 kg m�3, since, for a step-
like unit, an increase in particle concentration from
0.5 to 5 kg m�3 has virtually no effect on the value
of �k. The optimal parameters are, in this case, �k =
41.2% and xb = 450 �m (P = 6.8, � = 72.5%). Rais-
ing the concentration of the solid phase leads to a
decrease in the yield of the finished product, steep
rise in loss of valuable fractions, and increase in
the boundary size of particles. Use of double-flow CU
for solving the problem in question is inefficient since
the yield of the finished product decreases dramatical-
ly when � exceeds 3 kg m�3. The optimal parameters
for apparatus with double-flow CU are as follows: �k =
40.1% and xb = 410 �m (at P = 7.4 and � = 74.2%).

CONCLUSION

It is advisable to use, to separate filling materials
with boundary particle size of 500 �m, a pneumatic
classifier with steplike contact units, which ensures
somewhat higher yield of stock with required granul-
ometric composition and prescribed quality restric-
tions and has higher output capacity. The latter is
particularly important, since the yield of stock is rel-
atively low because of the increased content of con-
taminating fractions in the initial material.
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Abstract�Back-osmosis separation of aqueous solutions of morpholine and hydroquinone on an industrial
back-osmosis installation was studied in relation to the concentration and flow velocity of a solution in
the intermembrane channel. The behavior of the main kinetic characteristics of separation as influensed
by physical conditions of the separation process was analyzed and accounted for.

An important problem of industrial organic syn-
thesis is utilization of waste industrial solutions and
wastewater with low concentration of dissolved sub-
stances. The most promising methods for purification
and concentration of these aqueous solutions are mem-
brane separation techniques and, in particular, back
osmosis. In a number of reports [1�4], results ob-
tained in separation of aqueous solutions of low-mo-
lecular-weight organic substances by back osmosis
were presented. However, the experiments described
were carried out on laboratory installations, without
due account of the concentration polarization, which
strongly affects the separation process under industrial
conditions.

The present communication reports the results ob-
tained in studying separation of aqueous solutions of
morpholine and hydroquinone on an industrial back-
osmosis installation. These data are necessary both for
analyzing mass-transfer processes and constructing
mathematical models of the process and for develop-
ing engineering procedures for calculation of back-
osmosis installations.

The experiments were done on an MRR 5-21K-01
industrial back-osmosis installation equipped with
ERO-E-950/6.5 back-osmosis units of the roll type,
with an MGA-95K composite cellulose acetate mem-
brane.

The installation is shown schematically in Fig. 1.
The roll units were preliminarily washed to remove
glycerol impurities formed in storage and fabrication
and mounted in the back-osmosis apparatus (Fig. 2)
in the following sequence: the first ERO unit 7 was

fixed in the cover 1 with a seal 2. Then the cover
was mounted in the apparatus case 3, and the joint
was tightened with a seal 4 and fixed with a locking
ring 5. A second ERO unit was connected to the first
with adapter 6 and fixed in the apparatus case similar-
ly to the first one. Then the feed liquid tank E1
(Fig. 1) was filled with 200 l of water and the valve
Vr1 was opened. The pump P was switched on and
the pressure in the system was gradually raised to
4.0 � 0.5 MPa with a throttle valve Th. The mem-

Fig. 1. Schematic of industrial back-osmosis installation.
For explanation see text; the same for Fig. 2.
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Fig. 2. Back-osmosis apparatus.

branes in the roll units were pressurized for 4 h at
4.0 � 0.5 MPa in a flow-through mode to constant
throughput. Then water was discharged from vessel 3
and the installation. The feed liquid tank E1 was fil-
led with 200 l of an aqueous solution of a substance
under study. The necessary flow rate of the feed liquid
was set on the basis of readings of the rotameter R1.
On switching-on the pump P and raising the pres-
sure in the hydraulic system of the installation to
the working value with the throttle valve Th, a control
run was performed in the course of 4 h. The permeate
and retentate were discharged into the feed liquid ves-
sel E1. The pressure in the system was monitored
with pressure gage G and electromechanical pressure
gage EMG. Then the installation was switched off and
kept filled with the solution for a long time (10�12 h).

The technique described above was also used to
perform the working run with varied flow rate of
the feed liquid. The solute concentrations (concen-
trations of dissolved substances) were determined by

Table 1. Back-osmosis separation of aqueous solutions on
an industrial back-osmosis installation at varied solution
flow velocity (feed solution concentration 1.0 kg m�3)
����������������������������������������

Solu-
�Solution flow�Concentration� �
� velocity, � in permeate, �

J � 106,
� k, %

tion
� m s�1 � kg m�3 �

m3 m�2 s�1
�

����������������������������������������
Mor- � 0.036 � 0.53 � 4.05 � 47.52
phol- � 0.06 � 0.4 � 4.54 � 60.39
ine � 0.077 � 0.3434 � 4.93 � 66.00

� 0.135 � 0.28 � 5.82 � 72.27
� 0.18 � 0.24 � 5.92 � 76.23

Hy- � 0.036 � 0.87 � 3.4 � 13.0
dro- � 0.06 � 0.86 � 4.0 � 14.0
qui- � 0.077 � 0.85 � 4.3 � 15
none � 0.108 � 0.83 � 4.7 � 17

� 0.135 � 0.81 � 4.7 � 19
� 0.18 � 0.8 � 4.9 � 20

����������������������������������������

photometry [5]. The readings of the rotameters R1 and
R2 were used to calculate the volumetric flow rates
of the retentate and permeate.

On the basis of the experimental results, the reten-
tion factor k (%) and specific flow rate J (m3 m�2 s�1)
of the solvent were calculated for the membranes

k = (1 � cper /cf), (1)

j = V/(F�), (2)

where cper and cf are the solute concentrations in
the permeate and feed solution (kg m�3); V, the volume
of permeate obtained during a run (m3); F, the working
surface area of the membranes (m2); �, the run dura-
tion (s).

The influence exerted by the solute concentration
on the separation process was studied. To analyze
the effect of mode parameters on the separation pro-
cess, additional experiments were carried out at solu-
tion flow velocity in the intermembrane channel var-
ied from 0.036 to 0.18 m s�1. The results obtained
(Tables 1 and 2) give insight into the relationship be-
tween the solubility of substances and the sorption
capacity of a membrane.

Let us consider the effect of the solution flow ve-
locity in the intermembrane channel on the specific
flow rate of the solvent across the membrane. It can
be seen from Table 1 that the solution flow velocity
strongly affects the specific flow rate of the solvent.
The increase in the specific flow rate of the solvent is
due to a weaker influence of the concentration polar-

Table 2. Back-osmosis separation of aqueous solutions on
an industrial back-osmosis installation at varied solution
concentration
����������������������������������������

Solu-
� Concentration, kg m�3 �

J � 106,
�

���������������������� �
tion � in feed �in reten-� in per- �m3 m�2 s�1�

k, %

�solution � tate � meate � �
����������������������������������������
Mor- � 0.86 � 1.01 � 0.2 � 5.92 �80.00
phol- � 1.06 � 1.26 � 0.22 � 5.87 �82.29
ine � 1.24 � 1.46 � 0.26 � 5.83 �82.38

� 1.52 � 1.79 � 0.31 � 5.74 �82.40
� 1.84 � 2.13 � 0.44 � 5.49 �79.51

Hydro-� 1.045 � 1.1 � 0.909 � 4.3 �13
qui- � 1.064 � 1.12 � 0.924 � 4.25 �13.1
none � 1.425 � 1.5 � 1.232 � 4.1 �13.5

� 2.185 � 2.3 � 1.879 � 4 �14
� 2.28 � 2.4 � 1.915 � 3.98 �16

����������������������������������������
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ization [6]. It should also be noted that, in the case of
morpholine, the osmotic flow of the solvent across
the membrane is an important factor. When the solu-
tion flow velocity in the intermembrane channel is
raised, the agitation in the near-membrane layers is
improved, with the result that the osmotic flow rate
decreases and, consequently, the specific flow rate
of the solvent increases.

Raising the solution concentration leads to a de-
crease in the specific flow rate of the solvent. This is
a consequence of two effects: the increase in the solu-
tion concentration in the near-membrane region leads,
on the one hand, to clogging of pores in the mem-
brane as a result of interaction of the solute with the
material of the active layer of the membrane [7, 8],
and, on the other, to an increase in the osmotic pres-
sure of the solvent at the membrane surface [9] and,
as a consequence, to a decrease in the specific flow
rate of the solvent.

Let us consider the effect of concentration and flow
velocity of the solution on the retention factor of the
membrane for dissolved substances. Morpholine and
hydroquinone are polar substances and can form hy-
drogen bonds with the membrane material [10]. In this
case, three-dimensional polymolecular structures com-
posed of solute and solvent molecules can be formed
both in the near-membrane region and in the solution
bulk. Also, sorption of solutes by the active layer of
the membrane causes partial clogging of pores, with
the result that the membrane permeability to the solute
decreases. It is these effects that lead, combined, to
a rise in the retention factor of the membrane with
increasing concentration of dissolved substances.

The fact that the membrane has different retention
factors for the solutes can be explained as follows.
The solute is transferred across the membrane by two
flows: convective (with the solvent) and diffusion
[11]. The amount of substance transported by any of
these flows depends on the sorption capacity of the
membrane [7, 8]. The membrane has different sorp-
tion capacities for morpholine and hydroquinone.
The latter is strongly sorbed by the membrane, and
the former, in smaller amounts. The following pat-
tern is observed in adsorption from solutions: a sub-
stance is sorbed from solution the better, the lower its
solubility in the solvent (water) [12]. Hydroquinone,
being a weak acid, shows limited solubility in water
[10] (Pmax = 67 kg m�3 at 20�C) and, therefore, is
well sorbed by the membrane surface. As a result,
the retention factor for morpholine exceeds that for
hydroquinone.

Raising the solution flow velocity over the mem-
brane leads to better agitation of near-membrane
layers, with the result that the solute concentrations
in the flow core and in the near-membrane region
become equal and, as a consequence, the amount of
substance transferred by the convective flow decreases.
The decrease in the solute concentration in the near-
membrane region also leads to a fall in the concentra-
tion gradient on both sides of the membrane, with
the transmembrane diffusion flow decreasing. Acting
together, these effects result in that the retention factor
of the membrane grows with increasing velocity of
solution flow over the membrane.

CONCLUSIONS

(1) The retention factor of the membrane and the
specific flow rate of the solvent across it are higher
for well-water-soluble morpholine, compared with
the poorly soluble hydroquinone. At morpholine con-
centrations of 0.86�1.84 kg m�3, the specific flow rate
of the solvent is (5.92�5.49) � 10�6 m3 m�2 s�1, and
the retention factor, 80�79%. At hydroquinone con-
centrations of 1.045�2.28 kg m�3, the specific flow
rate of the solvent is (4.25�3.98) � 10�6 m3 m�2 s�1,
and the retention factor, 13�16%.

(2) With the solution flow velocity in the inter-
membrane channel increasing within the range 0.036�
0.18 m s�1, both the retention factor and the specific
flow rate of the solvent grow [k = 47.52�76.23% and
J = (4.05�5.92) � 10�6 m3 m�2 s�1, for an aqueous
solution of morpholine and k = 13�20% and J = (3.4�
4.9) � 10�6 m3 m�2 s�1 for an aqueous solution of
hydroquinone].
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Abstract�The possibility of preparing 4-amino-4�-nitrodiphenyl sulfide by reaction of chlorobenzene with
sodium sulfide in a two-phase system composed of water and organic solvent in the presence of a phase-trans-
fer catalyst under continuous hydroacoustic treatment was examined.

4-Amino-4�-nitrodiphenyl sulfide I is an intermedi-
ate in production of 3,4,4�-triaminodiphenyl sulfide,
the synthetic precursor of antihelminth agents of the
5(6)-(4�-aminophenylthio)-2-aminobenzimidazole seri-
es [1].

Thioethers (sulfides) are prepared by condensation
of alkyl halides or nitro-substituted aryl halides with
sodium sulfide [2�4].

Synthesis of thioethers by reaction of thiocyanates
with alcohols under heating in the presence of stoi-
chiometric amounts of alkali or alkaline-earth metal
hydroxides or alcoholates or those of tertiary amines
is described in a patent [5].

Dialkyl sulfides can also be prepared by reaction of
alkyl chlorides with an aqueous or aqueous-alcoholic
solution of alkali metal sulfide in an autoclave at high
pressure [6]; diaryl sulfides are synthesized by reac-
tion of appropriate nitrochlorobenzenes in dimethyl-
formamide (DMF) with an aqueous solution of sodi-
um sulfide in the presence of finely divided sulfur [7]
or in refluxing alcohol with fine powder of a prelim-
inarily fused mixture of sodium sulfide and sulfur [8].

There are numerous procedures for reducing nitro
compounds to the corresponding amines [9]; in some
cases, it is possible to selectively reduce one of the
nitro groups of polynitro compounds with a calculated
amount of sodium (or ammnonium) sulfide (or hydro-
sulfide) [9].

A procedure has been developed for preparing 4,4�-
diaminodiphenyl sulfide I by reaction of 4-nitrochloro-
benzene II with sodium sulfide in DMF, followed by
reduction of the resulting 4,4�-dinitrodiphenyl sulfide
with iron powder in aqueous alcohol in the presence
of ammonium chloride under heating [10].

Hodson and Wilson [11] prepared diphenyl sulfide
I as follows. A solution of II in absolute ethanol is
heated almost to reflux, and an aqueous solution of
sodium sulfide is added in small portions. The re-
sulting mixture is refluxed with stirring for 10 h.
Yield of I is about 20% (mp 138�142�C).

According to Radulova and Tapalova’s procedure
[12], a mixture of II with water and sodium sulfide is
heated, an additional portion of II is added, and, after
prolonged heating, toluene is added; the yield of I is
about 68% (mp 143�144�C).

Zasosov and Gal’chenko prepared sulfide I by
adding a portion of II to a boiling aqueous solution of
sodium sulfide. After stirring for a certain time, the
next portion of II is added, and the mixture is re-
fluxed with stirring. Then an additional small amount
of aqueous sodium sulfide solution is introduced,
and the mixture is refluxed with stirring. The re-
sulting mixture is steam-distilled to remove un-
changed II; yield of I 77�80% (mp 145�147�C, from
toluene).

Raiziss et al. [14] refluxed a mixture of Na2S,
water, and a part of the required amount of II, after
which they added the remaining part of II, with the
refluxing continued. The resulting mixture was steam-
distilled; yield of I 80% (mp 141�413�C, from eth-
anol).

Aminonitrodiphenyl sulfides can also be prepared
by reaction of alkaline solutions of substituted amino-
thiophenols with alcoholic solutions of halonitroben-
senes [15�20].

All the above procedures for preparing sulfides I
are time- and labor-consuming; the yield and quality
of the target product are poor. The procedures involve
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Table 1. Variation with time of the concentrations of
p-nitrochlorobenzene II, cII , and p-chloroaniline V, cV,
in the organic phase in the course of synthesis of I
����������������������������������������

Sampling time � cII � cV
�����������������������(from the reaction start) �

�, h � M
����������������������������������������

0 � 3.16 � �

0.5* � 2.10 � 0.10
1.0 � 1.66 � 0.12
1.5** � 1.56 � 0.11
2.0 � 1.50 � 0.12
2.5 � 1.50 � 0.11
3.0 � 1.46 � 0.12
3.5 � 1.06 � 0.12
4.0 � 0.67 � 0.12
5.0 � 0.42 � 0.12
6.0 � 0.23 � 0.12
7.0 � 0.08 � 0.12
8.0 � 0.01 � 0.12

����������������������������������������
* Completion of loading Na2S.

** Addition of PEG-400.

numerous auxiliary operations or require difficultly
available chemicals. Therefore, none of these proce-
dures has been introduced on the commercial or semi-
commercial scale.

In this study, we developed an improved procedure
for preparing sulfide I, based on the reaction of ni-
trochlorobenzene II with sodium sulfide in a two-
phase system constituted by water and organic solvent
(chlorobenzene, toluene, chloroform, etc.) under heat-
ing in the presence of a phase-transfer catalyst (PTC:
quaternary alkylammonium salts, polyethylene glycol
PEG-400, etc.), with simultaneous hydroacoustic treat-
ment of the reaction mixture.

Reaction of II with sodium sulfide involves a num-
ber of steps: formation of sodium 4-nitrothiophenolate
III and its successive reduction with sodium sulfide to
the nitroso, hydroxylamino, and finally, amino deriv-
atives. Sodium 4-aminothiophenolate IV mainly ac-
cumulates in the aqueous phase.

�O2N� �Cl + Na2S ���
�NaCl

II
�O2N� �SNa

III

ON���
Na2S

��SNa HONH���
Na2S

��SNa

H2N���
Na2S

��SNa

IV

�O2N� �Cl + Na2S ���
�NaCl

II
�O2N� �SNa

III

ON���
Na2S

��SNa HONH���
Na2S

��SNa

H2N���
Na2S

��SNa

IV

(1)

Sulfide I is formed by the reaction of IV with
the remaining part of II:

II + IV ���
�NaCl �O2N� �S�

I
��NH2II + IV ���

�NaCl �O2N� �S�

I
��NH2 (2)

An impurity of p-chloroaniline V is formed by re-
duction of the nitro group via a series of intermedi-
ates:

Cl���
Na2S

��NHOH Cl���
Na2S

��NH2

V

II �� Cl���N�O
Na2S

Cl���
Na2S

��NHOH Cl���
Na2S

��NH2

V

II �� Cl���N�O
Na2S

(3)

An impurity of 4,4�-dinitrodiphenyl sulfide VI is
formed by the reaction of III with II:

(4)II + III ���
�NaCl �O2N� �S�

VI
��NO2II + III ���

�NaCl �O2N� �S�

VI
��NO2

Thiophenolate III and products of its sequential
reduction to IV are water-soluble and, when formed,
pass to the aqueous phase. The compounds mainly
occurring in the organic phase are sulfide I, chloro-
nitrobenzene II, chloroaniline V, and also dinitrodi-
phenyl sulfide VI formed in small amounts.

The optimal parameters of sulfide I preparation
(temperature, reaction time before adding phase-trans-
fer catalyst, water : organic solvent and II : Na2S ra-
tios) are those at which, before adding the phase-trans-
fer catalyst, the amount of V is the smallest, com-
pound VI is virtually absent, approximately half of
II is converted to salt IV and passes to the aqueous
phase, and the other half remains in the organic phase
(Table 1).

When a phase-transfer catalyst (PEG-400 etc.) is
added at this instant of time to the reaction mixture
and the mixture is subjected to intense hydroacoustic
treat ment, the transfer of salt IV from the aqueous to
organic phase and its reaction with chloronitrobenzene
II in the organic phase to form sulfide I, also dissolv-
ing in the organic phase, are sharply accelerated. In
most cases, in synthesis of I, chlorobenzene (Table 2)
or toluene (Table 3) is used as organic solvent.

The advantage of chlorobenzene is that, in contrast
to toluene, this solvent (and solution of I in it) can
be subsequently used for preparing 4-amino-3,4�-di-
nitrodiphenyl sulfide. Furthermore, as follows from
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Table 2. Synthesis of sulfide I in chlorobenzene under various conditions and at various reactant ratios (phase-transfer
catalyst PEG-400,* reaction time before adding PEG-400 1 h** )
������������������������������������������������������������������������������������

II : Na2S � Water�chlo- � II : chloro- � Amount of � � � (h) after � Yield � Content
molar � robenzene � benzene � PEG-400 rela- � T, �C � adding � of crude � of I in crude
ratio � volume ratio � weight ratio � tive to II, % � � PEG-400 � product, % � product, wt %

������������������������������������������������������������������������������������
1.00 : 1.74 � 2.50 : 1.00 � 1.00 : 0.56 � 3.125 � 98 � 6 � 93 � 91
1.00 : 1.74 � 2.50 : 1.00 � 1.00 : 0.56 � 3.125 � 95 � 7 � 93 � 90
1.00 : 1.74 � 2.50 : 1.00 � 1.00 : 0.56 � 3.125 � 104 � 6 � 93 � 94
1.00 : 1.74 � 2.50 : 1.00 � 1.00 : 0.56 � 3.125 � 90 � 7 � 70 � 72
1.00 : 1.74 � Water � 1.00 : 0.00 � 3.125 � 100 � 7 � 76 � 85
1.00 : 1.74 � 2.50 : 1.00 � 1.00 : 0.56 � No � 102 � 8 � 52 � 74
1.00 : 1.74a � 2.50 : 1.00 � 1.00 : 0.56 � 3.125 � 98 � 6 � 75 � 86
1.00 : 1.74b � 2.50 : 1.00 � 1.00 : 0.56 � 3.125 � 98 � 6 � 90 � 91
1.00 : 1.74c � 2.50 : 1.00 � 1.00 : 0.56 � 2.50 � 102 � 6 � 92 � 93
1.00 : 1.74d � 2.50 : 1.00 � 1.00 : 0.56 � 3.125 � 100 � 6 � 90 � 91
1.00 : 1.74 � 2.00 : 1.00 � 1.00 : 0.69 � 3.125 � 98 � 6 � 91 � 95
1.00 : 1.74 � 3.00 : 1.00 � 1.00 : 0.46 � 3.125 � 100 � 6 � 93 � 93
1.00 : 1.74 � 6.00 : 1.00 � 1.00 : 0.23 � 3.125 � 100 � 6 � 79 � 94
1.00 : 1.74 � 1.50 : 1.00 � 1.00 : 0.93 � 3.125 � 100 � 6 � 92 � 93
1.00 : 1.74 � 1.00 : 1.00 � 1.00 : 1.38 � 3.125 � 100 � 6 � 81 � 93
1.00 : 1.74 � 2.50 : 1.00 � 1.00 : 0.48 � 3.125 � 102 � 6 � 93 � 93
1.00 : 1.74 � 2.50 : 1.00 � 1.00 : 0.69 � 3.125 � 100 � 6 � 92 � 93
1.00 : 1.74 � 2.50 : 1.00 � 1.00 : 1.01 � 3.125 � 102 � 6 � 91 � 93
1.00 : 1.74 � 2.50 : 1.00 � 1.00 : 1.37 � 3.125 � 102 � 6 � 77 � 91
1.00 : 1.74 � 2.50 : 1.00 � 1.00 : 0.29 � 3.125 � 100 � 6 � 71 � 94
1.00 : 1.74 � 2.50 : 1.00 � 1.00 : 0.56 � 2.500 � 102 � 6 � 92 � 93
1.00 : 1.74 � 2.50 : 1.00 � 1.00 : 0.56 � 2.000 � 100 � 6 � 92 � 93
1.00 : 1.74 � 2.50 : 1.00 � 1.00 : 0.56 � 1.000 � 100 � 7 � 92 � 92
1.00 : 1.74 � 2.50 : 1.00 � 1.00 : 0.56 � 0.520 � 100 � 6 � 78 � 88
1.00 : 1.74 � 2.50 : 1.00 � 1.00 : 0.56 � 4.000 � 100 � 6 � 93 � 92
1.00 : 1.74 � 2.50 : 1.00 � 1.00 : 0.56 � 5.200 � 100 � 6 � 95 � 68
1.00 : 1.74 � 2.79 : 1.00 � 1.00 : 0.50 � 2.600 � 102 � 6 � 93 � 93
1.00 : 1.74e � 2.79 : 1.00 � 1.00 : 0.50 � 2.600 � 102 � 6 � 82 � 85
1.00 : 1.74f � 2.79 : 1.00 � 1.00 : 0.50 � 2.600 � 102 � 7 � 94 � 71
1.00 : 1.74 � 2.79 : 1.00 � 1.00 : 0.50 � 2.600 � 102 � 5 � 87 � 78
1.00 : 1.40 � 2.79 : 1.00 � 1.00 : 0.50 � 2.600 � 102 � 6 � 92 � 93
1.00 : 1.03 � 2.79 : 1.00 � 1.00 : 0.50 � 2.600 � 102 � 6 � 81 � 78
1.00 : 2.00 � 2.79 : 1.00 � 1.00 : 0.50 � 2.600 � 102 � 6 � 92 � 93
1.00 : 2.50 � 2.79 : 1.00 � 1.00 : 0.50 � 2.600 � 102 � 6 � 84 � 85
1.00 : 1.74 � 2.79 : 1.00 � 1.00 : 0.50 � 2.600 � 102 � 8 � 93 � 93
1.00 : 1.74 � 2.79 : 1.00 � 1.00 : 0.50 � 2.600 � 102 � 9 � 92 � 93
������������������������������������������������������������������������������������

* Specific features of particular experiments: a a mixture of water, chlorobenzene, and sodium sulfide was charged, after which
compound II was added; b Katamin AB used instead of PEG-400; c Tetraethylammonium iodide used instead of PEG-400; d tol-
uene used instead of chlorobenzene.

** Unless otherwise indicated ( e, 2 h; f, 0.67 h).

Table 3. Synthesis of sulfide I in toluene (molar ratio II : Na2S = 1.0 : 1.7, volume ratio water : toluene = 2.5 : 1.0,
weight ratio II : toluene = 1.17 : 1.00, phase-transfer catalyst PEG-400)
������������������������������������������������������������������������������������

Amount of PEG-400 � Reaction time after completion of adding Na2S, h � Yield of crude � Content of I in
���������������������������������������� �relative to II, � � product, � crude product,

% � before adding PEG-400 � after adding PEG-400 � % � wt %
������������������������������������������������������������������������������������

3.00 � 1.00 � 6 � 91 � 90
3.12 � 1.00 � 6 � 90 � 91
2.15 � 1.00 � 7 � 89 � 90
1.50 � 1.50 � 7 � 90 � 90
4.00 � 1.50 � 6 � 89 � 90
3.12 � 1.5 � 6 � 89 � 90
3.12 � 1.0 � 7 � 90 � 90

������������������������������������������������������������������������������������
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Tables 2 and 3, chlorobenzene, compared to toluene,
ensures higher yield and quality of I.

Laboratory experiments on development of a pro-
cedure for preparing I (Table 2) show that the best
synthesis conditions are as follows. Temperature
schedule: 80�85�C in the stage of adding Na2S, keep-
ing for 0.5 h at 80�85�C after adding the whole
amount of Na2S; heating to 96�102�C for 0.5�1.0 h
before adding phase-transfer catalyst (PEG-400); addi-
tion of PEG-400 and subsequent reaction at 96�
102�C. Ratios: water : chlorobenzene (by volume)
2.5 : 1.0, chlorobenzene : II (by weight) 1.00 : 1.17,
II : Na2S (molar) 1.0 : 1.7, and II : PEG-400 (by
weight) 1.000 : (0.014�0.017). Under these optimal
conditions, sulfide I is prepared relatively simply in
a yield of no less than 92%, with the main substance
content of no less than 93 wt %. The process was de-
veloped on a semicommercial scale (160-l reactor with
immersed device for hydroacoustic treatment [21]).

EXPERIMENTAL

The reaction mixtures and crude products in the
stage of preparation of I were analyzed qualitatively
by TLC and quantitatively by HPLC, and identified
by IR and 13C NMR spectroscopy.

The IR spectra were recorded with a Jasco 810-IR
spectrometer in the 4000�400 cm�1 range using CCl4
solutions or mulls in mineral oil. The 13C NMR spec-
tra were measured on a Bruker CXP-100 spectrometer
at a working frequency of 22.63 MHz under condi-
tions of total proton decoupling or without it; solvent
DMSO, internal reference HMDS. The signal assign-
ment was based on the chemical shifts, coupling con-
stants, multiplicities, and relative intensities; data for
related model compounds and results of calculation
of magnetic shielding in an aromatic ring were also
taken into account.

The TLC analysis was performed on Silufol plates;
the development involved reduction with an SnCl2
solution, diazotization of the resulting anilines, and
azo coupling with 1-naphthol; eluent C6H6 : C2H5OH,
10 : 1 by volume.

Quantitative HPLC analysis was performed with
an Altex model 330 liquid isocratic chromatograph
equipped with a model 110 pump, a model 153 detec-
tor, model 210 20-�l loop dosing units, and 30-, 50-,
and 100-�l SNR Hamilton microsyringes. Separation
and analysis of a mixture of nitrobenzene II, sulfide I,
dinitro sulfide VI, and chloroaniline V were per-
formed on a stainless steel column (25 cm � 4.6 mm
i.d.) packed with Ultraspher ODS phase (grain size

5 �m). The products were analyzed and identified
using water�acetonitrile (20 : 80 to 30 : 70 by vol-
ume) eluent and diphenyl as internal reference.

A glass reactor equipped with a reflux condenser
was charged with the required amounts of water and
organic solvent (chlorobenzene, toluene, chloroform,
etc.), after which crystalline chloronitrobenzene II
was added. The mixture was vigorously stirred with
a hydroacoustic device mounted on the reactor lid and
heated to 65�70�C; in so doing, chloronitrobenzene II
gradually dissolved in the organic phase. Then crys-
talline Na2S �9H2O (or its aqueous solution prepared
in advance) was added in small portions so as to keep
the reaction temperature within 80�85�C. When solid
sodium sulfide was added, the temperature first no-
ticeably decreased owing to endothermic dissolution
of Na2S and then sharply increased owing to fast exo-
thermic reaction (with the Na2S solution prepared in
advance, the temperature variations are weaker).
Therefore, Na2S should be added carefully, since
overheating of the reaction mixture (above 80�85�C)
causes side reactions.

After adding the whole amount of Na2S, the mix-
ture was vigorously stirred at 80�85�C with a built-in
device for hydroacoustic treatment for an additional
30 min, after which it was heated to 96�102�C and
stirred at this temperature for 0.5�1 h. Then, a phase-
transfer catalyst (PEG-400 or quaternary alkylammo-
nium salt) was added in the amount of 1�4% relative
to the charged chloronitrobenzene II, and the mixture
was vigorously stirred at 96�102�C with the hydro-
acoustic treatment for 6�7 h.

After reaction completion and phase separation, the
lower aqueous salt solution was separated and dis-
carded, and the organic layer was washed with hot
water with vigorous stirring to remove the inorganic
salts and organic intermediates more completely.
After phase separation, the lower organic layer (a so-
lution of crude sulfide in chlorobenzene, toluene, or
chloroform) was poured into a crystallizer and cooled
to 0�C. The precipitated crystals of I were filtered off,
washed with water, and dried at 60�70�C.

CONCLUSION

The reaction of 4-nitrochlorobenzene with sodium
sulfide in a two-phase system constituted by water
and organic solvent (chlorobenzene, toluene, chloro-
form, etc.) in the presence of a phase-transfer catalyst
(PEG-400, quaternary alkylammonium salts, etc.) ad-
ded after a definite period of time, under vigorous
hydroacoustic treatment and at temperature maintained
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in the ranges 80�85 (addition of Na2S, before adding
phase-transfer catalyst) and 96�102�C (phase-trans-
fer step), gives 4-amino-4�-dinitrodiphenyl sulfide in
a yield of no less than 92%, with the main substance
content of no less than 93%.
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Abstract�The distribution of functional groups in the monomeric unit of carboxymethyl rhodexman was
studied by periodate oxidation and 13C NMR.

Rhodexman, linear �-1,3-�-1,4-D-mannan pro-
duced by Rhodotorula rubra yeast culture, occupies a
particular place among polysaccharides. It is virtually
nontoxic; it normalizes the blood coagulation system,
exhibits pronounced antilipidemic and radiation-
protective activity, and enhances the nonspecific
resistance of a living body [1]. A semisynthetic phar-
maceutical Rhonasan exhibiting antisclerotic effect
and hypoglycemic activity was developed on the basis
of sulfated rhodexman. Its surpasses the analogs pro-
duced beyond Russia in safety (low toxicity) and
other properties [2]. It seems also promising to devel-
op physiologically active polymers based on carboxy-
methyl rhodexman (CMR). In this study we analyzed
the distribution of carboxymethyl groups in CMR

with the aim to find conditions for preparing the
standardized product and elucidate factors affecting
its reactivity. Rhodexman was alkylated with mono-
chloroacetic acid in isopropyl alcohol in the presence
of an alkali [3]. CMR samples were isolated and puri-
fied as described in [4] and were characterized by the
degree of carboxymethylation Ccm (number of car-
boxymethyl groups per monomeric unit of the poly-
saccharide), which was calculated from the results
of conductometric and volumetric titration [4]. The
CMR samples used in this study had Ccm = 0.18�1.07.

To determine the predominant alkylation direction
in CMR samples with various degrees of substitution,
the number of �-glycol groups was determined by
periodate oxidation:
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We took into account that the number of �-glycol
groups in the CMR sample decreases by 1 mol only
when the alkylation occurs in the 1,4-linked monosac-
charide fragment at the C2�O and/or C3�O positions.

Carboxymethylation at the other positions of the
rhodexman polymeric chain does not affect the results
of periodate oxidation. Examination of the correlation
between the number of �-glycol groups and Ccm,
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Fig. 1. Consumption of periodate �IO4
� vs. reaction time �

in oxidation of CMR. Ccm: (1) 0, (2) 0.18, (3) 0.7, and
(4) 1.07.

Fig. 2. Content of �-glycol groups n in rhodexman vs.
the degree of its carboxymethylation, Ccm. Correlation
equation: y = �0.4192x + 0.6566; R2 = 0.992.

provided that the substituents are distributed over the
polysaccharide chain uniformly, allows evaluation of
the relative reactivities of various monosaccharide
fragments of rhodexman.

Oxidation of polysaccharide samples was per-
formed with sodium metaperiodate in acetate buffer
solution (pH 4.1) [5]. The oxidant consumption was
monitored spectrophotometrically (� 222.5 nm) [3].

We found that, in CMR samples with Ccm = 0.2�
1.0, as compared to the initial rhodexman, the content
of �-glycol groups decreases by 0.42 mol per mole of
introduced carboxy groups (Figs. 1, 2).

Since only 66% of rhodexman units linked by the
�-1,4-glycoside bond are oxidized with periodate, it
seems that the polysaccharide is alkylated randomly.
At Ccm = 1.0, there is 0.66 mol of the substituent per
0.66 mol of 1,4-linked monosaccharide fragments,
including 0.42 mol of carboxymethyl groups at the
C2�O and/or C3�O positions (in the case of purely
random distribution, the content of such groups would
be 0.44 mol). However, there are indications in the
literature that, among two vicinal secondary hydroxy
groups of cellulose, only one is substituted by the
carboxymethyl group, and the probability of substitu-
tion at C2�O is two times higher than at C3�O [6].
This fact is due to repulsion between the negatively

Fig. 3. 13C NMR spectra of (a) rhodexman and (b) CMR
(Ccm = 0.25). (�) Chemical shift. The signals belonging
to residual ethanol used for precipitation of rhodexman
or CMR are marked with an asterisk.

charged chloroacetate ions and carboxymethyl groups
at position 2 or 3 [7]. Experiments on dextran car-
boxymethylation also showed that monosubstitution
decreases the reactivity of the remaining OH groups:
by approximately 50% at the �-position and 30% at
the �-position [8]. It is also known that, in 1,4-glu-
cans, the primary hydroxy groups are alkylated almost
as readily as the groups at the C2 position. Published
data on the direction of carboxymethylation of cellu-
lose, dextran, and other polysaccharides [9�11] sug-
gests that carboxymethyl groups in CMR are located
at the C2�O position in 1,4-linked monosaccharide
units of rhodexman and at the C6�O position in 1,3-
and 1,4-linked units.

To determine the direction of rhodexman carboxy-
methylation, we measured the 13C NMR spectra of
samples of the initial polysaccharide and carboxy-
methylrhodexman with Ccm = 0.25 and 0.7 (Figs. 3a,
3b). The assignments are given in the table.

As shown in [12, 13], alkylation of the OH groups
of the pyranose ring shifts the signals of the carbon
atoms linked to these groups downfield by 6�12 ppm,
which is due to conformational changes in the carbo-
hydrate chain and mannose units. In our case, the sig-
nals of the C6 and C6� atoms linked to OH groups
decrease in intensity, and new, less strong signals
appear at 71.0 and 73.1 ppm, assignable to the C6 and
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Signal assignment for carbon atoms of mannopyranose units of rhodexman and carboxymethyl rhodexman samples
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Carbon � �C (ppm) at indicated Ccm � Carbon � �C (ppm) at indicated Ccm
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atom � 0 � 0.25 � 0.7 � atom � 0 � 0.25 � 0.7
�����������������������������������������	������������������������������������������

1 � 96.7 � 98.3 � 98.0 � 4 � 65.0 � 66.7 � 66.4
1� � 100.3 � 101.7 � 101.4 � 4� � 77.2 � 78.4 � 78.1
2 � 66.9 � 69.0 � 68.7 � 5 � 76.9 � 77.7 � 77.5
2� � 70.0 � 73.1 (76.5)* � 71.9 (75.2) � 5� � 75.5 � 76.5 � 76.3
3 � 79.5 � 80.6 � 80.4 � 6 � 61.1 � 62.6 (73.1) � 61.7 (72.4)
3� � 71.8 � 73.8 � 72.9 � 6� � 60.6 � 61.07 (71.0) � 61.3 (71.2)

��������
����������
����������
��������������������
����������
����������
����������
* The signals of carbon atoms at which the O atoms underwent carboxymethylation are given in parentheses.

C6� atoms linked to the carboxymethylated O atoms.
Thus, the C6 and C6� signals are shifted by 9�10 ppm.
Also, the signal of the C2� atom linked to the OH
group decreases in intensity, and new signals appear
at 75.2�76.5 ppm, assignable to the C2� atom linked to
the carboxymethylated O atom; the C2� signal is thus
shifted by 3�4 ppm (see table).

The small shift of the signals of the carbon atoms
bearing nonalkylated OH groups, relative to the spec-
trum of the initial rhodexman, is due the fact that,
when recording the CMR spectrum, the chemical shift
scale was not corrected by the DMSO signal. Compar-
ison of the spectra of the initial and modified rhodex-
man reveals new signals in the carboxymethylated
sample at 176�179 ppm, assignable to the carboxyl
carbon atom. This signal is split, suggesting two
different positions of the carboxy groups. From the
intensity ratio of these signals, it is possible to esti-
mate the ratio of carboxymethyl groups in positions
6, 6 �, and 2�.

Thus, in alkylation of rhodexman, about 60�70%
of carboxymethyl groups appear at the C6�O posi-
tion of both monosaccharide units, and 30�40%,
at the C2�O position of the �-1,4-linked units,
which is consistent with the results of periodate ox-
idation. Carboxymethylation does not occur at the
C3�O and C4�O positions, and at the C2�O atom
of the �-1,3-linked unit the alkylation probability
is low.

CONCLUSION

The 13C NMR spectra and results of periodate oxi-
dation show that, in alkylation of rhodexman with
monochloroacetic acid in isopropyl alcohol in the
presence of 30% NaOH, about 60�70% of carboxy-
methyl groups appear at the C6�O position in both
kinds of monosaccharide units, and 30�40%, at the
C2�O position of the �-1,4-linked units.
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Abstract�The kinetic features and composition of products of 1-methylcyclohexanol ozonolysis were studied.

In low-temperature selective ozonolysis of methyl-
cyclohexane involving cleavage of the C�H bond,
1-methylcyclohexanol (MCHl) is formed by recombi-
nation of R� and �OH radicals after primary initiation,
radical-chain transformations of 1-methylcyclohexyl
hydroperoxide, and attack of RO� radicals at the start-
ing substrate [1].

In the developed process, the forming MCHl is
consumed, and the selectivity with respect to MCHl
decreases. In this study, we analyzed the features of
MCHl transformation in ozonolysis. The substrate
was oxidized and the products analyzed by the pro-
cedures described in [2].

Fig. 1. Kinetic curves of accumulation of (a, d) acids
RCOOH, (b, e) esters RCOOR�, and (c, f ) peroxides
ROOH in ozonolysis of MCHl. (�) Time. (a�c) [O3] =
4 vol %; T, �C: (1) 40, (2) 60, (3) 70, (4) 100, and (5) 115.
(d�f ) T = 100�C; [O3], vol %: (1) 1, (2) 2, (3) 3,
and (4) 4.

An examination of the kinetic features (Fig. 1) and
composition of products of MCHl ozonolysis (40�
115�C, [O3] = 1�4 vol %) [2�8] showed that oxida-
tion of this alcohol yields hydrogen peroxide, MCHl
�-hydroperoxide, mono- and dicarboxylic acids, �-
ketoenanthic acid (Table 1), and esters. The ratio of
monocarboxylic and steam-undistillable acids is with-
in 0.25�0.30, being virtually independent of temper-
ature, ozone content in the oxidizing gas, and reaction
time.

The selectivity of MCHl ozonolysis with respect to
acids (Fig. 2) grows with increasing conversion and
temperature.

Fig. 2. Yields � of acids RCOOH and esters RCOOR� vs. MCHl
conversion at (1�10) various temperatures and (11�14) var-
ious ozone concentrations. (� ci ) Total content of MCHl
conversion products. (1�10) [O3] = 4 vol %; (11�14) T =
100�C. T, �C: (1, 6) 40, (2, 7) 60, (3, 8) 70, (4, 9) 100,
and (5, 10) 115. [O3], vol %: (11, 13) 3 and (12, 14) 4.
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Table 1. Composition of monocarboxylic, dicarboxylic, and keto acids formed in MCHl ozonolysis
������������������������������������������������������������������������������������

� � Acid content, mol % based on the sum of acids
� �����������������������������������������������������������������������

T, �C � �, min � � propi- � � � � methyl- � � ��-meth-� �-keto-
� � acetic � onic � butyric � valeric � caproic � succinic � succinic� glutaric � yladipic� enanthic

������������������������������������������������������������������������������������
10% conversion

10 � � � � � � � � � � � � � 6.3 � 7.0 � 23.5 � 29.2 � 35.0� � � � � � � � � � �
40 � 360 � 75 � 10.3 � 5.2 � 6.5 � 3.0 � � � � � � � � � �� � � � � � � � � � �
70 � 240 � 78.3 � 9.7 � 4.2 � 5.5 � 2.3 � 6.5 � 11.5 � 18.2 � 20.5 � 44.3� � � � � � � � � � �
80 � 210 � 79.7 � 9.5 � 3.7 � 5.1 � 2.0 � 5.0 � 6.1 � 33.7 � 10.0 � 45.2� � � � � � � � � � �

100 � 180 � 81.9 � 9.3 � 3.0 � 4.3 � 1.5 � 7.2 � 9.0 � 30.5 � 15.3 � 38.0� � � � � � � � � � �
115 � 120 � 83.2 � 8.6 � 2.5 � 3.7 � 1.8 � 6.3 � 6.8 � 24.5 � 20.4 � 42.0

25% conversion

40 � 540 � 75.5 � 10.6 � 4.7 � 6.3 � 4.0 � 1.5 � 9.5 � 25.5 � 32.0 � 31.5
70 � 420 � 77.0 � 10.0 � 4.5 � 5.7 � 2.8 � 1.5 � 9.0 � 20.0 � 27.0 � 42.5� � � � � � � � � � �
80 � 300 � 78.0 � 9.8 � 4.1 � 5.6 � 2.5 � 2.2 � 7.8 � 35.0 � 12.5 � 42.5� � � � � � � � � � �

100 � 300 � 80.0 � 9.5 � 3.5 � 5.0 � 2.0 � 4.6 � 9.5 � 32.0 � 19.0 � 35.0� � � � � � � � � � �
115 � 240 � 81.5 � 9.0 � 3.1 � 4.5 � 1.9 � 4.8 � 7.3 � 30.2 � 20.6 � 37.1

������������������������������������������������������������������������������������

At low temperatures (40�60�C) the selectivity
with respect to esters weakly decreases with increas-
ing MCHl conversion, apparently, owing to their con-
sumption. At higher temperatures (70�115�C), the
rates of both MCHl esterification by monocarbox-
ylic acids (primarily acetic acid) and ozonolysis of
esters increase [1]. However, the esterification rate
is higher; therefore, with increasing conversion, the
yield of esters weakly grows. The selectivity of per-
oxide formation decreases with increasing MCHl con-
version.

The ozone concentration (Fig. 1) affects only slight-
ly the ratio of acids and esters accumulating in MCHl
oxidation products. Table 1 shows that, with increas-
ing temperature (at the same conversion), the content
of acetic acid grows, and that of propionic, butyric,
valeric, and caproic acids decreases. In the course
of MCHl ozonolysis, the C3�C6 acids undergo de-
carboxylation and oxidation with cleavage of the
C�C bond, as judged from experiments with labeled
acids [1].

Tables 1 and 2 show that, with increasing ozone
content, the yields of �-ketoenanthic and glutaric
acids grow and that of �-methyladipic acid decreases.
The parallel variation of the content of methylsuc-
cinic and methyladipic, and of glutaric and �-keto-
enanthic acids suggests their genetic relationship:

lower carboxylic acids are formed by ozonolysis of
higher dicarboxylic acids and �-ketoenanthic acid.
This has been confirmed in experiments with labeled
acids [9].

Thus, the major products of MCHl ozonolysis are
�-ketoenanthic and �-methyladipic acids. �-Ketoen-
anthic acid is formed in isomerization of 2-hydroxy-2-
methyl-1-cyclohexyloxy and 1-methyl-1-cyclohexyloxy
radicals with ring opening, accompanied by oxidation
by oxygen and ozone, and also in ozonolysis of MCHl
�-hydroperoxide (at elevated temperatures) or �-hy-
drotrioxide (at 10�70�C).

Table 2. Composition of dicarboxylic and keto acids
formed in MCHl ozonolysis (100�C, 300 min)
����������������������������������������

� Content, mol %, at indicated

Acid � ozone concentration, vol %
������������������������
� 1 � 2 � 3 � 4

����������������������������������������
Methylsuccinic � 10.5 � 6.0 � 4.5 � 4.6� � � �
Succinic � 23.5 � 17.0 � 12.1 � 9.5� � � �
Glutaric � 13.0 � 19.0 � 23.2 � 32.0� � � �
�-Methyladipic � 41.5 � 38.5 � 36.4 � 19.0� � � �
�-Ketoenanthic � 11.5 � 19.5 � 24.2 � 35.0
����������������������������������������
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The probability of ozone attack at the O�H bond
in MCHl, which is stronger than the C�H bond, is
low. However, the alkoxy radical formed by this and

other pathways [10] also contributes to formation of
�-ketoenanthic acid by ring opening, followed by re-
action with oxygen and ozone:
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It has been shown [10] that the source of the 1-meth-
yl-1-cyclohexyloxy radical at high temperatures is the
adduct of hydrogen peroxide with MCHl [10]. 2-Hy-
droxy-2-methyl-1-cyclohexyloxy radical can also form
by decomposition of unstable MCHl hydrotrioxide
and recombination of the 2-hydroxy-2-methyl-1-per-
oxycyclohexyl radical.

�-Methyladipic acid is presumably formed in
ozonolysis of MCHl by the following pathway:
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Lower mono- and dicarboxylic acids are partially
formed by further ozonolysis of �-ketoenanthic and
�-methyladipic acids.

Figure 3 shows the typical kinetic curves of MCHl
consumption in ozonolysis. The tertiary alcohol is
consumed with autoacceleration. The experimental
results were fitted with the equation

�d[ROH]/d� = k1 [ROH]0[O3]0

+ k2 ([ROH]0 � [ROH])[ROH] = kapp [ROH], (1)

where [ROH] and [ROH]0 are the running and initial
MCHl concentrations, respectively (M); kapp is the ap-
parent rate constant (min�1).

The first reaction order with respect to MCHl and
ozone was found from the initial reaction rates. Thus,
the first term in Eq. (1) is determined by bimolecular
reaction of MCHl with ozone, and the second implic-
itly takes into account the reactions of the products
with ozone and radicals with MCHl. The constants
k1 and k2 were determined by computer fitting for
each particular dependence at different initial con
centrations of the reactants and were then refined by
numerical integration of the set of differential equa-
tions in the whole range of the initial concentrations
of the alcohol and ozone.

The consumption of MCHl in ozonolysis in the
examined range of temperatures and ozone concentra-
tions is described by Eq. (1) at the following constants
k1 and k2, l mol�1 s�1:

k1 = (1.2 	 0.1) exp [� (16500 	 2500)/RT ],k1 = (1.2 	 0.1) exp [� (16500 	 2500)/RT ], (2)

(3)k2 = (1.42 	 0.11) 10�3exp [� (16500 	 2500)/RT ].

Fig. 3. Kinetic curves of MCHl (ROH) consumption.
(1�5) [O3] = 4 vol %; (5 �, 6�8) T = 100�C. T, �C:
(1) 40, (2) 60, (3) 70, (4) 100, and (5) 115. [O3], vol %:
(5 �) 1, (6) 2, (7) 4, and (8) 4.

When discussing the mechanism of MCHl ozonol-
ysis, we disregarded the MCHl association [10].

CONCLUSIONS

(1) Consumption of 1-methylcyclohexanol in
ozonolysis at 10�115�C and ozone concentrations
in the range 1�4 vol % is described by Eq. (1),
with the constants k1 and k2 calculated from Eqs. (2)
and (3).

(2) 1-Methylcyclohexanol is oxidized by ozone
to form hydrogen peroxide, 1-methylcyclohexanol
�-hydroperoxide, C2�C6 monocarboxylic acids, dicar-
boxylic acids (succinic, methylsuccinic, glutaric,
�-methyladipic), �-ketoenanthic acid, and esters of
these acids with the starting alcohol.
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Abstract�Statistical ensembles of microdomains formed on the surface of polyimide films based on pyro-
mellitic dianhydride and 2,7-diaminofluorene during thermal imidization were described in terms of the model
of reversible aggregation using the electron-microscopic data. Parameters of the statistical distribution were
determined for each ensemble depending on the film heating temperature.

The supramolecular structure of rigid-chain poly-
imide based on pyromellitic dianhydride and 2,7-di-
aminofluorene (PI PMF), which was prepared by ther-
mal imidization (TI), has been studied earlier by small-
angle X-ray scattering [1] and electron microscopy
[2]. These studies have shown that the ordered phase
of the polymer heated to 400�C is constituted by crys-
tallites which are part of larger supramolecular forma-
tions, microdomains [1]. Electron micrographs of
ultrathin cross sections and low-temperature chips
confirmed the domain structure of PI PMF films upon
TI [2]. More recent studies based on the fractal

approach [3] revealed the scale-invariant nature of
the PI PMF film surface.

In this study, we continue the electron-microscopic
investigations of the supramolecular structure or the
PI PMF film surface by analyzing the statistical en-
sembles of microdomains evolving in the course of TI.

EXPERIMENTAL

The objects of our study were films of PAA PMF
(PAA is polyamido acid) and films of the product of
its TI, PI PMF, formed by the reaction [4]
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The PAA PMF films with thickness of 40 � 5 �m
were prepared from a 10% solution of the polymer in
dimethylformamide (DMF) by casting onto glass sub-
strates followed by drying in air at 50�C for 1 day to
constant weight.

Thermal imidization was carried out by stepwise
heating of the PAA PMF films to 400�C at a rate of
2 deg min�1. Each step was followed by film detach-
ment from the substrate and etching on the air-exposed

side in a plasma of oxygen high-frequency glow dis-
charge [5]. The etching conditions were as follows:
electron energy 5 eV; oxygen pressure 0.05 Pa; ion-
ization angle 90�; distance between the discharge zone
and the film surface 0.2 m; etching time 15 (PAA
PMF), 30 (PI PMF heated to 125 and 250�C), and
60 min (PI PMF heated to 350 and 400�C). These are
�mild� ionization parameters: Etching leads to heat-
ing of the film surface to �50�C and a minimal ero-
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Fig. 1. Electron micrographs of carbon-platinum replicas of the surface of (a) PAA PMF films and PI PMF films heated to
(b) 125, (c) 250, and (d) 400�C.

Fig. 2. Distribution h ( y) with respect to diameter y of the microdomains on the surface of (a) PAA PMF films and PI PMF
films heated to (b) 125, (c) 250, and (d) 400�C.
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sion of the surface layers [3, 6]. Platinum was depos-
ited by sputtering on the etched film surface at an angle
of 45�, whereupon one-stage carbon-platinum replicas
were prepared. Micrographs of the replicas were ob-
tained with a BS-500 (Tesla) transmission electron
microscope at a �40 000 magnification.

Figure 1 presents the electron micrographs of the
carbon-platinum replicas from the etched surface of
the PAA PMF and PI PMF films heated to 125, 250,
and 400�C. It is seen that the film surface is consti-
tuted by nearly spherical microdomains. Comparative
analysis of these micrographs revealed changes (most
profound in the films heated to 250�300�C) in the
depth of the etched profile. This may be due to re-
moval of the disordered phase of the polymer with
the residual DMF and water formed during TI.

Figure 2 presents the results of statistical pro-
cessing of the micrographs as a plot of distribution of
the microdomains with respect to their diameter h ( y).
From 960 to 1500 microdomains were analyzed on
each micrograph.

The histograms for the PAA PMF film (Fig. 2a)
and the PI PMF film heated to 400�C (Fig. 2d) de-
monstrate a monomodal size distribution for the mi-
crodomain ensemble on the surface, with a maximum
near 30 nm. In the histograms of the PI PMF films
heated to 125 and 250�C (Figs. 2b, 2c), two super-
imposing ensembles of microdomains can be distin-
guished, one of which (major) preserves a size dis-
tribution maximum near 30 nm, and the other (addi-
tional) exhibits a maximum near 12 nm.

The monomodal distributions were analytically de-
scribed by the following expression, derived in terms
of the reversible aggregation model [7, 8] and result-
ing from the canonical distribution of the energy fluc-
tuations at a constant volume [9]:

h( y _ y0 ) = A ( y _ y0 )
m

exp�_ ������,
� �
� �kT

( y _ y0 )	U0 (1)

where, A is the normalization factor; (y � y0 )�U0,
the aggregation energy, which is a product of the re-
duced size of the aggregate in the ensemble (y � y0 )
and the standard aggregation energy �U0, J m�1; y0,
size of the smallest aggregate; k, Boltzmann con-
stant; T, absolute temperature; m, dimensionality of
the space in which the aggregate grows (m = 2 for
the surface).

The key parameter in expression (1) is �U0 which
governs the equilibrium size distribution pattern for
the aggregates. Obviously, the bimodal distributions
should be described by an equation which is the sum

Fig. 3. (a) Reduced standard aggregation energy ��U0 and
(b) average reduced diameter of microdomains, <y> � y0,
vs. the film heating temperature T. Ensemble: (1) major
and (2) additional.

of two expressions (1) with different A, y0, and �U0
parameters.

The lines in Fig. 2 represent the results of calcula-
tions by Eq. (1). For bimodal distributions, dashed
lines show the distributions for each mode. The nu-
merical values of the parameters A, y0, and �U0 (for
bimodal distribution, A1, A2, y01, y02, �U01, and �U02)
were used in calculations as free quantities. Our re-
sults suggest that the size distribution of the micro-
domains, both monomodal (at 50 and 400�C) and
bimodal (at 125 and 250�C), can be described in terms
of the reversible aggregation model. Therefore, the
condition for optimization of the size of the aggregate
ensemble is met in the course of TI [7, 8].

A practically important characteristic of the dis-
tribution is the average size of the aggregate in the en-
semble. It is defined as the normalized expectancy

<y> _ y0 = ��������� = ���� .
� ( y _ y0 ) h ( y _ y0 )dy
0

�

� ( y _ y0 )hdy
0

�

�(m + 1) kT�
	U0

(2)

Figure 3 presents the reduced standard aggregation
energy 	�U0 (	 
 1/kT ) and the reduced average
diameter (<y> � y0 ) of the microdomains as functions
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of the film heating temperature for both statistical
ensembles of microdomains. Let us consider first
the temperature dependences of these parameters for
the case of the major ensemble, namely, 	�U01 (T )
and (<y1> � y01 )(T ).

When the films are heated to 125�C, 	�U01 tends
to decrease, and (<y1> � y01 ), correspondingly, to in-
crease. As known, imidization at temperatures within
100�180�C involves active chemical transformation
PAA PMF � PI PMF, which is accompanied by evolu-
tion of water and degradation products of the DMF
associates [4]. These processes are responsible for
a decrease in the molecular weight of the polymer,
which is at a minimum near 180�C [4].

This suggests the existence of extrema near 180�C,
namely, a minimum for 	�U01(T ) and a maximum for
(<y1> � y01 )(T ). At this temperature, aggregation is
the most active, and the aggregates in the ensemble
have the largest average size.

Within 125�180�C, a second (additional) ensemble
is formed, whose reduced standard aggregation energy
	�U02 at 125�C exceeds 	�U01 by nearly a factor of
1.7. Therefore, the microdomains in the second en-
semble have smaller average size than those in the
main ensemble. At 125�C, the peak height in the dis-
tribution pattern for the second ensemble is more than
twice that for the first ensemble. This means that
the number of microdomains in the second ensemble
exceeds that in the first.

Under further heating (>180�C), the forming imide
moieties decelerate aggregation in both ensembles.
At 250�C, the number of microdomains in the first
(major) ensemble exceeds that in the second en-
semble. At high temperatures, within 350�400�C,
	�U01 attains a constant value which slightly exceeds
the initial value (at 50�C), and the second ensemble of
microdomains disappears: The aggregation energy of
the second ensemble becomes infinitely large, and
the average diameter of the microdomains in it, in-
finitely small (Fig. 3).

Similar trends in variation with heating tempera-
ture of the standard aggregation energies and average
diameters of the microdomains in the major ensemble
were observed in our previous studies of statistical
ensembles of microdomains in the surface layers of
films of polyimides derived from 3,3�,4,4�-diphenyl-
tetracarboxylic dianhydride and p-phenylenediamine
[10, 11], as well as from pyromellitic dianhydride and
4,4�-oxyphenylenediamine [12]. However, the micro-
domains of these polymers form only one statistical
ensemble throughout the TI temperature range of 50�

400�C. It can be assumed that the bimodal distribu-
tion of the microdomains in the partially imidized
PI PMF films is due to specific features of the chem-
ical structure of the polymer.

Bell [13] showed that, in the course of drying and
TI, polyamido acids containing fluorene units in
the backbone undergo cross-linking, primarily, via
oxidation of the methylene group of the fluorene unit
into carbonyl fluorenone group. In the case of PAA
PMF, this yields the following macromolecules
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Under heating to 125�180�C, the polymer chain
in the PAA PMF macromolecules actively degrades
into oligomeric fragments [4]. This significantly
increases the concentration of the terminal amino
groups, which react with fluorenone units yielding
3D cross-linked structures with azomethine bonds
at the cross-linking sites:
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Such structures, probably, form the second statis-

tical ensemble whose microdomain size distribution
pattern is illustrated by the histograms in Figs. 2b
and 2c.

Further heating of the films within the 180�300�C
range leads to active TI in the polymers, accompanied
by water elimination. The easily hydrolyzable azo-
methine intermolecular bonds degrade into amine and
fluorenone groups, and the polymer structure becomes
linear again. These processes, along with the reactions
of resynthesis and increase in the molecular weight of
he polymer, are responsible for the specific features
of the distribution of the microdomain size in PI PMF
in early TI stages.

CONCLUSIONS

(1) The reversible aggregation model was used to
describe how the distribution of the microdomains
with respect to diameter on the surface of films of
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the polyimide derived from pyromellitic dianhydride
and 2,7-diaminofluorenone varies during thermal
imidization.

(2) The microdomains on the surface of films of
polyamido acid and completely imidized poyamide
form one statistical ensemble, and in the case of
a partially imidized polyamide, two ensembles, one
of which is probably constituted by intermediate
cross-linked structures.

(3) Regular trends were revealed in variation of
the parameters of the microdomain distribution with
respect to diameter in the course of imidization.
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Abstract�Kinetic viscosity curves �(t) for solutions of a mixture of epoxy-4,4�-isopropylidenediphenol and
phenol-formaldehyde resins in Cellosolve at 333 K were studied. The optimal precondensation time t was
determined for the oligomer mixture in solution in the presence of orthophosphoric acid.

In [1�4], various mechanisms of thermal precon-
densation of a mixture of epoxy-4,4�-isopropylidene-
diphenol oligomer (EO) and phenol-formaldehyde
oligomer (PFO) in Cellosolve solution were consid-
ered. The kinetic curve of the viscosity of the EO�
PFO mixture during thermal precondensation has
an extremum. The EO and PFO molecules form poly-
molecular complexes via hydrogen bonding.

Sukhareva et al. [5] demonstrated that the corre-
sponding sizes of the oligomer aggregates during pre-
condensation of the EO�PFO mixture in solution pass
through an extremum. An electron-microscopic exam-
ination [6] showed that, with increasing precondensa-
tion time t, the radius of the particle aggregate in the
epoxy-phenol coatings cured at 483 K first decreases
from 500 to 50 nm and then increases to 100 nm. This
allowed Sukhareva et al. to suggest that the optimal
precondensation time t of the oligomer mixture cor-
responds to the minimum size of the particle aggre-
gates in solution.

It is known [1, 3, 4, 7, 8] that curing of epoxy-phe-
nol formulations involves concurrent reactions be-
tween methylol (butoxy) groups in PFO and epoxy
(hydroxy) groups of EO and formation of dimethyl
ether bridges between the methylol groups in PFO.
In the presence of orthophosphoric acid H3PO4, the
epoxy groups in EO are consumed at a high rate,
yielding mono-, di-, and triphosphates [9]. On the
whole, thermal precondensation of the oligomer mix-
ture in solution improves the compatibility of EO
and PFO, yielding a uniform chemical network of
epoxyphenol polymer upon curing of an oligomer
formulation [1, 2].

In [10, 11], we suggested a cluster mechanism of
aggregation of oligomers during their thermal precon-
densation in solution. The cluster model [12, 13] dis-
tinguishes three main kinetic stages of thermal precon-
densation of the EO�PFO mixture in solution and the
corresponding three topological types of surface struc-
ture of the cross-linked epoxy-phenol polymer in var-
ious kinetic stages of precondensation of oligomers
[11]. Also, this approach allows a wellfounded choice
of the molecular parameters and concentrations of
the oligomers in solution for precondensation [10, 11].

The principles of the cluster lattice model [12�14]
can be useful in quantitative description of the thermal
precondensation kinetics of the oligomer mixture in
solution. In this context, we studied the kinetic vis-
cosity curves �(t) for solutions of the oligomer mix-
ture under shear flow during thermal precondensation.
We analyzed the precondensation time of the oligo-
mers as influenced by the N1(EO)/N2(PFO) molar
ratio and the content of orthophosphoric acid in the
EO�PFO mixture and the shear rate g.

EXPERIMENTAL

The molecular weight distributions for oligomer
sample nos. 1 and 2 were determined by viscometry
and gel-permeation chromatography (Shodex KF-803
column; solvent tetrahydrofuran; 5�10-�l samples;
eluent flow rate 1 ml min�1; spectrophotometric de-
tector, � = 250 nm) [15]. The number-average mo-
lecular weight Mn and the Mw/Mn ratios (Mw is the
weight-average molecular weight) for sample nos. 1
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Table 1. Characterization* of oligomer samples, 298 K
������������������������������������������������������������������������������������

Sample� Olig- � EN, � [�], � � Mn
� Mw �Sample� Olig- � EN, � [�], � � Mn

� Mw
� � � � � � ���� � � � � � � � ����

no. � omer � % � dl g�1 � DP �
�10%

� Mn � no. � omer � % � dl g�1 � DP �
�10%

� Mn
� � � �5% � � � �10% � � � � �5% � � � �10%

������������������������������������������������������������������������������������
1 � E-05 � 1.8 � 0.134 � 10�17 � 2850 � 2.70 � 2 � DFFr � � � 0.061 � 2�5 � 1030 � 3.85

������������������������������������������	�����������������������������������������
* EN is the epoxy number, and DP is the degree of polymerization.

Table 2. Composition of the E-05�DFFr mixtures in C solution*

������������������������������������������������������������������������������������

N1/N2

� c (E-05)� c (DFFr) � [�], �
N1/N2

� c (E-05) � c (DFFr) � [�], �
N1/N2

� c (E-05)� c (DFFr) � [�],

��������������� � 
���������������� � 
���������������
� dl g�1 � g dl�1

� � dl g�1 � g dl�1
� � dl g�1 � g dl�1

������������������������������������������������������������������������������������
0.7 � 26.7 � 15.2 � 0.115 � 1.0 � 26.7 � 9.12 � 0.140 � 1.5 � 26.7 � 6.08 � 0.154

���������������������������	����������������������������	���������������������������
* [�] is the intrinsic viscosity of the E-05�DFFr mixture (or precondensate) in solution at 298 K [11], and N1 and N2 are the numbers

of moles of E-05 and DFFr, respectively.

and 2 are listed in Table 1. The intrinsic viscosities
[�] of sample nos. 1 and 2 in C solution were deter-
mined by the procedure from [16].

The time dependences of the viscosity, �(t), for the
mixture of epoxy-4,4�-isopropylidenediphenol (E-05)
and phenol-formaldehyde (based on 4,4�-isopropyl-
idenediphenol and formaldehyde) (DFFr) resins (Pig-
ment Research and Production Company) in Cello-
solve solution were studied at N1(E-05)/N2(DFFr)
ratios within 0.7�1.5.

The viscosity of the oligomer mixture in solution
was measured on a Rheotest-2 rotary viscometer with
a coaxial-cylinder working unit at 333 K and shear rate
g = 27�81 s�1. The viscosity � was measured accurate-
ly to within 5 mPa s, and temperature, to within 0.5 K.
The choice of the specific dynamic modes for measur-
ing the viscosity � was governed by the dependences
of the shear rate g on the shear stress � for E-05 and
the E-05�DFFr mixture in C solutions (Fig. 1).

We estimated the concentrations c of E-05 and DFFr
in C solutions for N1/N2 = 1 at 26.7 and 9.12 g dl�1,
respectively (Table 2), from the concentration depen-
dences of the relative viscosity, �rel-vs.-c, for the olig-
omers in solution by the algorithm proposed by us in
[11]. For example, the concentration c = 26.7 g dl�1

calculated for N1/N2 = 1 corresponds to formation of
a continuous network of intermolecular contacts in
E-05 in solution, and c(DFFr) = 9.12 g dl�1, to a frac-
tal transition D1�D2 or to formation of discrete ag-
gregates of DFFr molecules [11]. Orthophosphoric acid
was introduced into the E-05�DFFr mixture as a 25%

H3PO4 solution in C 40 min after the onset of precon-
densation of the oligomers at 333 K. The orthophos-
phoric acid concentration in the oligomer mixture was
varied from 14 to 500% (with the concentration cor-
responding to 0.25 g H3PO4 per 36 g of the E-05�
DFFr mixture taken as 100% [17]) (Table 3). The
measurement of the precondensation time was started
20�30 min after mixing the oligomers. The precon-
densation time t was 90 min at a minimum and ca.
400 min at a maximum.

Thermal precondensation of the oligomer mixture
in solution is described by nonmonotonic viscosity
curves [�](t) comprising descending, ascending, and
leveling-off sections. The �-vs.-t curves retain their
extrema with varying molar ratio N1/N2, H3PO4 con-
centration in the oligomer mixture (or N3/(N1 + N2) ra-

Fig. 1. Logarithmic flow curves for (1) E-05 and (2) E-05�
DFFr mixture in Cellosolve solutions. c(E-05) = 26.7 and
c(DFFr) = 12.5 g dl�1; N1/N2 = 0.8; N3/(N1 + N2) = 0.07
(N3 is the number moles of H3PO4); 333 K. (g) Shear rate,
and (�) shear stress.
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Fig. 2. Kinetic curves of viscosity �, of the E-05�DFFr
mixture in Cellosolve solution at the N1/N2 ratio of (1) 1.5,
(2) 1, and (3) 0.7. Shear rate g = 27 s�1, 333 K. (t) Time;
the same for Figs. 3 and 4.

Fig. 3. Kinetic curves of the viscosity �, of the E-05�
DFFr mixture in Cellosolve solution at the N1/N2 ratio
of (a) 1.5, (b) 1, and (c) 0.7 (333 K). Shear rate g, s�1:
(1) 27 and (2) 81.

tio), and shear rate g. However, the positions of these
extrema and sections vary with N1/N2, N3/(N1 + N2),
and g (Figs. 2�4, Table 3).

The �(t) curves can be described, to a first approx-
imation, by a scaling relation for the viscosity � as
a function of the reduced time � = �t [14]:

ln � � [�]c [w (1 + � t )](3 � 2D) /D. (1)

Here, � is the kinetic constant depending on the par-
ticle concentration, shear rate g, and temperature, as
well as on the H3PO4 content; D, the fractal dimen-
sion of the oligomer aggregates; and w = 0.637, a ran-
dom packing coefficient for hard spheres [12].

According to expression (1), the viscosity � of the
oligomer mixture in solution varies with the fractal
dimension D of the mixed aggregates of the oligomer
molecules. The position of the maximum (or mini-
mum) in the �(t) curves is determined by the kinetic
constant �, which, in turn, varies with the N1/N2 molar
ratio, orthophosphoric acid concentration in the mix-
ture, and shear rate g.

The density � of the aggregates of E-05 and DFFr
molecules can be represented as a function of the pre-
condensation time t [14]:

�(t) � w(3 � D) /D([�]c / ln �)(3 � D) /(3 � 2D). (2)

The density of the mixed aggregates of the olig-
omer molecules varies nonmonotonically along the
�(t) curve (Table 4). One can distinguish four kinetic
stages of variation of the density � and the fractal
dimension D of the oligomer aggregates. In the initial
and intermediate precondensation stages, � and D de-
crease, and in the final stage, increase.

The plots of the viscosity � vs. precondensation
time t at varied N1/N2 ratios (without orthophosphoric
acid in the oligomer mixture at g = 27 s�1) have a min-
imum at N1/N2 = 1 and a maximum at N1/N2 > 1
(Fig. 2). In the former case, the viscosity of the olig-
omer mixture in solution attains a limiting value at
t > 100 min, and in the latter, at t > 150 min. For N1 =
N2, the extremum in the �(t) curve is reached in
shorter times t than those for N1 	 N2. Near the min-
imum in the �(t) curve, the mixed elementary oligo-
mer aggregates have a fractal dimension D equal to
1.5 (N1/N2 = 1), and the maximum in the �(t) curves
at N1/N2 > 1 corresponds to D < 1.5 (Fig. 2).

The time in which the viscosity � of the oligomer
mixture takes a limiting value is also strongly depen-
dent on g. For example, at g = 27 s�1 (N1/N2 = 1), the
limiting viscosity is attained within t 
 100 min, and
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Fig. 4. Kinetic curves of viscosity � of the E-05�DFFr mixture in Cellosolve at different concentrations of orthophosphoric
acid in the mixture. N1/N2 = 1, g = 81 s�1, 333 K. H3PO4 concentration, %: (1) 0, (2) 100, (3) 14, (4) 30, (5) 50, (6) 75,
(7) 125, (8) 150, and (9) 490.

at g = 81 s�1, within t � 200 min (Fig. 3). For g =
81 s�1 and N1/N2 = 0.7, the viscosity � attains a lim-
iting value at t = 150 min, and for g = 27 s�1, does not
attain it at t � 200 min (Fig. 3). At relatively small g
values, the time of attainment of the limiting viscosity
� in the oligomer mixture is the shortest at N1/N2 = 1.

Thus, without H3PO4 in the oligomer mixture in
solution, the time of attainment of a limiting value of
the viscosity � is the shortest at N1/N2 = 1. For small
g values, the kinetic constant g at N1/N2 exceeds that
at N1/N2 = 0.7 or under excess of DFFr in solution
(Figs. 2, 3).

Orthophosphoric acid is a cross-linking agent for
EO [9]. Therefore, with H3PO4 introduced into the
oligomer mixture (N1/N2 = 1) in the early preconden-
sation stage, the kinetic constant � increases relative

to that in the oligomer mixture containing no H3PO4
(Fig. 4, curves 1, 2). In this case, the extremum in
the �(t) curves shifts to smaller times t, and the time
corresponding to attainment of the limiting viscosity
� in the oligomer mixture varies with the H3PO4 con-
centration (Fig. 4, curves 1�9).

The �(t) curves obtained on introducing H3PO4
into the oligomer mixture at N3/(N1 + N2) < 0.07 are
identical to those obtained in the absence of H3PO4.
A viscosity maximum in the �(t) curve is observed at
N3/(N1 + N2) 
 0.1, and the limiting value of the viscos-
ity � is attained at t = 90�120 min. At N3/(N1 + N2) 

0.7, the viscosity � of the oligomer mixture does not
attain a limiting value at t > 240 min.

The data in Table 3 suggest a correlation between
the limiting viscosity � of the oligomer mixture in

Table 3. Time of attainment of the limiting viscosity �(t) for the E-05�DFFr mixture in C solution* (N1/N2 = 1,
g = 81 s�1, 333 K)
������������������������������������������������������������������������������������
c (H3PO4), %� N3/(N1 + N2) � � � 0.01, Pa s � t, min �c (H3PO4), %� N3/(N1 + N2) � � � 0.01, Pa s � t, min
������������������������������������������������������������������������������������

0 � 0 � 1.54 � 180 � 100 � 0.13 � 1.38 � 90
14.3 � 0.019 � 1.47 � 150 � 125 � 0.17 � 1.59 � 150
30 � 0.04 � 1.43 � 120 � 150 � 0.20 � 1.56 � >180
50 � 0.07 � 1.51 � 120 � 490 � 0.66 � 1.53 � >240
75 � 0.09 � 1.47 � 120 � � � �

�����������������������������������������	������������������������������������������
* The concentration cH3PO4

is expressed in percent of the relative value (100% = 0.25 g of H3PO4 per 36 g of the E-05�DFFr
mixture [17]); N3 is the number of H3PO4 moles.
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Table 4. Kinetic parameters of the E-05�DFFr mixture in C solution in various precondensation stages [N1/N2 = 1,
N3/(N1 + N2) = 0.13, g = 46.6 s�1, 333 K]
������������������������������������������������������������������������������������

Precondensation stage � t, h �
�
��* = (3 �D)/D� D � �**

� � � �10% � �7% � �0.01
������������������������������������������������������������������������������������
Initial � 0.1 � <0 � �0.5 � �2.0 � �0.66
Viscosity growth and formation of mixed E-05�DFFr aggregates �0.16�0.5 � 	0 � �1.0 � 1.54 � �0.52
Viscosity decrease and size growth for E-05�DFFr aggregates � 1�2 � <0 � �0.8 � >1.7 � �0.60
Viscosity saturation and formation of infinite cluster from E-05 � 2�2.5 �
0 � 0.5 � 2.0 � �0.69
and DFFr molecules � � � � �
������������������������������������������������������������������������������������

* Analogous to the power index in the Mark�Kuhn�Houwink relation for intrinsic viscosity [16].
** The density was calculated by the expression � = w(3 � D)/D([�]c/ln �rel)

(3 � D)/(3 � 2D), where �rel = �/�0 is the relative vis-
cosity of the oligomer mixture in solution, and �0, solvent viscosity.

solution and the time of its attainment, as well as be-
tween the optimal precondensation time t and the
H3PO4 concentration (N3) in the mixture, when the
acid is introduced 40 min after mixing the oligomers.
These data suggest that the precondensation time t is
at a minimum at N3/(N1 + N2) 
 0.1; in this case,
the limiting viscosity � of the oligomer mixture in C
solution is also at a minimum.

In other cases like, e.g., at relative deficiency of
H3PO4 [N3/(N1 + N2) < 0.1] in the oligomer mixture,
the precondensation time increases. At orthophos-
phoric acid concentrations appreciably exceeding the
optimal value in the oligomer mixture [N3/(N1 + N2) =
0.2�0.7], the �(t) curve oscillates, and the mixture
viscosity � does not attain a limiting value within
a fairly long period of time t (Table 3; Fig. 4, cur-
ves 7�9). Under these conditions, the oligomers are
not fully compatible.

The cluster mechanism of thermal precondensation
of oligomers in solution accounts for a decrease in the
mixture viscosity due to degradation of the particle
aggregates and formation of mixed oligomer aggre-
gates in the initial and intermediate stages, as well as
the viscosity growth and saturation in the final stages
of the process due to formation of an infinite cluster
from EO and PFO molecules [18] (Table 4). These
precondensation stages are characterized by a change
in the fractal dimension D of the particle aggregate
and in the kinetic constant � which is also dependent
on g.

CONCLUSIONS

(1) The kinetic viscosity curves �(t) of the mix-
ture of epoxy-4,4�-isopropylidenediphenol and phenol-
formaldehyde oligomer mixture in Cellosolve are de-
scribed by a scaling relation for reduced time and ex-
hibit an extremum. The positions of the extrema and

of the sections corresponding to decrease, growth, and
leveling-off of the viscosity � in the �(t) curves are
determined by the molar ratio N1/N2 of the oligomers,
concentration of orthophosphoric acid in the mix-
ture, and shear rate g.

(2) The thermal precondensation time of the olig-
omers in solution can be determined as the time t of
attaining the limiting viscosity of the mixture, whose
plot against the H3PO4 concentration has an extre-
mum. The corresponding time t is at a minimum at
H3PO4 concentration in the mixture close to N3/(N1 +
N2) 
 0.1. The optimal concentration of H3PO4 in the
oligomer mixture is primarily governed by the forma-
tion of dihydrogen phosphate esters of epoxy-4,4�-iso-
propylidenediphenol oligomer.

(3) The precondensation time can be made shorter
by introducing orthophosphoric acid in the initial
stage of the process, which involves formation of
mixed aggregates of oligomer molecules.
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Abstract�The composition and structure of the products formed in base hydrolysis of Nitron D poly-
acrylonitrile fiber were studied by 13C NMR.

Hydrolysis of acrylonitrile polymers and copoly-
mers yields water-soluble polymers widely used in
various branches of industry and agriculture [1]. Re-
cently, the interest in structural studies of hydrolysis
products has increased, and, along with traditional
IR spectroscopy and elemental analysis [2�5], the 13C
NMR spectroscopy finds growing use [6].

The products of base hydrolysis of polyacrylonitrile
fibers are used in production of adhesives, polyelec-
trolyte hydrogels, and binders for composite poly-
meric materials [7]. However, up to now, their struc-
ture has not been studied by 13C NMR.

The aim of this study was to analyze by 13C NMR
the products of base hydrolysis of Nitron D polyacry-
lonitrile fiber, terpolymer of acrylonitrile, methyl ac-
rylate, and 2-acrylamido-2-methylpropanesulfonic acid
with the weight ratio of acrylnitrile, methyl acrylate,
and 2-acrylamido-2-methylpropanesulfonic acid units
equal to 89.4 : 9.3 : 1.3. Base hydrolysis of Nitron D
was performed at the boiling temperature of the solu-
tion for 3 h. According to published data [2�5], under
these conditions the nitrile group of the initial poly-
acrylonitrile fiber is completely hydrolyzed, and the
ratio of the concentrations of the acrylamide and car-
boxylate units in the resulting copolymer depends on
the weight ratio of alkali and polyacrylonitrile fiber.
In the experiments, the ratio of the amounts of NaOH
and Nitron D was varied from 1.38 to 2.50 mol per
100 g of dry fiber.

EXPERIMENTAL

Base hydrolysis was performed in a 1-l round-
bottom flask with a reflux condenser. The amount

of Nitron D in the flask, recalculated to dry fiber,
was 100 g. Sodium hydroxide was preliminarily dis-
solved in distilled water. The total weight of water in
the flask was 550 g, and the amount of added alkali,
55, 75, and 100 g (1.38, 1.88, and 2.50 mol, respec-
tively).

The 13C NMR spectra of hydrolyzates, shown in
Fig. 1, confirm published data on the chemical com-
position of products formed in base hydrolysis of poly-
acrylonitrile fibers and allow more precise determina-
tion of the ratio of acrylamide and carboxylate units in

Fig. 1. 13C NMR spectra of base hydrolyzates of Nitron D
fiber. (�) Chemical shift. Amount of NaOH per 100 g of
dry fiber (mol): (a) 1.38, (b) 1.88, and (c) 2.5.
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the copolymer formed in base hydrolysis. The 13C
MNR spectrum of the hydrolyzate produced at a
NaOH to Nitron D ratio equal to 1.38 mol per 100 g
of dry fiber is shown in Fig. 1a. There are lines of
the copolymer containing acrylamide and carboxylate
units. These units were identified from the spectra
of polyacrylamide (PAA) and sodium polyacrylate
(PANa) with the use of published data [8] and
the spectra of specially synthesized homopolymers.
The spectral lines were assigned as follows: � 179.7
(CO, PANa), 176.6 (CO, PAA), 44.8 (CH, PANa),
42.5 (CH, PAA), and 36.2 ppm (CH2, PAA and
PANa). Analysis of the integral intensities of the lines
corresponding to carboxamide and carboxylate carbon
atoms and also of the lines of methine carbon atoms
gives the ratio of molar concentrations of acrylamide
and carboxylate units equal to 33 : 67, in good agree-
ment with data obtained by IR spectroscopy and el-
emental analysis [2�4].

The spectrum of the hydrolyzate produced at a NaOH
to Nitron D ratio equal to 1.88 mol per 100 g of dry
fiber (Fig. 1b) contains, similarly to the previous case
(Fig. 1a), lines of acrylamide and carboxylate units.
However, their ratio is different 17 : 83. Along with
the integral intensities, chemical shifts are also dif-
frent, which suggests the formation of a copolymer.

Only PANa is formed at a NaOH to Nitron D ratio
equal to 2.50 mol per 100 g of dry fiber (Fig. 1c).
This result is the most interesting, since it funda-
mentally differs from published data [2�4]. Contrary
to results of IR spectroscopy and elemental analysis
[2�4], the 13C NMR spectra do not reveal the pres-
ence of acrylamide units in the hydrolyzate produced
at high NaOH to Nitron D ratio (2.50 mol per 100 g
of dry fiber). It is evident that NMR data are the most
reliable, since the signals of acrylamide and carbox-
ylate units are clearly separated, which allows deter-
mination of the concentration ratio of these units
with high accuracy. IR spectroscopy is significantly
less accurate in this respect: with increasing ratio of
concentrations of carboxylate and acrylamide units in
the copolymer, the characteristic bands begin to over-
lap, which gives high error in quantitative estimation.
The results of elemental analysis revealing the pres-
ence of nitrogen in the hydrolyzate cannot prove
the presence of acrylamide units in macromolecules,
either, since nitrogen can belong to ammonium car-
boxylate present in the hydrolysis product along with
sodium carboxylate. In none of the cases were de-
tected signals of nitrile groups (� = 120 ppm) in
the soluble copolymer. This suggests that, under the
conditions of the experiment, nitrile groups were
completely hydrolyzed.

The solutions of hydrolyzates whose characteristics
are illustrated by data shown in Fig. 1 had pH > 9,
i.e., in all cases carboxylate groups had negative elec-
tric charge and acrylamide groups had no charge.
Under these conditions, the interaction of acrylamide
and carboxylate groups of copolymer, possible only at
low pH values and affecting the positions and inten-
sities of the 13C NMR signal [9], could not affect
the obtained concentration ratios of these functional
groups.

Thus, the 13C NMR spectra show that, at a alkali
to Nitron ratio equal to 2.5 mol per 100 g of dry
fiber, the molar content of acrylamide groups in the
hydrolyzate of Nitron D polyacrylonitrile fiber de-
creases virtually to zero, i.e., the polymeric part of
the hydrolyzate is nearly pure sodium polyacrylate,
rather than a copolymer of acrylamide with sodium
acrylate.

The process was carried out at the boiling point of
the reaction mixture for 3 h. During this period, all
nitrile groups of the initial polymer entered into
the reaction at any concentration of sodium hydroxide
within the range examined, and the fiber was com-
pletely converted into a water-soluble product.

Polyacrylamide and sodium polyacrylate were syn-
thesized by radical polymerization in solution at 50�C.
The standard redox system constituted by ammonium
persulfate and N,N,N �,N �-tetramethylethylenediamine
in the equimolar ratio (concentration 4.4 � 10�3 M)
was used as initiator. The synthesis of PAA was
carried out in 10% aqueous solution of acrylamide.
PANa was synthesized in 20% aqueous solution of
acrylic acid in the presence of an equimolar amount
of NaOH. The samples for analysis were prepared by
drying in a desiccator at 60�C to constant weight.

The 13C NMR spectra were recorded on a BS-587A
(Tesla) spectrometer operating at 20 MHz. Approx-
imately 10% solutions of copolymers in D2O were
placed in standard ampules (10 ml). The spectra were
recorded without NOE; the pulse delay exceeded 7T1,
where T1 is the longest spin-lattice relaxation time.
The signals were assigned by the DEPT technique [8]
using model compounds. Chemical shifts were meas-
red relative to acetone-d6 used as internal reference
(� = 30.2 ppm).

The relative error in quantitative determination of
the content of acrylamide and acrylate units did not
exceed 7%.

CONCLUSION

A 13C NMR study showed that base hydrolysis
of Nitron D polyacrylonitrile fiber under conditions
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providing complete conversion of nitrile functional
groups of the initial polymer is accompanied by for-
mation of either copolymer of acrylamide with so-
dium acrylate or pure sodium polyacrylate, depending
on the ratio of sodium hydroxide and the polymer.
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Abstract�The kinetics of controllable degradation of N-vinylpyrrolidone�sodium 2-acrylamido-2-methyl-
propanesulfonate copolymers in aqueous solutions under the action of degrading agents at 25�50�C were
studied by viscometry. The efficiency of controlling the molecular weight of copolymer was estimated.

Degradation of water-soluble polymers in solutions
under the action of degrading agents is a promising
method for chemical modification of polymers, which
allows control of their molecular weight and perfor-
mance [1]. To elucidate the possibility of producing
partially degraded copolymers of N-vinylpyrrolidone
(N-VP) with sodium 2-acrylamido-2-methylpropanesul-
fonate (Na-AMS), with controllable molecular weight
(MW), we studied the features of degradation Na-VP�
Na-AMS copolymers in aqueous solutions in the pres-
ence of radical initiators at 20�50�C. This study was
stimulated by the lack of data on degradation of these
copolymers and by their practical significance as ef-
fective flocculants [2] and adhesion and antistatic
agents [3]. These copolymers also attract attention
as thickeners, stabilizers, and complexing agents for
various branches of industry and medicine [4, 5].

EXPERIMENTAL

In this study, we used copolymers of N-VP with
Na-AMS with the content of N-VP and Na-AMS units
equal to 50 mol % and varied intrinsic viscosity:

�[CH2�CH�]n�[�CH2�CH�]m�
��

��
C=O

NaO3S�CH2�C(CH3)2�NH

��
N
��H2C C=O
����

CH2H2C��

� ��[CH2�CH�]n�[�CH2�CH�]m�
��

��
C=O

NaO3S�CH2�C(CH3)2�NH

��
N
��H2C C=O
����

CH2H2C��

� �

Sample no. 1 no. 2 no. 3 no. 4
[�], cm3 g�1 120 410 360 300

Copolymer sample no. 2 was produced by copoly-
merization of monomers in aqueous solutions at low

degree of conversion (less than 4%) by the proce-
dure similar to that described in [6]. The copolymer
samples nos. 1, 3, and 4 were prepared by degradation
of copolymer no. 2 under mild conditions in 0.1%
aqueous solutions in the presence of potassium per-
sulfate (PS) at 60�C, which provided the identity of
the composition of the copolymers.

PS, hydrogen peroxide (HP), and a redox system
constituted by PS and sodium sulfite (SS) were used
as degradation initiators. All the reagents used were
of chemically pure grade. Solutions were prepared in
distilled water [GOST (State Standard) 6709�72].

Degradation was carried out in aqueous solutions
of N-VP�Na-AMS copolymers under the action of
radical initiators. The course of degradation was mon-
itored viscometrically [7]. The process was carried
out in a glass reactor with a jacket for thermal stab-
ilization, magnetic stirrer, thermometer, connecting
pipe for sampling, and VPZh-3 capillary viscometer
for monitoring the viscosity of the reaction mixture
[7]. The viscometer was equipped with a jacket for
thermostatic control at the same temperature as that
in the reactor.

The prepared aqueous solution of the copolymer
was charged into the reactor and brought to the re-
quired temperature, after which a degrading agent was
added, with this instant of time taken as the start of
degradation. In the course of degradation, we measured
at certain intervals the outflow time of the copoly-
mer solution in the reactor, t1, with a viscometer and
determined the reduced viscosity �sp /cp, where cp
is the copolymer concentration. The values of �sp /cp
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Fig. 1. Variation of [�] with time t in the course of de-
gradation of N-VP�Na-AMS copolymer (sample no. 2) at
different concentrations of PS. cp = 0.1%, 50�C. [SP]/[co-
polymer]: (1) 0, (2) 0.01, (3) 0.02, (4) 0.04, and (5) 0.08.

Fig. 2. Variation of [�] with time t in the course of de-
gradation of N-VP�Na-AMS copolymer (sample no. 2)
under the action of different degrading agents. [Degrading
agent]/[copolymer] = 0.08, cp = 0.1%, 50�C. Degrading
agent: (1) PS, (2) HP, and (3) PS�SS, 1 : 2 (by weight).

were referred to the instant of time t = t2 + t1 /2 ,
where t2 is the time elapsed from the onset of degra-
dation to the start of measuring t1. Then we plotted
the dependence �sp /cp = f (t). In the course of degra-
dation, the reaction solution was sampled at certain
intervals to determine [�].

The measurements of [�] were carried out in a
VPZh-3 viscometer (d = 0.56 mm) in 0.5 M NaCl at
30�C. The values of [�] were determined from the lin-
ear dependence (�sp /cp ) = f (cp ) as [�] = lim(�sp /cp)
at cp � 0. From the [�] values measured at constant
copolymer composition, solvent, and temperature for
copolymers with identical molecular characteristics,

we evaluated MW of the copolymer, since, according
to the Mark�Houwink�Kuhn equation, [�] � MW.

The content of ionic units in the copolymer com-
position was evaluated by elemental analysis for sul-
fur [8].

For potentiometric measurements we used a pH
meter (pH-121) with a measuring glass electrode
(ESL 65-07) and an auxiliary silver chloride electrode
(EVL 1M3).

With the aim to prevent deterioration of the per-
formance of N-VP�Na-AMS copolymers, commonly
observed at high extents of degradation, we selected
as optimum such degradation conditions which pro-
vided formation of partially degraded copolymers and
allowed viscosimetric monitoring of degradation.
The optimal degradation conditions were established
based on previous studies [1]. Degradation was carried
out in 0.1�1% aqueous solutions of copolymers at
25�60�C in the presence of radical degrading agents,
taken in the amount of 1�8% relative to the copoly-
mer weight. To exclude the complicating effect of
the difference between the molecular characteristics
of N-VP�Na-AMS copolymers, all experiments were
carried out on sample no. 2, produced at a low degree
of conversion, which provided the constancy of the
molecular weight, average composition, and composi-
tion heterogeneity of the copolymer.

Let us consider the effect of degrading agents on
degradation of N-VP�Na-AMS copolymer (sample
no. 1). The experiments were carried out in 0.1% so-
lutions of the copolymer at 50�C. The influence of PS
concentration on the variation of [�] in the course of
copolymer degradation is shown in Fig. 1. Without in-
itiator, the [�] values do not vary with time (curve 1),
suggesting the absence of noticeable degradation of
the copolymer. Variation of [�] values on adding PS
suggests that degradation occurs. Its intensity grows
with increasing concentration of degrading agent and
reaction duration (curves 2�4). Similar variations in
[�] were observed in degradation of the copolymer
under the action of another initiator, HP.

Under experimental conditions, degradation of the
copolymer under the action of radicals R

.
generated

by decomposition of initiators proceeded with the
rupture of carbon�carbon bonds in the backbone of
the macromolecule, which occurred by the random
law without depolymerization. In this case, the initiat-
ing centers could be monomer units joined �head to
head.� The general scheme of degradation of N-VP�
Na-AMS copolymer under the action of radicals R

.
is

similar to that described in [1].
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Fig. 3. Variation of [�] with time t in the course of de-
gradation of N-VP�Na-AMS copolymer (sample no. 2) at
different temperatures (cp = 0.1%). (a) [PS]/[copolymer] =
0.08. T (�C): (1) 40, (2) 50, and (3) 60. (b) [PS]/[SS] =
1 : 2 (by weight), 25�C. [PS + SS]/[copolymer]: (1) 0 and
(2) 0.24.

The results of degradation of N-VP�Na-AMS co-
polymer in 0.1% solutions at 50�C under the action of
different degrading agents at their equal concentrations
in the solution are shown in Fig. 2. As seen, the initial
degradation rate decreases in the order PS > HP >
PS�SS, and the limiting degree of the copolymer de-
gradation in 80 min varies in the reverse order.

The influence of temperature on the variation of [�]
of the copolymer in the course of degradation was
estimated in the range 40�60�C, with other reaction
conditions fixed (Fig. 3a). Figure 3a shows that the
initial rate and the limiting degree of degradation in-
crease with temperature. This is caused by an increase
in the concentration of radicals generated by decom-
position of the initiator and including degradation of
the copolymer.

To elucidate the possibility of low-temperature de-
gradation of the N-VP�Na-AMS copolymer in 0.1%
solution, we carried out experiments at 25�C using
the PS�SS redox system as degrading additive. The
results of these experiments (Fig. 3b) show that de-
gradation of the copolymer is not observed without
the PS�SS initiating system (curve 1), and in the pres-
ence of this system degradation proceeds efficiently

Fig. 4. Variation of [�] with time t in the course of de-
gradation of N-VP�Na-AMS copolymer (sample no. 2) at
different copolymer concentrations. [PS]/[copolymer] =
0.08, 50�C. cp (%): (1) 1, (2) 0.5, and (3) 0.1.

Fig. 5. Variation of [�] with time t in the course of de-
gradation of N-VP�Na-AMS copolymer with the same com-
position and different initial values of [�]. [PS]/[copoly-
mer] = 0.08, cp = 1%, 50�C. [�], cm3 g�1: (1) 410 (sample
no. 2), (2) 360 (sample no. 3), and (3) 300 (sample no. 4).

(curve 2). The possibility of degradation of copolymer
macromolecules at 25�C is caused by intensification
of the PS decomposition under the action of SS re-
ducing agent and rise in the concentration of free rad-
icals in the system.

With the aim to elucidate how the concentration
of N-VP�Na-AMS copolymer affects degradation,
experiments were carried out in 0.1�1% solutions,
other degradation conditions being the same. The re-
sults of this series of experiments are shown in Fig. 4.
At all of the copolymer concentrations studied, the [�]
values drastically decrease as a result of rupture of
the C�C bonds in the macromolecular backbone. It
also follows from Fig. 4 that, with increasing copoly-
mer concentration, the intensity of its degradation
decreases. This is caused by an increase in the viscos-
ity of the reaction medium, which results in a slower
diffusion of the degrading agent to the macromolecule.

The influence of MW of the initial N-VP�Na-AMS
copolymer on degradation process is illustrated in
Fig. 5. The experiments performed with the copoly-
mer samples of the same chemical composition and
under the same conditions suggest intensification of
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Fig. 6. Variation of [�] with time t in the course of de-
gradation of N-VP�Na-AMS copolymer (sample no. 2)
(1, 2) in the presence of KI and (3) without it. [PS]/[co-
polymer] = 0.08, [PS]/[KI] = 1 : 1 (by weight), 60�C. Time
of KI addition (min): (1) 10 and (2) 20.

degradation with increasing [�] of the initial copoly-
mer samples. These results are in good agreement
with published data [9] on variation of MW of poly-
acrylamide in the course of degradation. It is evident
that, with increasing MW, the content of weak bonds
(e.g., abnormally �head to head� bonded units) sub-
jected to rupture grows. This is in good agreement
with the general features of polymer degradation [10].
In addition, at the same number of ruptures per macro-
molecule, the decrease in the MW is more significant
for a copolymer with higher molecular weight.

We also evaluated the effect of KI additions on de-
gradation of N-VP�Na-AMS copolymer in 0.1% solu-
tion in the presence of PS at 60�C. Figure 6 shows that
addition of KI at various degradation stages results in
weaker decrease in [�] (curves 1, 2) as compared to
the run without addition of KI (curve 3). This is appar-
ently caused by the reaction of KI with the radical R

.
,

generated from the initiator, according to the scheme

2KI + 2R. + 2H2O � 2KOH + 2RH + I2.

These data suggest that KI is a stabilizer for solu-
tions of N-VP�Na-AMS copolymer and can be used
for controlling MW of the copolymer in its degrada-
tion. The data on stabilizing characteristics of KI in
the system studied are in good agreement with the
possibility of stabilization of hydrolyzed PAA solu-
tions under the action of KI, shown previously in [11].

The above results give grounds to believe that con-
trollable degradation of N-VP�Na-AMS copolymer in
aqueous solutions in the presence of radical initiators
can be used as a facile route to copolymers with con-
trollable MW.

CONCLUSIONS

(1) Partially degraded copolymers of N-vinylpyr-
rolidone and sodium 2-acrylamido-2-methylpropane-

sulfonate, with molecular weight controllable in a
wide range (an order of magnitude and more), can be
produced by degradation of macromolecular copoly-
mers in aqueous solutions under the action of radical
degrading agents at 25�50�C.

(2) The initial rate of copolymer degradation in-
creases with temperature, reaction duration, and con-
centration of various degrading agents, and decreases
in the order potassium persulfate > hydrogen perox-
ide > system potassium persulfate�sodium sulfite.
Addition of KI inhibits the degradation.

(3) Degradation is intensified with decreasing con-
centration of the copolymer and its increasing molec-
ular weight.
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Abstract�A comparative study is made of sorption interaction of individual lysozyme and lysozyme as
component of chicken egg white with KMDM-6-5 carboxylic cation exchanger.

Among problems arising in studying interactions of
biologically active compounds with charge-bearing
surfaces of polymers, the effect of the composition of
a multicomponent mixture on the sorption is of a par-
ticular importance. The same problem arises in devel-
oping processes of chromatographic separation and
purification of biologically active compounds on po-
lymeric sorbents.

It is known that ion-exchange chromatography is
among the most efficient and cost-effective methods
used for primary recovery of target components from
complex biological raw materials. In some specific
cases, the use of selective high-capacity sorbents [1]
allows separation of a target component from a com-
plex mixture in a single stage. Even at a target com-
ponent concentration of about fractions of a percent
or several percent, proper choice of an ion-exchange
sorbent and sorption conditions can provide increase
in the component concentration in the eluate to several
tens of percent [1].

At the same time, the result of sorption depends on
the component concentration in the mixture, as de-
monstrated by experiments with model mixtures of
proteins [2, 3]. Helfferich and Klein proposed a math-
ematical model that takes into account the mutual in-
fluence of components in sorption. They introduced
the concept of the competitive and synergistic sorp-
tion mechanisms [4]. If proteins interact with the pore
surface of a sorbent by the synergistic mechanism
with multilayer sorption of the proteins, separation of
the components in a dynamic column experiment is
virtually impossible. By the optimal conditions of
sorption are meant those under which sorption of pro-
teins proceeds in competition for sites on the sorbent
pore surface, but not by the synergistic mechanism. In
this case, proper choice of the desorption mode will
allow elution of the target component only.

The goal of this study was to optimize the condi-
tions of ion-exchange sorption/desorption of lysozyme
from a multicomponent mixture on a carboxylic cat-
ion exchanger, using the competitive sorption mech-
anism.

EXPERIMENTAL

In the study, we used chicken egg white (CEW)
lysozyme from the Ferrein Joint-Stock Company.
The product contains 97% protein (MW 14 600). Ly-
sozyme has isoelectric point at pH 10.7�11.2 and
maintains its activity in neutral solutions [5�7]. As
a lysozyme-containing multicomponent mixture we
used CEW (preliminarily frozen and then warmed to
room temperature).

As cation exchangers we used SGK-7 and KMDM-
6-5 cross-linked carboxylic polyelectrolytes. The for-
mer was obtained by copolymerization of acryl-
ic acid with divinylbenzene in the presence of a
modifying solvent [8]. The sorbent is composed of
white spherical granules with macroporous struc-
ture. The static exchange capacity of SGK-7 for Na+

is 9.0 mg-equiv g�1 dry sorbent; specific volume,
4.7 ml g�1; apparent ionization constant, pK 6.4. The
pK was determined by potentiometric titration [9].
The KMDM-6-5 carboxylic cation exchanger (from
the Institute of Macromolecular Compounds, Russian
Academy of Sciences) is a copolymer of methacrylic
acid and N,N �-hexamethylenedimethacrylamide. It is
a cross-linked heteropolymer. Its total exchange ca-
pacity for Na+ is 9.5 mg-equiv g�1 dry sorbent; spe-
cific volume, 10.5 ml g�1; 1 g of wet sorbent occupies
a volume of 1.02 ml; pK 6.7. The moisture content of
the swollen polymer is 90%. The grain size of the
swollen sorbents (both SGK-7 and KMDM-6-5) ranges
from 315 to 500 �m.
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Parameters of sorption of lysozyme from egg white on
KMDM-6-5 carboxylic cation exchanger at 20�C
����������������������������������������

� � �Lysozyme concentration�Specific
Form � �

�,
� in indicated phase �activity

� � �������������������of � pH � � � of
sorbent � �

h
� CEW, � sorbent, � eluate,

� � � lA ml�1 � lA g�1 � lA ml�1

����������������������������������������
H- � 6.4 � 2 � 0.6 � 385 � 3.6

� 6.3 � 3 � 0.3 � 468 � 1.5
Na- � 9.3 � 2 � 0.6 � 470 � 9.6

� 9.0 � 3 � 0.3 � 540 � 6.5
H�Na- � 7.3 � 3 � 0.3 � 468 � 2.3
����������������������������������������

The lysozyme concentration was determined spec-
trophotometrically (� = 274 nm, molar extinction co-
efficient of lysozyme 38.9 [10]) and also by the meth-
od described in [11].

Before sorption experiments, egg white was four-
fold diluted with 0.1 N phosphate buffer, to decrease
the solution viscosity. Sorption of lysozyme from egg
white was performed by the static method in a vessel
with stirrer rotation at 30�50 rpm. The activity of

Fig. 1. Sorption m of individual lysozyme vs. (a) pH
and (b) ionic strength J.

lysozyme expressed in lA units was determined by the
turbidimetric method based on the ability of lysozyme
to destroy cell walls of Micrococcus lysodeikticus [5].
A suspension of cells of Micrococcus lysodeikticus
was prepared in an 0.066 M phosphate buffer (pH 6.2),
to obtain an optical density of 0.6�0.7 at a wave-
length of 570 nm. To 3 ml of the substrate was added
0.5 ml of the enzyme solution with lysozyme concen-
tration of up to 1 mg ml�1. After 15-min incubation
at 37�C, the optical density at 570 nm was measured
again. Preliminarily, we plotted a calibration curve for
a standard sample of lysozyme (at lysozyme concen-
tration of 1 mg ml�1, the activity was 19 � 1 lA ml�1).

Chicken egg white itself is a buffer solution with
high buffer capacity. Therefore, not attempting to ad-
just the pH of CEW, we studied the influence exerted
by the sorbent preparation thechnique on the sorption
of lysozyme from two CEW samples on various forms
of KMDM-6-5.

Data in the table show that the lysozyme concentra-
tion in the sorbent phase, specific activity of the elu-
ate, and the lysozyme yield increase on passing from
the H form to the H�Na and Na forms. This can be
interpreted as follows. It has been demonstrated pre-
viously [1] that the maximum sorption of proteins,
having the isoelectric point in the acidic region, on
carboxylic cation exchangers is observed near the iso-
electric point of the protein, whereas that of proteins
having the isoelectric point in the alkaline region, near
the pK of the cation exchanger (pK 6.7 for KMDM-
6-5). We have demonstrated that the maximum sorp-
tion of individual lysozyme occurs at pH 5.8�6.4
(Fig. 1a). Sorption of egg albumen (macrocomponent
of egg white) is at a maximum at pH 5.0 (sorption
occurs in the pH range from 3.5 to 5.5). Since the con-
tent of egg albumen in CEW is several times that of
lysozyme (lysozyme content in CEW is 2�4% [10]),
in sorption at pH 6 (optimal pH for sorption of ly-
sozyme), albumen is also considerably sorbed, which,
evidently, decreases the sorption of lysozyme At
pH 7.2�7.5, the sorption of individual lysozyme de-
creases by no more than 30�35% (Fig. 1a), and that of
egg albumen is negliigble under these conditions.

In the alkaline range, i.e., on passing from the H to
Na form of the sorbent, the synergistic mechanism
changes for the competitive one (although, in this case,
there is nothing for lysozyme to compete with), and
purely ion-exchange sorption of lysozyme (alkaline
protein) occurs, whereas acidic proteins are not sorbed,
forming no second sorption layer on the surface of
the already sorbed protein. The lack of the second
sorption layer allows subsequent elution of individual
lysozyme.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 6 2003

SORPTION INTERACTION OF LYSOZYME WITH CARBOXYLIC CATION EXCHANGERS 987

Fig. 2. Sorption isotherms of lysozyme from CEW on
(a) KMDM-6-5 and (b) SGK-7. (m, m�) Concentration
and activity of lysozyme in the sorbent phase; (c, c�) con-
centration and activity of lysozyme in the solution. Tem-
perature (�C): (1) 20 and (2) 8.

A study of the effect of the ionic strength on the
sorption of individual lysozyme revealed that, over
the NaCl concentration range 0�0.1 M, the sorption
capacity of the sorbent remains virtually unchanged,
but decreases with J increasing further. Taking these
results and data given in the table into account, all
further experiments were carried out with KMDM-6-5
and SGK-7 sorbents in the H�Na form. The sorbents
were preliminarily treated with 0.05 M phosphate buf-
fer (pH 7.2). This pH value was selected because
lysozyme loses its biological activity at higher pH
[5, 6].

The sorption isotherms of lysozyme directly from
CEW on KMDM-6-5 and SGK-7 are shown in Fig. 2
for the above-indicated conditions at two different
temperatures. The results indicated that temperature
has only slight effect on the sorption. Therefore, the

Fig. 3. Sorption isotherms of individual lysozyme on
(a) KMDM-6-5 and (b) SGK-7. (m) Lysozyme concentra-
tion in the sorbent phase and (c) lysozyme concentration in
the solution. Ionic strength (M): (1) 0.1, (2) 0.15, (3) 0.25,
and (4) 0.5.

experiments could be carried out without temperature
control. The temperature effect was studied because
in most cases, sorption was performed from solutions
obtained after defrosting an initially frozen CEW.
The sorption isotherms of lysozyme at room tempera-
ture were then used to determine the sorbent volume
required for sorption of the maximum amount of the
protein from CEW.

Figure 3 shows the sorption isotherms of individual
lysozyme at pH 7.2 on KMDM-6-5 and SGK-7 cation
exchangers at different ionic strengths. As seen, the
ionic strength strongly influences the sorption, with
the sorption decreasing by a factor of up to several
tens. Comparison of Figs. 2 and 3 reveals that the
overal effect of all the components contained in CEW
on the sorption is comparable with that exerted by
the ionic strength in the range from 0.25 to 0.5 M.
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Evidently, under these conditions, the efficiency of
sorption of lysozyme from CEW is small. Neverthe-
less, raising the sorbent to CEW ratio allows recovery
of up to 85% of lysozyme contained in the initial
mixture.

Desorption of lysozyme from both KMDM-6-5 and
SGK-7 was performed at ionic strength increased
to 1 M. Comparison of the compositions of the eluates
obtained after sorption of CEW on the sorbents in
the H and H�Na forms shows that, in the case of the
H forms, the eluate contained 30�35% lysozyme, 20�
25% other proteins, and nonprotein matter the balance.
In sorption on the H�Na forms, the eluate contained
50�60 lysozyme, traces of other proteins, and non-
protein matter the balance.

CONCLUSION

In sorption of proteins from complex multicompo-
nent mixtures, it is not always advantageous to carry
out the process under conditions ensuring the max-
imum sorption efficiency with respect to a target com-
ponent. It was demonstrated for the example of ly-
sozyme that less tight binding of the protein to the
sorbent can provide a gain in the sorption selectivity.
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Abstract�The cellulose-producing power of the VKM V-800 Acetobacter xylinum strain under conditions of
static culture was studied. The culture medium was optimized with the aim to increase the cellulose yield
and obtain highly crystalline cellulose I with molecular weight of about 5 � 105.

A considerable progress in studies of cellulose bio-
synthesis, development of the concepts of structural
hierarchy of cellulose, and discovery of two crystal-
line modifications, CI� and CI�, in native cellulose
samples stimulated in the past decade active studies of
evolutionarily different celluloses on the molecular and
supramolecular levels. The structure of native cellu-
loses is extensively studied by biochemical, genetic,
physicochemical, and also theoretical methods [1�12].

The most success has been gained in studies of cel-
lulose produced by Valonia ventricosa alga and of
bacterial cellulose produced by Acetobacter xylinum
(CAX) [3].

Two polymorph families of crystalline cellulose I
are distinguished: that rich in the I� form (algal and
bacterial celluloses) and that rich in the I� form (cel-
lulose of higher plants and animal cellulose) [7�10].
Electron diffraction studies showed that, in the meta-
stable I� phase, cellulose chains are packed to form
a triclinic cell (space group P1) with a single tie chain,
and under certain conditions, this phase transforms in-
to the thermodynamically stable monoclinic I� struc-
ture (space group P21) with two macrochains in the
unit cell [7, 10]. The I� / I� ratio for celluloses of var-
ious origins forms in the course of biosynthesis and
is not directly related to the degree of crystallinity

of a polymeric sample. For example, in the cellulose
produced by Valonia ventricosa alga (degree of crys-
tallinity 100%) I� / I� = 60/40, and in the animal cellu-
lose produced by Halocynthia, with the same degree
of crystallinity, this ratio is 10/90 [12].

It has been found [9] that the degree of transforma-
tion of structures Ia and Ib during heat treatment of
cellulose samples is independent of the initial crystal-
linity. In this context, a fundamental question arises
concerning exact ultrastructural localization of each
phase. This question was answered to certain extent in
recent papers [13, 14]; the procedure used was based
on different reactivities of the I� and I� phases. The
conclusion of [13, 14] that the I� phase is situated on
the surface of microcrystals or microfibrils was also
confirmed by the data of high-resolution atomic-force
microscopy [15].

Numerous papers published in the past five years
show that the ratio and sizes of structural modifica-
tions I� and I� and their mutual arrangement depend
both on the evolutionary origin of cellulose samples
and on the biosynthesis conditions, varying from one
sample to another [16].

The efforts of many research teams are aimed today
at revealing the factors responsible for variation of
the I� / I� ratio in the course of cellulose biosynthesis.
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Fig. 1. Scheme of the structure of linear TC of A. xylinum
bacterium, illustrating the formation of a mini-sheet from
four glucan chains and of a mini-crystal from 16 chains by
a subunit: (I) catalytic site of a glucan chain, (II) TC sub-
unit, (III) mini-sheet, (IV) mini-crystal of one TC subunit,
(V) TC triplet, (VI) linear series of Acetobacter TC triplets,
(VII) ribbon of microfibrils, (VIII) crystalline microfibril
of three TC subunits, and (IX) 10�100 microfibrils/ribbon.
Three TC subunits form a crystalline microfibril, and 10�
100 subunits form a ribbon.

Particular attention is given to crystallization of bac-
terial CAX as a model system for which the I� / I�
ratio varies with strain and cultivation conditions (e.g.,
addition of chemicals to culture medium, variation of
temperature) [3, 4, 16].

The interest in fine details of biosynthesis and
structure of CAX is due to the possibility of preparing
chemically pure cellulose by an environmentally ac-
ceptable procedure and using it in diverse branches
of medicine [17] and engineering [18]. Various struc-
tural levels of CAX are discussed: the structure of the
terminal complex (TC) itself; its subunit; fine struc-
tural elements formed: mini-sheet, mini-crystal, mi-
crofibril, and ribbon [3, 11]. Brown [3] suggested
a scheme (Fig. 1) illustrating the shape and size of
a linear TC and their correlation with the microfibril
size. Each TC subunit includes 16 catalytic sites form-
ing four mini-sheets, which, in turn, form a mini-
crystal. A microfibril is formed from three TC sub-
units, and a ribbon, from 10�100 microfibrils. Ex-
periments on CAX cultivation with addition of Tino-
poal dye showed that the macrochain packing varies

with dye concentration. At low dye concentrations,
the microfibril formation is disturbed. At high dye
concentrations, only mini-sheets of glucan chains are
obtained in the form of tubular cellulose; in the course
of washing or photoisomerization, this structure can
transform into a microfibril [11].

Attempts are made to affect, via the composition
of the culture medium, the capability of A. xylinum
strains to produce ribbons and their aggregates with
more perfect structural characteristics. It has been
shown [19] that addition to the culture medium of
antimetabolites, such as nalidixic acid and chloram-
phenicol, makes bacterial cells longer and, as a con-
sequence, results in production of wider ribbon ag-
gregates.

The effect of polymeric additives on the formation
of CAX microfibrils of various sizes and the mechan-
ism of crystallization of cellulose I� and I� in them
are discussed in [20�22]. It was found that addition
of carboxymethyl cellulose or xyloglucan to the cul-
ture medium reduces formation of the I� phase, in-
creasing the I� fraction; according to an electron-
microscopic examination, this is associated with a de-
crease in the width of CAX microfibrils. Similar ef-
fects have also been observed by other authors [23]
upon introduction of oligo- and polysaccharides into
the culture medium. Samples of CAX and its com-
posites have been prepared under various synthesis
conditions with addition of lignin�carbohydrate com-
plexes or specific polysaccharides to the culture
medium; an X-ray diffraction study of these samples
has shown that some additives increase the content of
the I� phase, and, in some cases, the crystal structure
does not change (the I� phase remains) or low-crys-
talline composites are obtained [23].

Our goal was to reveal a correlation between the
structural organization of CAX macrochains in the
course of the syntheses, suggested in [3] (Fig. 1), and
structural parameters of cellulose macrosamples in
the course of drying of CAX gel films. Here, we report
the results of optimization of the CAX synthesis by
the VKM V-880 A. xylinum strain and the structural
features of CAX samples, which were evaluated by
X-ray diffraction analysis and dielectric spectroscopy.

EXPERIMENTAL

The cellulose synthesis by the VKM V-880 A. xy-
linum strain maintained at the Microbiology Chair,
St. Petersburg State University, was performed in
a culture medium containing aqueous solutions of
yeast extract (YE), glucose, peptone, ethanol, and



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 6 2003

STRUCTURAL PARAMETERS OF CELLULOSE 991

wort in optimized concentrations, at pH 5.9�6.0.
The seed was a 48-h A. xylinum culture grown in a
medium containing YE and wort (6� Baling scale) in
1 : 1 ratio, with 2 wt % glucose and 1 vol % ethanol.
Cultivation was performed at 29�30�C for 6�7 days,
after which CAX was separated and intermittently
washed with boiling 0.5�1% aqueous NaOH to re-
move A. xylinum cells. Then CAX was washed to
remove NaOH with distilled water, 0.5% acetic acid
solution, and again distilled water to neutral reaction.
The resulting CAX was stored either as a gel film (in
distilled water at 5�C) or (after autoclave sterilization)
at room temperature, or it was dried in a vacuum at
40�C and stored in the dry state. The procedure was
optimized by additive-lattice experimental design [24];
the five varied factors were concentrations of the com-
ponents of the medium, and the cellulose yield was
determined at different factor values.

X-ray diffraction patterns (DRON-2 diffractome-
ter and RKV-86 X-ray camera, Ni-filtered CuK

�

ra-
diation) were measured for the initial CAX gel films
cleaned to remove the culture medium, and also for
the films from which a certain amount of water was
removed (before and after drying in air at room tem-
perature to the air-dry state). The dielectric properties
of CAX were measured with a TR-9701 device in the
frequency range 1�100 kHz at temperatures from �140
to 120�C. A two-electrode cell with chrome-plated
brass electrodes and Teflon insulation was used. The
measurements were performed in dry air with 30�
60-�m-thick film samples dried in a vacuum at 60�C.

It is known that A. xylinum well develops in cul-
ture media containing glucose and some other mono-
saccharides as carbon sources, and also yeast extract
as growth factor and source of nitrogen [25]. To
determine the cellulose-producing power of the VKM
V-880 A. xylinum strain, the culture medium based
on the initial medium containing glucose, YE, and
peptone was optimized. The effect of organic addi-
tives, wort and ethanol, on the biosynthesis of cel-
lulose was elucidated [26]. Determination of the cel-
lulose yield from culture media of 25 different com-
positions showed that, at the optimal combination
of the components (7 wt % glucose, 0.3 wt % YE,
30 vol % wort, 0.3 wt % peptone, 3 vol % ethanol),
up to 50 g of air-dry cellulose is obtained from 1 m2

of the reactor surface.

It has been found previously that CAX can be syn-
thesized on culture media with various cheap sources
of carbon: industrial wood hydrolyzates, peat hydroly-
zates, molasses, and other media containing mono-

Fig. 2. Diffraction patterns of CAX in various steps of gel
film drying. (I) Intensity and (2�) Bragg angle; the same
for Figs. 4�6. (1) Initial gel films with the dry polymer :
water ratio of 1 : 100; (2) CAX sample squeezed to remove
50% of water; (3) sample dried at 20�C for 3 h; (4) sample
dried in a vacuum at 40�C.

saccharides [27, 28]. To determine the structural char-
acteristics of CAX synthesized by the VKM V-880
strain, we used gel films prepared in a medium con-
taining 2% glucose, 0.2% peptone, 0.3% YE, and
2 vol % ethanol. The IR absorption bands and X-ray
reflections of these samples were found in the ranges
characteristic of cellulose I. Determination of the
molecular weight of CAX by sedimentation and diffu-
sion in cadoxen gave an MSD value of 5 � 105. The
polydispersity index Mz /Mw determined by correla-
tion laser spectroscopy in cadoxen [26] was approxi-
mately 1.1. All these data are nicely consistent with
the CAX characteristics available from the literature
[29].

Since the X-ray diffraction patterns obtained from
CAX gel films dried under various conditions differed
from those reported in [23, 30], it seemed appropriate
to study in more detail the kinetics of water removal
from the CAX gel film in the course of drying.

The diffraction pattern of the initial gel film with
the dry polymer : water ratio of 1 : 100 (Fig. 2, cur-
ve 1) is characterized by a broad maximum at 2� =
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Fig. 3. Temperature dependence of the dielectric loss tan-
gent tan� for (1, 1�) CAX, (2) CAX heated to 100�C in
a vacuum in the course of measurement, and (3) dried cot-
ton linter. Measurement frequency, kHz: (1�3) 1 and (1�) 10.

Fig. 4. (a) Diffraction patterns and (b) scheme of X-ray
pattern obtained at (a) perpendicular and (b) parallel in-
cidence of the X-ray beam relative to the plane of the
dry sample. Sample: (a) (1) CAX and (2) LC; (b) CAX.

20��40�. When 40�50% of the initial water is re-
moved from the gel film, clear reflections appear
against the background of this halo at 2� 15��16�,
23�, 27�, 32��34�, and 40��42�, with the broad max-
imum in the range 25��30� being preserved (Fig. 2,
curve 2). After drying this sample in air at 20�C for
2�3 h, the reflection positions and intensities changed
(Fig. 2, curve 3). A noticeable diffuse background
remained in the range 2� = 20��40�, and the reflec-
tions corresponding to d 0.532, 0.435, 0.390, and
0.259 nm became the strongest. In the X-ray patterns

of the CAX films dried in a vacuum at 40�C (Fig. 2,
curve 4), the positions of these four reflections re-
mained unchanged, whereas the diffuse halo virtually
disappeared.

However, the samples dried under these conditions
still contained water molecules, as suggested by the
CAX relaxation properties determined by dielectric
spectroscopy [31]. Figure 3 shows the temperature
dependence of the dielectric loss tangent, tan� = f (T ),
for samples of CAX and, for comparison, cotton linter
cellulose (LC). For samples of both CAX and LC,
tan�m passes through a maximum at negative temper-
atures (about �60�C, 1 kHz). According to the con-
cept of the relaxation properties of cellulose [31�33],
this range of dielectric loss in CAX must be as-
sociated with relaxation of the dipole polarization and
mobility of primary hydroxy groups of cellulose
molecules. Above 0�C, the dielectric loss increases.
At 60�70�C, the loss decreases irrespective of the
measurement frequency (curves 1, 1�); heating in a
vacuum enhances this trend (curves 1, 2). This fact
suggests removal of compounds increasing the elec-
trical conductivity from the sample bulk (in the given
case, this is, most probably, water [33]).

Simultaneoulsy, tan�m decreases, and the maxi-
mum shifts from �60�C to higher temperatures. This
suggests disappearance of the plasticization effect
associated with the presence of water molecules form-
ing hydrogen bonds with primary hydroxyls. The
break-down of the hydroxyl�water complexes does not
cause the peak of tan�m to grow in intensity, which
may be due to involvement of the released OH groups
in a new system of intermolecular hydrogen bonds.
Comparison of the dependences tan� = f (T ) for CAX
and LC samples (Fig. 3, curves 2, 3) shows that the
maximal value of tan�m at �60�C for CAX is two�
three times lower than for LC. Since the height of the
peak at �60�C is determined by the amount of prima-
ry OH groups that can participate in thermal motion
and this motion can occur in defective areas only, it
can be presumed that bacterial cellulose, compared to
linter cellulose, is characterized by a more regular
network of hydrogen bonds and a more regular struc-
ture [31�33]. Indeed, the X-ray diffraction patterns of
CAX and LC samples showed that CAX films were
more ordered (Fig. 4a, curve 1); all the reflections of
CAX were indexed in the monoclinic system of modi-
fication I, which is a two-phase system of CI� and
CI�.

Particular attention should be given to the range
2� = 13��18� in the diffraction pattern of CAX. It is
seen that the �110 reflection (2� = 15�) of the CAX
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film (Fig. 4a, curve 1) is considerably weaker as com-
pared to LC (Fig. 4a, curve 2). At the same time, the
intensity of the reflection at 2� = 16�50� [sum of (110)
and (002) reflections] is many times higher as com-
pared to LC and varies from one sample to another.

To reveal a planar texture in CAX films, we meas-
ured the X-ray patterns with the plane of the dried
sample arranged in parallel with the incident X-ray
beam. Figure 4b shows the scheme of the five major
reflections of CAX, denoted by the corresponding
numerals in Fig. 4a.

We revealed an appreciable redistribution of the
reflection positions and intensities. A reflection with
d = 0.607 nm (2� = 15�), corresponding to the reflec-
tion from the �110 planes, is clearly seen in the equa-
torial region. A reflection in the meridional region at
d = 0.523 nm [reflection from the (002) planes] is
clearly seen against the background of a weak ring
reflection at 2� = 17�. The (110) reflection in the
equator is absent; only a weak �ring	 reflection from
(110) planes with d = 0.532�0.535 nm is observed.

As for the other reflections, the weak third reflec-
tion at 2� = 20�40� is detected in the vicinity of the
meridional region and is undoubtedly a sum of reflec-
tions from the (102) and (012) planes of the mono-
clinic lattice with d = 0.437 and d = 0.432 nm. In the
equatorial region, there is a fairly strong fourth reflec-
tion with d = 0.389�0.392 nm, corresponding to the
reflections from the (200) planes in which hydrogen-
bonded cellulose chain molecules are arranged to form
parallel layers. Finally, the fifth reflection with
d = 0.259�0.260 nm, which is a superposition of
moderately strong reflections from the system of
planes (004), (220), (031), and (023), is clearly seen
in the meridional region of the X-ray pattern of a
CAX film taken from the end side, i.e., it character-
izes the periodicity along the polymeric chain.

Thus, aggregates of CAX microfibrils are arranged
in the plane of the dried film, forming an axial texture
whose axis is perpendicular to the film plane. Since
the (110) reflection (2� = 15�) is only manifested in
the majority of samples when the X-ray beam is par-
allel to the sample surface, it can be concluded that,
in the crystallites constituting CAX ribbons, the (�110)
planes of the monoclinic cell are arranged parallel to
the macrosample, i.e., an axial-planar texture arises
[34].

Comparison of the diffraction patterns of CAX
films (VKM V-880 strain) prepared in this study and
CAX samples produced by the ATCC 53 524 strain

Fig. 5. Diffraction patterns of CAX samples dried (1) at
40�C and (2) lyophilically after freezing the gel film at
�30�C; (3) CAX sample (ATCC 53 524 strain) dried in
the course of freezing [23].

[23] reveals differences in the intensities of some
reflections (Fig. 5). This may be due to different pro-
cedures of sample preparation. The films were dried
on glass supports at room temperature or at 40�C in a
vacuum; they had an axial-planar texture. The CAX
sample dried in the course of freezing [23] had an iso-
tropic polycrystalline structure (Fig. 5, curve 1). To
eliminate the texturing effect, we changed the drying
procedure: A gel film was first frozen at �30�C and
then dried lyophilically. However, after such a treat-
ment, the axial-planar texture of the CAX film was
preserved, even though to a considerably lesser extent
(Fig. 5, curve 2).

The use of isotropic polycrystalline samples for
X-ray diffraction analysis allowed resolution of reflec-
tions at 2� 15� and 17� and their assignment to the I�
and I� modifications [23]. For the textured samples
under consideration, this is impossible. However, the
presence of the (002) reflection on the meridian of the
diffraction pattern (Fig. 4b) obtained at parallel ar-
rangement of the CAX sample plane relative to the in-
cident X-ray beam indicates that the gel film contains
an appreciable amount of the monoclinic I� phase with
the parameters a = 0.801, b = 0.817, c = 1.036 nm
(macromolecular axis), and 
 = 97�, suggested in [10].

The diffraction patterns of CAX films prepared
using, in the biosynthesis step, such carbon sources
as industrial hydrolyzates of wood, peat, and liquors
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Fig. 6. Diffraction patterns of CAX samples prepared using
different carbon sources. Medium: (1) containing wood
hydrolyzate, (2) standard [26], and (3) containing glycerol.

Fig. 7. Model of cellulose chain packing (projection onto
the ab plane) in the monoclinic cell. (A1�A2) Orientation
of ribbon microfibrils in the macrofilm plane. The arrow
shows the direction of mini-sheets in the course of bio-
synthesis.

from pulp-and-paper and fruit-and-berry productions
[27, 28] show that, depending on conditions of culti-
vating A. xylinum, the CAX produced does not al-
ways have the cellulose I structure (Fig. 6, curve 2);
in some cases, it is a mixture of the cellulose I and
cellulose II modifications (Fig. 6, curve 1). The bio-
synthesis conditions also govern the extent of micro-
fibril orientation in the plane of the CAX film. For
example, using glycerol as the carbon source, we ob-
served in CAX samples a clear axial-planar texture
(Fig. 6, curve 3).

Thus, comparison of the diffraction patterns of the
CAX gel films dried by different procedures or pre-
pared under different cultivation conditions with the
data given in [23, 30] shows that, under conditions of
our experiments, a texturing effect arises. Further-
more, the previously published electron diffraction

data [35] in combination with the X-ray diffraction
patterns for CAX of the VKM V-880 strain suggest
that, in the textured samples, the content of the I�
modification exceeds that of the I� modification.

The possibility of obtaining different I� / I� ratios
in CAX ribbon formations depending on the condi-
tions of cultivating A. xylinum was discussed in [15,
23]. These papers consider the shear stresses in thin
planar ribbon ensembles of CAX in the course of sim-
ultaneous crystallization and twisting. The ribbons are
twisted owing to rotation of bacteria during their
forward motion in a culture medium. Aggregation of
microfibrils yields wide (40�60 nm) ribbons; their
twisting gives rise to end stresses, inducing formation
of the I� structure. On the contrary, the I� structure
is formed in the central parts of the ribbons. If the
ribbons are less twisted or microfibrils have smaller
transverse size, the number of the stressed regions is
considerably smaller, which favors formation of the I�
structure in CAX. Bowling et al. [36] observed un-
twisting of CAX ribbons during degradation of cellu-
lose chains effected by fungus cellulases. This rotary
motion was explained by lifting of bending stress and
formation of relaxing conformations.

Presumably, in our case the CAX ribbons, orient-
ing on the surface of the culture medium, form a net-
work of hydrogen bonds via primary hydroxy groups,
which can prevent twisting of ribbon ensembles and
result in a higher content of the I� structure, com-
pared to I�, in textured CAX samples.

Proceeding with the concept suggested in [4], we
propose a model of cellulose chain packing in the
projection onto the ab plane for the monoclinic cell
with two macromolecules (Fig. 7). The A1�A2 line
denotes the directing defining the orientation of mi-
crofibrillar ribbons on the surface of the culture medi-
um. Such an orientation of glucoside fragments on
the microfibril surface explains the presence of a large
amount of water molecules hydrogen-bonded with
primary hydroxyls. As seen from Fig. 7, the C6�OH
groups are arranged at the phase boundary along the
A1�A2 line; according to the theoretical calculations
[6], these groups have the tg conformation in the tri-
clinic I� structure and the gt conformation in the
monoclinic structure, participating in the latter case in
the hydrogen bonding between the mini-layers. The
direction of mini-layers (this concept was suggested
in [3]; Fig. 1) is marked in the scheme with an arrow.
It is seen (Fig. 7) that the mini-layers are perpendicu-
lar to the culture medium surface.

It is known that CAX gel films can retain from 100
to 200 g of water per gram of dry polymer, preserving
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a high intrinsic tensile strength (up to 2 kgf mm�2)
[26]. The X-ray patterns suggest that the microfibrillar
ribbons oriented on the film surface act not
only as a reinforcing network but also as hydrophilic
layers capable of interacting with a large amount of
water molecules. According to electron-microscopic
data [35], the diameter of the aggregates is about
50 nm, and their length is extremely large. Microfib-
rillar aggregates occupy an insignificant part of the gel
film volume, which allows introduction depending on
the degree of film drying, of diverse systems into gel
films. For example, it has been shown that a CAX gel
film is an excellent carrier of such antiseptics as Cata-
pol and Poviargol containing silver clusters [37, 38].

CONCLUSIONS

(1) The composition of the culture medium was
optimized with the aim to attain the maximal yield
of cellulose produced by Acetobacter xylinum. The
VKM V-880 strain of A. xylinum is capable of syn-
thesizing high-molecular-weight cellulose in a static
culture using a wide range of carbon sources.

(2) The kinetics of structural transformations that
occur in this cellulose when water is removed from
gel films in the course of drying was studied by X-ray
diffraction and dielectric spectroscopy. It was shown
that, in the dried films of highly crystalline cellulose,
an axial-planar texture is formed in which crystallo-
graphic planes (�110) of the monoclinic cell (d =
0.61 nm) are arranged parallel to the sample plane.

(3) To describe the packing of ribbon aggregates
in the plane of a cellulose film, a model was sug-
gested according to which the mini-sheets constituting
the aggregates are arranged in the perpendicular direc-
tion relative to the phase boundary between the cul-
ture medium and air.
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Abstract�The influence of ultrasonic cavitation on the rate of acid hydrolysis of gelatinized starch under
the action of ultrasonic field or strong mechanical stresses in a rotary-pulsating activator is discussed.
The dependences of the hydrolysis rate on the starch concentration, acid content, temperature, and intensity
of mechanical action on the system are analyzed.

Hydrolytic degradation with rupture of the glyco-
side bond is one of the most practically significant re-
actions involving starch. The intensification of starch
hydrolysis is an urgent problem; it is of theoretical
and practical importance. The possibility of enhancing
the reactivity of gelatinized starch by intensive mech-
anical treatment in a rotary-pulsating activator (RPA)
[1] has been poorly studied as yet. In such devices,
a material is exposed to combined action of ultrasonic
vibrations and strong shear stresses. Some features of
the effect of such treatment in RPA on the state of
starch hydrogels have been reported previously [2, 3].
The possibility of accelerating reactions of starch hy-
drogel with low-molecular-weight reagents by mech-
anical treatment was studied in [4] for the example of
permanganate oxidation. Previously, it has been con-
sidered that shear strains are decisive factor in the
enhancement of the starch reactivity. However, our
new experimental data on the effect of both shear-free
ultrasonic field [5] and RPA treatment on the state of
starch hydrogels suggest that the role of the shear and
ultrasonic action in the course of mechanical intensif-
ication of chemical processes in the gelatinized starch
should be revised.

In this study, we examined the possibility of inten-
sifying acid hydrolysis of starch under the influence of
ultrasonic field and combined ultrasonic and shear
treatment in a rotary-pulsating activator.

EXPERIMENTAL

In this study, we used corn starch [GOST (State
Standard) 7697�82]. Starch hydrogels to be mechan-

ically treated were prepared by cooking a starch sus-
pension on a water bath at 90�C for 15 min.

The acid hydrolysis of gelatinized starch was per-
formed by three methods: in a temperature-controlled
vessel with ordinary stirring, in a temperature-con-
trolled beaker with ultrasonic treatment (UZDN-2T
ultrasonic pulverizer), and in a temperature-controlled
RPA chamber.

Starch hydrogels were treated in a UZDN-2T ul-
trasonic pulverizer at 22 kHz; the volume density of
the acoustic energy, determined by calorimetry, was
1.34 W cm�3.

Starch hydrogels were also treated in a laboratory
RPA. The working chamber of the activator is formed
by a rotor and a stator, which are equipped with spe-
cial fittings. The gap between the rotating and fixed
elements of the working chamber in a given operation
mode determines the tangential stresses in the liquid-
phase material treated. The rotor rotation rate was var-
ied in the 1000�5000 rpm range, and the gradients
of the shear rate, within (0.5�17.4) � 104 s�1.

To confirm the occurrence of ultrasonic cavita-
tion in the RPA working chamber, we used the stan-
dard test reaction Fe2

� Fe3+ in an acidic medium.
This reaction does not occur in the absence of ultra-
sonic cavitation [6]. The same reaction was used to
determine the amount of ultrasonic energy absorbed
by the material (using chemical dosimetry).

The starch concentration in the gels was 2�8%, and
the process temperature, 20�70�C; the sulfuric acid
concentration was varied within 0.03�0.15 M, and
the time of mechanical treatment was 10�90 s.
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Fig. 1. Concentration cR of the reducing groups accu-
mulated in the starch hydrogel in the course of hydrolysis
performed in (1) thermostat, (2) UZDN-2T, and (3) RPA
vs. time �; starch concentration 2 wt %, acid concentra-
tion 0.03 M.

Fig. 2. Average rate W of accumulation of the reducing
groups in the starch hydrogel vs. the sulfuric acid con-
centration c in the course of hydrolysis performed in
(1) RPA and (2) UZDN-2T.

The rate of starch hydrolysis was determined from
the data on accumulation of reducing groups [7]. In
our case, the standard procedure to monitor the hy-
drolysis rate by a decrease in the solution viscosity,
used under the common reaction conditions [8], is
inapplicable, because hydrolysis under strong mech-
anical stresses is accompanied by mechanical disper-
sion of the starch (crushing of grains and their parts)
and, thus, by a significant decrease in the viscosity,
even in the absence of chemical reagents.

To analyze the origin of the mechanical (including
ultrasonic) effect on the starch hydrolysis, we studied
the dependences of the hydrolysis rate on temperature
and concentrations of starch and acid and compared the
results obtained for all the three treatment procedures.

It was found that, at the same temperatures and
acid concentrations, application of a mechanical stress
strongly accelerates the accumulation of the reducing
groups. As seen from Fig. 1, one and the same con-
centration of the reducing groups, 1.25 � 10�3 M, is
reached in 150 min in the case of the ordinary stirr-
ing, and in 30 and 13 s, respectively, in an ultrasonic
field and after the RPA treatment. Before the exper-
iments, we carried out blank tests in which the starch
hydrogels were exposed to mechanical treatment with-
out addition of acid. In this case, no increase in the

concentration of the reducing groups was found. This
fact indicates that the cavitation itself does not pro-
duce any significant amount of the reducing groups
under the experimental conditions studied.

It is known that, under the conventional conditions
(no mechanical stresses), the rate of the acid hydro-
lysis of starch is described by a first-order equation.
The reaction rate is directly proportional to the acid
concentration and is independent of the starch concen-
tration [9]. Upon application of an ultrasonic field or
upon RPA treatment, the accumulation rate of the re-
ducing groups is a linear function of the acid con-
centration (Fig. 2).

To determine the kinetic order of the reactions
proceeding in starch hydrogels under mechanical
stress, we should take into account the features of
the concurrent mechanically induced structural trans-
formations. The kinetic dependences ln (c0 /c) = f (�),
obtained for these reactions, are linear only up to a cer-
tain degree of hydrolysis, i.e., at some instant of time
the rate constants calculated from the first-order kinet-
ic equations begin to decrease. A decrease in the reac-
tion rate constants with increasing degree of starch
hydrolysis has been found previously for common re-
action conditions [8]. This is probably due to the ac-
cumulation in solution of linear dextrins forming com-
pact structures with higher energy of intermolecular
interaction, which increases their hydrolytic stability.
For comparative evaluation of the effect of various
mechanical stresses on the reaction rate, we used the
rate constants corresponding to the linear portions of
the ln (c0 /c) = f (�) curves. The rate constants of the
reactions performed in RPA and in an ultrasonic field
are (on the average) higher by three orders of magni-
tude than those recorded for reactions performed un-
der the ordinary reaction conditions at the same tem-
perature and acid concentration.

Under the ordinary conditions, the hydrolysis rate
of gelatinized starch is independent of the starch con-
centration in the hydrogel. The initial viscosity of
these hydrogels varied within a wide range (0.01�
1000 Pa s). The independence of the starch hydrolysis
rate from the solution viscosity suggests that the pro-
cess is kinetically controlled, and thus a strong de-
crease in the solution viscosity during the mechanical
treatment cannot lead to pronounced changes in the
hydrolysis rate under mechanical stress.

To evaluate how the mechanical degradation of the
initial structure of the starch hydrogel affects the re-
action rate, we performed a series of tests with pre-
treatment of hydrogels in RPA and UZDN-2T at 20�C.
Immediately after such a treatment, the samples were
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placed in a temperature-controlled flask, the required
amount of acid (0.15 M) was added, and the hydrolysis
as performed under the ordinary conditions at 60�C.

As seen from the table, after mechanical activation
of the starch hydrogels the rate of its hydrolysis in-
creases by nearly an order of magnitude, and this ef-
fect significantly decreases with increasing starch con-
centration. The dependence of the degree of reaction
acceleration on the intensity and time of mechanical
pretreatment is ambiguous. For example, after ultra-
sonic treatment of the starch hydrogel for 30 s, the in-
crease in the reaction rate is greater than that after
treatment for 60 s. This is probably related to the fact
that [3], under strong mechanical stress, the break-
down of the initial gel structure is accompanied by
formation of new compact structures through orienta-
tion and aggregation processes.

The above processes probably account for the de-
pendence of the hydrolysis rate of starch on its con-
centration in the course of the reaction in an ultrason-
ic field or under ultrasonic treatment combined with
mechanical shear stress in RPA (Fig. 3). Under ultra-
sonic treatment, the hydrolysis rate slightly decreases
with increasing starch concentration, which is due to
a decrease in the efficiency of the ultrasonic degrada-
tion of starch with its increasing concentration. The
increase in the rate of the reaction performed in the
RPA chamber with starch concentration decreasing to
2�3 wt % can be accounted for by the fact that the
static pressure in the working chamber sharply grows
with decreasing hydrogel viscosity, which, in turn, in-
creases the erosion activity factor [10]. In other words,
the degradation of the starch hydrogel structures is
more profound at small concentrations. The rise in
the rate of hydrolysis performed in RPA with growing
starch concentration is due to an increase in the con-
tribution of the shear stresses to the breakdown of the
initial gel structure, and also to general activation of
the system with simultaneous decrease in the contribu-
tions of the orientation and aggregation processes.

Without mechanical treatment, no hydrolysis of ge-
latinized starch is observed at acid concentration of
0.15 M and 20�C; in any case, no increase in the con-
centration of reducing groups was observed, at least,
in the first 2�3 h. At 60�C and the same acid con-
centration, the hydrolysis rate is appreciable. The ac-
tivation energy of the reaction without mechanical ac-
tivation was calculated to be 206 kJ mol�1.

The effect of temperature on the rate of acid hydro-
lysis of starch under high-intensity mechanical treat-
ment (RPA and UZDN-2T) is ambiguous. For exam-
ple, at 20�45�C the reaction rate is almost indepen-
dent of temperature, which is typical of mechano-

Rate of starch hydrogel hydrolysis as influenced by mech-
anical pretreatment (temperature 60�C, acid concentra-
tion 0.15 M)
����������������������������������������

� � k � 104 (s�1) at indicated

Treatment �
�, s � starch content, wt %

� ����������������������
� � 2 � 5

����������������������������������������
� � � � 0.298 � 0.286

UZDN-2T � 30 � 1.28 � 0.345
� 60 � 0.925 � 0.306

RPA, n*, rpm: � � �
3000 � 5 � 0.925 � �

5000 � 5 � 0.745 � 0.493
5000 � 30 � 1.64 � �

����������������������������������������
* Rotation rate in RPA.

chemical and, in particular, sonochemical reactions.
At 60�C, the process appreciably accelerates. Howev-
er, the activation energy is still significantly smaller
(34 kJ mol�1) than that of the reaction under the ordi-
nary conditions. Above 50�C, the temperature de-
pendence becomes stronger with decreasing rotor rota-
tion rate n (Fig. 4a). The higher the rotation rate n,

Fig. 3. Rate constant k of the acid hydrolysis of starch vs.
the concentration cst of starch in hydrogel at 60�C in the
course of its treatment using (1) RPA and (2) UZDN-2T;
acid concentration 0.03 M.

Fig. 4. Rate constant k of the acid hydrolysis of starch vs.
(a) temperature T and (b) intensity n of mechanical treat-
ment in RPA. (a) Rotation rate: (1) 2000, (2) 3000,
(3) 4000, and (4) 5000.
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the smaller the contribution of temperature to the rate
acceleration. Thus, we obtain above 50�C a combined
thermomechanical intensification of the process, and
this is not a mechanochemical reaction in pure form.
At lower temperatures, when the reaction does not
occur at a given acid concentration under ordinary
conditions and the reaction rate in RPA is indepen-
dent of temperature, we can regard this process as
mechanochemical, which allows calculation of the
mechanochemical yield of the reducing groups (name-
ly, the terminal hemiacetal carbon atoms C1) formed
in the course of hydrolysis.

In our calculations, we took into account that for-
mation of a single terminal reducing group corre-
sponds to a single event of hydrolytic cleavage of
the glycoside bond. The second terminal carbon atom
C4, situated before degradation on the other side
of the glycoside bond, is not a reducing group.
The number of reducing groups formed per 100 eV
of absorbed energy E was calculated from the equa-
tion [6]:

F = ������ ��������� ,�cNA

1000Wac 6.25 � 1018
�

100
F = ������ ��������� ,�cNA

1000Wac 6.25 � 1018
�

100

where �c is the change in the concentration of the
reducing groups (CHO) in time �; NA, Avogadro
number; Wac, acoustic power density (W cm�3);
�, time of mechanical treatment (s).

The acoustic power was measured by the method
of chemical dosimetry, using a standard test system
(FeSO4 in 0.8 N H2SO4). For RPA and UZDN-2T, the
acoustic power density was 2.57 and 1.34 W cm�3,
respectively. The sonochemical yields for UZDN-2T
were 0.07�0.10 and the mechanochemical yields
(RPA), 0.034�0.152 reducing group per 100 eV
of absorbed energy. The close sonochemical (ultra-
sonic treatment) and mechanochemical (RPA) yields
indicate that the acceleration of the acid hydrolysis
under mechanical treatment in RPA is primarily re-
lated to the ultrasonic component of the combined
treatment or, more precisely, to ultrasonic cavita-
tion, because specifically the ultrasonic cavitation
is the origin of the chemical effects in the ultrasonic
field [11]. The contribution of the shear strains to
the intensification of the hydrolysis of gelatinized
starch in RPA is probably smaller than the cavitation
effect.

The role of cavitation in aqueous solutions con-
sists only in the decomposition of water molecules
in cavitation voids to give H

.
and OH

.
radicals. The

hydrolytic degradation of polysaccharides in the pres-
ence of acids proceeds by the following scheme:
(1) protonation of the oxygen atom in the glycoside
bond with formation of an oxonium ion, (2) dissocia-
tion of the oxonium ion with rupture of the glycoside
bond and formation of the glycosyl cation, and (3) re-
action of this cation with water:

����������
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Under the cavitation conditions, the limiting stage
of formation of the glycosyl radical-cation and its
further reaction with water are probably accelerated
due to participation of the free radicals formed in
water sonolysis.

As seen from Fig. 4b, the maximum reaction rate is
observed at rotor rotation rate of 4000 rpm, where-
as at 5000 rpm, the hydrolysis rate decreases. With
increasing rotation rate, the frequency of ultrasonic
vibrations in the RPA working chamber grows, and
such an increase in frequency can decrease the rate of
the sonochemical reactions [6].

CONCLUSIONS

(1) Under strong mechanical stresses (including
ultrasonic treatment), the rate of acid hydrolysis of
gelatinized starch increases, on the average, by three
orders of magnitude. In this case, the acoustic cavi-
tation is a decisive factor in the system activation,
whereas the mechanically induced structural changes
in starch hydrogels lead to an increase in the reac-
tion rate by nearly an order of magnitude.

(2) The sonochemical yields of the reducing groups
formed during the acid hydrolysis of starch under the
ultrasonic filed and mechanical treatment in the rota-
ry-pulsating activator were, respectively, 0.07�0.10
and 0.034�0.152 group per 100 eV.
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Abstract�The swellability of a new material for protective coatings, ASMOL (asphalt�resin oligomer), in
water and aqueous salt solutions was studied gravimetrically and by thermogravimetric analysis.

Pipelines are today the main means of transporta-
tion of crude oil, petroleum products, and natural gas.
Various protective coatings are used for preventing
pipeline corrosion. The reliability of protective coat-
ings largely determines the failure-proof operation of
pipelines. For example, almost 40% of all pipeline fai-
lures are due to corrosion damage.

The diversity of soil and climatic conditions under
which pipelines are exploited, and also high mechani-
cal and thermal loads impose stringent requirements
upon protective coatings. The insufficient assortment
of corrosion-protective materials produced in Russia
and the growing requirements to their quality call for
development and production of new insulating coat-
ings suitable for diverse service conditions.

The first representative of a new generation of
protective coatings is ASMOL (asphalt�resin oligo-
mer) [1, 2]. ASMOL is a product of catalytic reaction
of propane-precipitated asphalt with bottom residues
from regeneration of dimethylformamide in isoprene
production. ASMOL is a uniform product incorporat-
ing compounds of varied chemical nature. The main
difference between ASMOL and asphalt is the pres-
ence in ASMOL of compounds containing highly
polar functional groups and exhibiting chemical and
surface activity: amide, sulfone, and sulfonic acid
groups. Therefore, ASMOL has high adhesion to
metals.

An important service parameter of polymeric pro-
tective coatings, determining the rate of metal corro-
sion, is their swellability in water and aqueous salt
solutions. Therefore, we analyzed in this study the
swellability of ASMOL in water and aqueous NaCl
solutions.

EXPERIMENTAL

The swellability of ASMOL was determined in
water and in 3, 6, and 9% NaCl solutions gravimetri-
cally and by thermogravimetric analysis.

Two types of ASMOL samples were tested. Sam-
ples of the first type were neat 1.2�1.3-mm-thick
ASMOL plates of the area 6 cm2, and samples of
the second type, St.3 steel plates coated on both sides
with a 1.2�1-3-mm layer of ASMOL. The surface area
of the ASMOL-coated steel plates was also 6 cm2. In
fabrication of samples of the second type, the coating
continuity was checked visually.

Samples prepared for tests were placed in hermet-
ically sealed vessels filled with water or aqueous salt
solution and kept at room temperature (20�25�C)
for a prescribed time. To determine the amount of
absorbed water, samples were removed from the ves-
sel, water drops were removed from the surface with
filter paper, and the samples were weighed on an ana-
lytical balance. For thermogravimetric studies, a piece
of the swollen material was separated from one of
replicate samples. After weighing, the samples were
returned to the same vessels. The swollen samples
were weighed at 20�60-h intervals depending on the
moisture absorption rate.

Thermogravimetric experiments with ASMOL
were performed on an MOM derivatograph (Hungary).
The sample weight was 100�200 mg. Thermal degra-
dation of ASMOL samples was performed in open
corundum crucibles in air. With the aim of uniform
heating, the crucibles were placed in a quartz beaker.
Aluminum oxide was used as reference. The heat-
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ing rate was 5 deg min�1. Samples were heated to
500�C. The error in determination of the weight loss
did not exceed 0.2%.

To obtain reproducible results, we performed no
less than three replicate runs. The experimental error
did not exceed 5%.

Usually the parameter set by standards is the swell-
ability of a protective material in water in 24 h. Al-
though this parameter does characterize the tendency
of a protective material to interact with water, it does
not fully reflect the true protective properties of coat-
ings based on this material, because such a short test-
ing time is insufficient for the thermodynamic equi-
librium to be attained. Therefore, we performed longer
tests, for up to 5000 h.

The results of ASMOL swellability tests are shown
in Figs. 1�3. It is seen that the ASMOL swellability is
appreciably affected by two factors: time elapsed after
ASMOL fabrication and concentration of salt solution.
Therefore, the tests were performed in solutions with
various NaCl concentrations, using ASMOL samples
stored for 3 and 8 months after fabrication.

The water absorption in 24 h by ASMOL samples
stored for 3 months after fabrication was 2.4% from
water, 1.45% from 3% NaCl, 1.25% from 6% NaCl,
and 1.12% from 9% NaCl solution. That is, the swell-
ability of ASMOL is somewhat higher than that of as-
phalts [the swellability (water absorption) of asphalts
under similar conditions is about 0.2%].

The swellability of ASMOL largely depends on the
salt concentration (Fig. 1). In all the media, the kinetic
curves of swelling do not flatten out. It should be
noted that the ASMOL swelling curve in water differs
essentially in shape from the curves obtained in salt
solutions. In salt solutions, the water absorption rate
considerably decreases in the initial period, becomes
constant after 1000�1500 h, and remains on this level
till the end of the tests. In distilled water, the curve
has a complex shape. Its initial portion is similar to
the initial portions of the water absorption curves in
salt solutions. However, in contrast to salt solutions,
the water absorption rate does not become constant.
After 2500 h, the water absorption rate starts to grow
sharply. After a 4500-h test, the water absorption was
as large as 100% relative to the initial sample weight.

The complex shape of the water absorption curve
suggests that the process is multistage. A microscopic
examination showed that, in ASMOL samples kept in
distilled water for 1500�2000 h, micropores and mi-
crocracks appear, which grow in size during longer
tests. In 4000�4500 h, the samples break down.

Fig. 1. Swellability of ASMOL protective coating in vari-
ous media. Time interval between ASMOL fabrication and
start of the tests 3 months; the same for Fig. 3. (�) Swell-
ability and (�) time; the same for Figs. 2 and 3. (1) Dis-
tilled water, (2) 3% NaCl, (3) 6% NaCl, and (4) 9% NaCl;
the same for Fig. 3.

Fig. 2. Influence of the time elapsed after ASMOL fab-
rication on its swellability in distilled water. Time from
ASMOL fabrication, months: (1) 3 and (2, 2�) 8. Determina-
tion procedure: (2) gravimetric and (2�) thermogravimetric.

Fig. 3. Swellability of ASMOL protective coating on a steel
support in various media.
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Fig. 4. Thermograms of an ASMOL protective coating: (a) unswollen and (b�d) swollen in distilled water for 312, 480, and
768 h, respectively. (�m) Weight loss and (T ) temperature.

The water absorption by ASMOL in salt solutions
is by a factor of 5�6 lower than that in distilled water,
decreasing as the salt concentration is increased.
According to a microscopic examination, even after
4500-h tests the sample structure is not altered ap-
preciably.

The swellability in water of ASMOL samples
stored for 8 months after fabrication was lower than
that of the samples stored for 3 months (Fig. 2) and
amounted to 1.9% in 24 h. In 1000 h, the swellability
of the former samples was lower by a factor of 3.

Experiments on water absorption of ASMOL on a
steel support were performed with the samples stored
for 3 months after fabrication.

We found that the swellability of ASMOL on a
steel support was considerably lower than that of the
neat sample (Fig. 3) and amounted in 24 h to 0.7% in
water, 0.65% in 3% NaCl, 0.5% in 6% NaCl, and
0.4% in 9% NaCl solution. In 5000 h, the swellability
of ASMOL on a steel support in distilled water was
about 25%, i.e., it was four times lower than the
swellability of the neat ASMOL sample. The swell-
ability of ASMOL on a steel support in salt solutions

is approximately half that of neat ASMOL. It should
be noted that, despite different water absorption val-
ues, the curve of water absorption by ASMOL sam-
ples on a steel support is similar in shape to the curves
obtained with neat ASMOL samples.

An examination of ASMOL samples on a steel sup-
port after 4500-h exposure to water and salt solutions
showed that their external surface, initially lustrous
black, became dark gray and dull (to 0.1�0.2-mm
depth). The internal layers of ASMOL remained virtu-
ally unchanged in appearance. The ASMOL layer con-
tacting the metal was harder than the initial ASMOL
and had a brownish tint. The adhesion of ASMOL to
the steel surface was very high; ASMOL could be
separated only by cutting with a scalpel. Thermogravi-
metric studies showed that water is distributed in the
ASMOL coating nonuniformly. The highest moisture
content is observed in external ASMOL layers. The
layers adjacent to the metal surface contain virtually
no water.

To confirm the results of gravimetric studies of the
ASMOL swellability and elucidate the character of
water binding with ASMOL, we performed thermo-
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gravimetric experiments. The curves obtained gravi-
metrically and thermogravimetrically (Fig. 2) virtually
coincide.

The thermograms of ASMOL kept in distilled water
for various periods of time are shown in Fig. 4. It is
seen that the shape of the TG curves depends on the
time of contact with water.

The TG curves of ASMOL samples kept in water
have portions assignable to water removal. According
to the TG curve of an ASMOL sample kept in water
for 312 h, the weight loss occurs in a single stage
at 70�100�C. The ASMOL samples kept in distilled
water for 480 and 768 h lose weight in two stages: at
70�100 and 280�300�C. The presence of two por-
tions of the weight loss in the TG curves suggests the
two-stage mechanism of water removal. Apparently,
in the first stage, at 70�100�C, physically adsorbed
water located in ASMOL micropores is removed. The
second stage, at 280�300�C, involves removal of
water tightly bound to ASMOL components. This
may be water that hydrates the sulfo groups of aro-
matic sulfonic acids present in ASMOL.

The IR studies confirmed this assumption. In the
IR spectra of samples kept in water for 480 and 768 h,
the stretching and bending absorption bands of water
molecules had a complex shape.

Our studies showed that, in contrast to asphalt, a
traditional material widely used for corrosion protec-
tion of pipelines, ASMOL absorbs more water. This
is due to the presence of polar components such as
sulfonic acids, sulfones, carboxylic acids, amines,
amides, etc. The presence of these compounds imparts
to ASMOL, on the one hand, high adhesion to met-
als and, on the other, increased swellability in water
and salt solutions. However, our studies showed that
increased swellability of ASMOL in water does not
affect negatively its protective properties. By contrast,
certain water absorption by ASMOL may be a favor-
able factor.

In the presence of small amounts of water at the
steel�ASMOL interface, the sulfonic acids of ASMOL
react with oxide films and corrosion products inevita-

bly present on the metal surface, to form iron sulfo-
nates. Chemical etching of the metal enhances the
adhesion of ASMOL to the metal surface. Iron sulfo-
nates partially dissolve in ASMOL and partially form
a separate finely dispersed phase. Finely dispersed
solid products of ASMOL reaction with steel are uni-
formly distributed in the surface layer of the coating,
reinforcing it and thus enhancing the protective prop-
erties. Since sulfonic acid salts are hydrated consider-
ably more weakly than free sulfonic acids, the swell-
ability of ASMOL in water decreases as these salts are
formed. This was confirmed by the thermogravimetric
studies which showed that the ASMOL layer adjacent
to the metal surface contains virtually no moisture.

Active sulfonic acids present in ASMOL gradually
react with aromatic compounds to form sulfones,
which are inert and highly stable. As the content of
free sulfonic acids decreases, the swellability of
ASMOL in water decreases, with the material becom-
ing similar in this property to petroleum asphalts.

CONCLUSIONS

(1) ASMOL, a new corrosion-protective material,
efficiently protects steel.

(2) Aromatic sulfonic acids and water present in
ASMOL ensure formation of a strong protective layer
at the steel�ASMOL interface.

(3) Active sulfonic acids present in ASMOL
undergo spontaneous chemical transformations in the
course of several months, yielding inert compounds;
as a result, the swellability of ASMOL-based coatings
decreases.
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Abstract�Published data on thermodynamic properties of the Ni3S2 compound in the liquid and solid states
are compared and discussed.

Compounds and melts of the nickel�sulfur system
play important role in the technology of processing
of copper�nickel sulfide ores. Procedures performed at
relatively high temperatures with liquid and solid
phases require detailed analysis. The nickel�sulfur
system is characterized by complex phase diagram; at
least five compounds, Ni3S2, Ni7S6, NiS, Ni3S4,
and NiS2, are formed, with the first three having
two (low- and high temperature) modifications each.
In the sulfur-rich part of the system, a separation
region is observed [1].

The compound Ni3S2 containing 26.7 wt % S is
of particular interest in technological regard. Its low-
temperature phase is, to within error of analysis, a
stoichiometric compound, known as heazlewoodite
mineral contained in copper�nickel sulfide ores and
other natural formations. The high-temperature phase,
Ni3S2 � x, having wide region of homogeneity, is stable
above 823 � 10 K. Alloys of the Ni�S system, corre-
sponding to the composition Ni3S2, are in liquid state
above 1073 K.

All the publications considered here are concerned
with the standard Gibbs energy of formation of the
Ni3S2 compound in solid or liquid states from solid
nickel and diatomic molecular sulfur vapor (S2, 1 atm)
as a function of temperature. First data on the thermo-
dynamics of Ni3S2 formation were obtained by Vol’-
skii and summarized in a monograph [2]. On the basis
of these data, the standard Gibbs energy of Ni3S2
formation was estimated in the reference book by
Gerasimov’ et al. [3] to be (kJ mol�1):

T, K 773 973 1173 1373 1573

�G0
T , �96.36 �80.00 �58.32 �47.36 �37.71

kJ mol�1

A �G0
T value of �177.6 kJ mol�1 for Ni3S2(s) at

1000 K was reported later by Rosenqvist [4], also on
the basis of a study of the solid�vapor equilibrium.

Lin et al. [5] studied the thermodynamic properties
of alloys belonging to the Ni�S system in the solid
state in the central region of compositions in ample
detail by the method of heterogeneous equilibrium.
For the Ni3S2 compound, the following �G0

T = f (T )
(kJ mol�1) dependence was obtained within the tem-
perature range 845�1040 K:

�GT
0 = �279.47 + 0.1028T. (1)

Correspondingly, �G0
100 = �176.67 kJ mol�1 at

1000 K, which virtually coincides with the results of
[4]. Mehrotra et al. [6] determined the standard Gibbs
energy of N3S2 formation in solid (973�1089 K) and
liquid (1089�1173 K) states by measuring the EMF in
a cell with ZrO2 + Y2O3 solid oxygen-conducting
electrolyte. In contrast to the liquidus temperature of
1073 K, obtained previously for a composition cor-
responding to the Ni3S2 compound, a value of 1089 K
was found in [6], which is, however, of no funda-
mental importance. The following results were ob-
tained (kJ mol�1):

�G0
T (Ni3S2, s) = �312.71 + 0.1297T, 973�1089 K, (2)

�G0
T (Ni3S2, l) = �252.80 + 0.0747T, 1089�1173 K. (3)

The enthalpy of melting of the phase of stoichi-
ometric composition Ni3S2 is 59.91 kJ mol�1. For
alloys in the solid state

T, K 973 1000 1050 1089

�G0
T , kJ mol�1

�186.5 �183.0 �176.5 �171.4
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For alloys in the liquid state:

T, K 1089 1100 1150 117

�G0
T , kJ mol�1

�171.4 �170.6 �166.4 �165.2

The �G0
T values reported in [6] are close to the re-

sults obtained in [4, 5] at comparable temperatures.
The above enthalpy of melting differs significantly
from that (24.27 kJ mol�1) reported by Kubashew-
ski and Alcock [7], but is close to the value of
47.28 kJ mol�1, obtained by Nagamori and Ingraham
[8].

Hsieh and Chang [9] used the EMF method with
zirconium dioxide solid electrolyte to study the equ-
ilibrium in the system Ni�S�O at P(SO2) = 1 atm.
The constituents of such an equilibrium are the equ-
ilibria in the corresponding binary systems. Based on
an analysis of published data, the authors of [9] re-
commended Eq. (1) for calculating �G0

T of Ni3S2 (s).
The error involved was estimated to be �6 kJ mol.

Osadchii et al. [10] also demonstrated the pos-
sibility of using a solid electrolyte with anionic con-
ductivity in a study of equilibria in the Ni�S�O sys-
tem (at 850�1050 K). The data obtained were used to
estimate, in particular, the �G0

T values for Ni3S2 (s).
In [10], these values were compared with those ob-
tained previously by studying the heterogeneous equ-
ilibrium [5] (kJ mol�1):

T, K 850 900 950 1000 1050

�G0
T , �186.0 �181.9 �176.6 �170.2 �162.7

kJ mol�1 [10]

�G0
T , �192.1 �187.0 �181.8 �176.7 �171.5

kJ mol�1 [5]

Let us consider data obtained in determining �G0
T

for liquid Ni3S2. Nagamory and Ingraham [8] used
the method of heterogeneous equilibria for studying
the thermodynamic properties of the Ni�S system
(0.22 � xNi � 0.46) at 973�1373 K. According to
the data of [8], the standard Gibbs energy, �G0

T ,
of Ni3S2 (l) formation from solid nickel and gaseous
sulfur (S2, 1 atm) is expressed as a function of tem-
perature by the equation (kJ mol�1) [8]:

�G0
T = �242.3 + 0.0665T � 0.8. (4)

Equation (4) yields the following values of �G0
T

(kJ mol�1):

T, K 1073 1173 1273 1373
�G0

T , kJ mol�1
�170.6 �164.6 �156.3 �150.7

The �G0
T = f (T ) dependence is plotted in the figure,

according to the data of [5, 6, 8, 10]. With account of

Standard Gibbs energy �GT
0 of Ni3S2 formation vs.

temperature T, according to the data of different studies.
Standard state: solid nickel and diatomic S2 vapor at
P = 1 atm. Data: (1) [5], (2) [6], (3) [8], and (4) [10].

inaccuracies ranging from �6.0 to �8 kJ mol, the dis-
agreement between results of these studies is not too
pronounced. It seems reasonable to recommend use of
the data presented in [5] for calculating equilibria
involving solid Ni3S2 at 850�1050 K and the results
of [8] for Ni3S2 (l) in the temperature range from Tm
to 1373 K. In this case, account should be necessarily
taken of the standard states for nickel and sulfur,
chosen in [5, 8]. According to [3], the �G0

T values
from the monograph [2] are in error. This monograph
presents data for heterogeneous equilibria involving
Ni�S melts and H2S + H2 vapor, with equilibrium
constants expressed in the ideal form.
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Abstract�The possibility of obtaining powdered LaNi5 and NdNi5 intermetallic compounds by reaction
of mixed basic carbonates La2Ni10(CO3)8(OH)10 � 54H2O and Nd2Ni10(CO3)8(OH)10 � 14H2O with calcium
hydride in a hydrogen flow at 1073 K and 105 Pa was studied.

Powdered intermetallic compounds of rare-earth
and 3d-transition metals are used as hydrogen-sorbing
materials [1] and materials for fabrication of magnets
with high magnetic characteristics [2]. The production
of such materials includes the stage of alloying of
appropriate metals in electric-arc or vacuum induction
furnaces with the subsequent grinding of the alloys
under the action of hydrogen [1, 3, 4] or under ex-
ernal mechanic action in various ball-type activating
mills [5, 6].

Presently, attention is attracted in laboratory and
industrial practice to reduction-diffusion methods for
obtaining intermetallic compounds containing rare-
earth and 3d-transition elements. These techniques
include reduction of mixtures of metal oxides, hy-
roxides, chlorides, carbonates with various reducing
agents in hydrogen or an inert medium [2, 7, 8]. The
advantage of this method is that it yields powdered
intermetallic compounds with narrow fraction distri-
bution and controlled chemical composition without
stages of alloying and mechanic grinding of the alloys.

This communication describes synthesis of ba-
sic carbonates La2Ni10(CO3)8(OH)10 � (H2O)x and
Nd2Ni10(CO3)8(OH)10 � (H2O)y and their reduction
with calcium hydride in hydrogen with the aim of
obtaining the intermetallic compounds LaNi5 and
NdNi5.

To prepare mixed basic carbonates of lantha-
num(III) [or neodymium(III)] and nickel(II), we dis-
solved starting Ni(OH)2 in a solution of LnCl3 + 10HCl
(Ln�La, Nd) in the ratio Ln : Ni = 1 : 5 under heating
without boiling. Then we filtered the solution, added

a solution of Na2CO3 to the filtrate in the ratio
Ln3+ : CO3

2� = 1 : 4, and added, in the course of 0.5 h
under conditions of vigorous stirring, a 1.2 N solution
of NaOH in the amount corresponding to the ratio
Ln3+ : OH� = 1 : 5. The suspension was allowed to
settle for 15�20 h, then filtered, and the precipitate
was dried in air at room temperature for 20�30 h.
The powders obtained were X-ray-amorphous. Ac-
cording to IR spectral and chemical analysis data,
their empirical composition corresponded to the for-
mulas: La2Ni10(CO3)8(OH)10 � (H2O)x (x � 54) and
Nd2Ni10(CO3)8(OH)10 � (H2O)y (y � 14).

To elucidate the role of molecular hydrogen and
calcium hydride in reduction of mixed basic carbo-
nates of La(III) [or Nd(III)] and Ni(II) with the above-
mentioned composition, we carried out the reaction
in two stages. In the first stage, we placed a molybde-
num container with a weighed portion of a mixed
basic carbonate in a quartz reactor 20 mm in diameter
and 600 mm in length, the reactor was purged with
argon, the temperature in the hot zone of the reactor
was raised to 1023 K for La(III) and Ni(II) basic car-
bonate and to 873 K for Nd(III) and Ni(II) basic car-
bonate, and the reactor was kept at these tempera-
tures with flowing hydrogen for 2.5�3 h. The comple-
tion of the reaction was judged from termination of
water drop formation in the cold part of the reactor.
Thereafter the heating was switched off and the reac-
tion mixture was cooled to room temperature in flow-
ing hydrogen, then the reactor was purged with argon
for 0.25 h, and the reaction products were discharged
in an inert atmosphere. According to the results of
X-ray phase analysis, the powders obtained were mix-
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tures of nickel with lattice constant a0 = 0.3521 nm
and hexagonal modifications of La2O3 with a0 =
0.4000, c0 = 0.6340 or Nd2O3 with a0 = 0.3963, c0 =
0.6301 nm, which is in good agreement with pub-
lished data and points to the absence of reaction
between these compounds in the solid phase.

In the second stage, powders of Ni and La2O3 or
Ni and Nd2O3 were mixed with CaH2, placed in the
same reactor, and kept in flowing hydrogen for 2.5�3 h
at 1273 K. After cooling the reaction mass first in
flowing hydrogen and then in argon, the reactor was
discharged. In the case of lanthanum, the powder
was washed first with distilled water cooled to 273 K,
and then with ethanol and diethyl ether. The resulting
dried powder was composed of the intermetallic com-
pound LaNi5. According to the results of chemical
analysis:

Found (wt %): La 31.95, Ni 68.00.
LaNi5.
Calculated (wt %): La 32.12, Ni 67.88.

An X-ray phase analysis of the powder indicated
that only a single phase is present, which corresponds
to the intermetallic compound LaNi5 crystallizing to
give hexagonal crystals with lattice constants a0 =
0.5010 and c0 = 0.3970 nm.

According to the results of reaction gas chromatog-
raphy, the content of oxygen in the sample obtained
was 0.2 wt %; a chemical analysis demonstrated that
the content of calcium and chlorine did not exceed
0.1 wt %.

Since neodymium salts are more susceptible to
hydrolysis than lanthanum salts, the desired com-
pound was isolated from the reaction mixture using
magnetic separation [9]. According to the results of
chemical analysis:

Found (wt %): Nd 32.87, Ni 66.96.
NdNi5.
Calculated (wt %): Nd 32.95, Ni 67.05.

As indicated by reaction gas chromatography, the
content of oxygen in the sample obtained was about
0.2 wt %. The compound NdNi5 crystallizes to give
hexagonal crystals with lattice constants a0 = 0.4963
and c0 = 0.3974 nm, which is in reasonable agreement
with published data for the reference intermetallic
compound NdNi5 obtained in an electric arc furnace
(a0 = 0.4926 and c0 = 0.3957 nm) [10].

The size of powder particles, calculated in the ap-
proximation of their spherical shape, is about 220 nm
for LaNi5 and 400 nm for NdNi5.

The powders of intermetallic compounds, obtained
by the above procedure absorb about 6 mol of hy-
drogen per 1 mol of intermetallic compound in the
reaction with hydrogen. The enthalpies of hydrogena-
tion of the samples under study in the region of the
��� transition, calculated from the experimental
dependence of log (P[H2]) on inverse temperature, are
(kJ mol�1 H2): �H = �33.0 for LaNi5 (�H = �32.9
for a molten alloy) and �H = �30 for NdNi5 (�H =
30.1 for a molten alloy).

Thus, the reactions of mixed basic carbonates of
composition La2Ni10(CO3)8(OH)10 � 54H2O and
Nd2Ni10(CO3)8(OH)10 � 14H2O with calcium hydride
in flowing hydrogen yield LaNi5 and NdNi5 powders
without stages of alloying of the corresponding metals
or their mechanic grinding.

EXPERIMENTAL

In this study, we used commercial pure-grade
Ni(OH)2 � 0.25H2O, basic nickel carbonate containing
47.6% nickel(II), chemically pure-grade Na2CO3,
NaOH, hydrochloric acid, metallic lanthanum of
99.9% purity, 99.85% pure neodymium, 99.99% pure
nickel, and calcium hydride of purity 99.9% with
respect to H2. Hydrogen-sorption characteristics of
LaNi5 and NdNi5 powders were studied on a high-
pressure installation by plotting isotherms of hydro-
gen pressure against the composition of the hydride
phase at various temperatures [11].

We used a metal-hydride battery [12] as a source
of high-purity hydrogen. The composition of the hy-
dride phases formed in the reactions of intermetallic
compounds with hydrogen, calculated from pressure
changes in a calibrated system, was refined by a stan-
dard procedure of sample combustion in flowing oxy-
gen. The thermodynamic characteristics of hydride
formation were determined from the dependence of
the equilibrium pressure of H2 in the regions of the
��� transition on inverse temperature.

We prepared the reference intermetallic compounds
LaNi5 and NdNi5 by alloying calculated amounts
of La or Nd with Ni in an electric arc furnace with
a permanent tungsten electrode in the atmosphere of
high-purity argon. The alloy samples were subjected
to threefold remelting and then to homogenizing an-
nealing at 950�1000 K for 500 h with the subsequent
quenching in water at 273 K. The X-ray studies were
carried out using the powder technique on an ADP-1
diffractometer (CuK

�

radiation) equipped with a micro-
computer controller. The error in determining the
lattice constants did not exceed 0.0004 nm. The el-
emental chemical analysis of mixed basic carbonates
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of La(III) or Nd(III) with Ni(II) and analysis of the
final products of their reactions with CaH2 and H2
were carried out by the standard procedures.

All the operations involving loading and discharg-
ing of reactors, including sampling for analysis, were
carried out in the atmosphere of argon.

CONCLUSION

Powders of the intermetallic compounds LaNi5 and
NdNi5 were obtained without stages of high-tempera-
ture alloying and mechanic grinding of alloys. The
compounds crystallize to give hexagonal crystals with
lattice constants a0 = 0.5010, c0 = 0.3970 and a0 =
0.4963, c0 = 0.3974 nm, respectively.
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Abstract�The influence exerted by mechanical activation of electrolytic manganese dioxide under conditions
ensuring insulation of the system from a reducing agent on parameters of chemical batteries based on the Zn�
MnO2 electrochemical system was studied.

Mechanochemical treatment of solid phases used
as components of chemical power cells must change
parameters of the power cells themselves because of
the activation of components of the electrochemical
system. However, the previously obtained data de-
monstrated a dramatic decrease in electric energy out-
put for a Zn�MnO2 power cell based on mechanically
activated electrolytic manganese dioxide (EMD) [1].
The reason is that MnO2 is partly reduced to Mn2O3
by iron from drum walls and grinding bodies in the
course of grinding. As one more reducing agent in
joint activation serves amorphous carbon (carbon
black) added to improve the conductivity of the solid
phase in fabrication of a manganese-zinc power cell.
As a result, the cathode paste is virtually completely
deactivated. Of interest is a study of the influence ex-
erted on cell parameters by mechanical activation of
EDM-2, with the activating system insulated from the
reducing agent. This can be achieved by using drums
lined with agate (or nephrite, or jasper) and the cor-
responding ball charge.

EXPERIMENTAL

As object of study served manganese dioxide syn-
thesized electrolytically from sulfate media by a proc-
edure described previously in [1]. The mechanical ac-
tivation was done in dry mode in agate drums with
agate grinding balls (diameter 10 mm) in a Fritch
Pulverizette-5 mill (Germany). A weighed portion of
EMD was 10 g, and the ball charge, 100 g. The mill
worked in the batch mode, with acceleration factor
of 12g [2]. Since this device is less energy consuming
than the previously used M-3 centrifugal-planetary
mill, the treatment duration was raised to 1, 5, and
10 min. The samples were subjected to X-ray phase

analysis (XPA) on a DRON-3 diffractometer with
CuK

�

radiation at a scanning rate of 1 deg min�1.

The prototype manganese-zinc power cell was fab-
ricated from the initial and activated EMD fractions
by a procedure also described in [1]. A 2.5-g weighed
portion of initial or activated EMD powder was mixed
with 0.3 g of carbon black to improve the electrical
conductivity. The mixture was wetted in a measur-
ing cell with 5 ml of electrolyte (10% ZnCl2 + 20%
NH4Cl) and a zinc electrode was pressed against it.
The discharge curve was recorded with a load of 10 �
to Ufin = 750 mV.

Figure 1 shows discharge curves for samples based
on the initial EDM-2 and that subjected to mech-
anical activation under the indicated conditions for 1,
5, and 10 min. The initial sample is characterized by
a discharge curve with U0 = 1810 mV and specific
capacity of the active paste of 84 A h kg�1. Discharge
to Ufin = 750 mV occurs in 2.5 h (Fig. 1, curve 1),
which conforms to standard requirements to man-
ganese-zinc power cells [3]. The discharge curves of
activated samples are characterized by higher open-
circuit voltage (with difference of up to hundreds
of millivolts) and more prolonged discharge (Fig. 1,
curves 2�4 ), which, combined, give an increased
specific capacity. Already after 1 min of mechanical
activation, the discharge duration of a manganese-zinc
power cell to 750 mV increases to 3 h. For manganese
dioxide activated during 5 min, the discharge continues
for nearly 4 h (Fig. 1, curve 3). The specific capacity
of the given EMD sample is as high as 122 A h kg�1,
which exceeds by nearly a factor of 1.5 that in the
control sample (without activation). For power cells
based on EDM-2 activated for 10 min, the parameters
are somewhat inferior to those in the initial period of
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Fig. 1. Discharge curves of prototype manganese-zinc
power cells fabricated from (1) initial and (2�4) mech-
anically treated MnO2 powders. (U) Voltage and (�) time.
Duration of mechanical treatment (min): (2) 1, (3) 5, and
(4) 10; the same for Fig. 2.

Fig. 2. X-ray diffraction pattern of (1) initial and
(2�4) mechanically activated MnO2 samples.

activation (Fig. 1, curve 4 ). In further recording
the discharge curve, a wide scatter of data obtained in
parallel runs was observed, with, however, the param-
eters remaining, on the whole, better than those of
the control samples. The irreproducibility of results is
probably associated with heating of the material in

prolonged mechanical activation. Heat elimination
cannot be achieved because of the low heat conduc-
tivity of the agate material of the mill. A local rise in
temperature leads to oxygen elimination from the crys-
tal lattice of manganese dioxide to give a continuous
series of nonstoichiometric manganese oxides, extend-
ing as far as bixbyite Mn2O3, with the fraction of
the electrically active material decreasing [3, 4].

A certain role in the improvement of parameters of
a manganese-zinc power cell can be played by surface
renewal and by decrease in EMD particle size. How-
ever, additional experiments demonstrated that grind-
ing of an initial sample in an agate mortar, with par-
ticle size decreasing from 0.16 to 0.063 mm, does not
lead to any noticeable changes in the amount of elec-
tric energy produced. The contribution of the dimen-
sion factor is insignificant in the given case. In all
probability, the electric energy output can be raised in
the given conditions because of the higher manganese
dioxide utilizing factor [3].

According to XPA (Fig. 2, curve 1), the initial
EMD sample is composed of a mixture of electrically
active �- and �-MnO2 (d 3.96, 2.41, 2.12, 1.634 �
JCPDS, 14�644, 30�820) with admixture of ramsdel-
lite �-MnO2 (d 4.64, 4.08, 2.55, 1.907 �, JCPDS,
7�222) and pyrolusite �-MnO2 (d 3.11�, JCPDS, 24�
735) [3, 4]. Present in minor amounts are Mn(O,OH)2
(d = 2.34 �, JCPDS, 17�510) and oxide of the MnOx
series with x < 2 (e.g., MnO1.88, d = 4.92 � etc.,
JCPDS, 5�673). The presence of inert constituents is
also seen from the shape of the peak at d = 1.634 �,
since closely spaced high-intensity lines of several
forms of manganese dioxide overlap in this region.
These lines show, however, a sufficient noncoinci-
dence and form a broad serrate peak.

After mechanical activation for even 1 min, the
amount of inert impurities becomes smaller, which is
seen from a decrease (to the background level) in
the intensity of peaks at d 2.40�3.00 and 4.20�6.00 �
(Fig. 2, curve 2). Also decreases the intensity of re-
flections on the right-hand shoulder of the peak at
d = 2.41 �. After mechanical activation for 5 min,
the amount of impurities falls to the lowest level.
Only a weak peak of �-MnO2 at d = 3.11 � is ob-
served (Fig. 2, curve 3). Also seen are a number of
lines at d 3.89, 3.71, 2.83, 2.69, 2.26 �, which are
identified as belonging to �-MnO2 (JCPDS, 30�820,
12�141). The shape of the peak at d = 1.63 �, which
has the highest intensity for this phase, is changed.
Presumably, homogenization and redistribution of
water molecules in the dioxide lattice leads to recrys-
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tallization of the inactive �- and �-forms into �-MnO2.
Simultaneously, long �-MnO2 channels are formed
[3, 4]. Longer activation leads to partial disintegration
of the superstructure, which is manifested in diffrac-
tion line intensity redistribution in favor of �-MnO2
(Fig. 2, curve 4 ). No new phase formation is revealed
in the given stage.

Thus, XPA shows that the main difference of
the phase activated for 5 min from the initial EMD
consists in decreased content of �- and �-MnO2,
which are inert in the manganese-zinc power cell, and
increased content of �-MnO2, which is responsible for
discharge duration. The specific capacity of EMD
activated under the optimal conditions is as high as
122 A h kg�1, which is 145% of that for the con-
trol sample. Such an increase in capacity should be
regarded as rather good, since mechanical activation is
not labor-consuming and can be done in a short time.
It should be noted that the theoretical specific capacity
of the EMD active paste is 308 A h kg�1 [3]. The in-
crease achieved in this study constitutes only a minor
fraction of the maximum possible value.

CONCLUSIONS

(1) Mechanical activation of electrolytic manga-
nese dioxide in a centrifugal-planetary mill, with
the system isolated from reducing agents, leads to
an increase in the specific capacity of manganese di-
oxide by 20�45%.

(2) The improvement of parameters of manganese-
zinc power cells fabricated from electrolytic man-
ganese dioxide mechanically activated under these
conditions is due to partial recrystallization of inert
impurities into the electrically active form.
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Abstract�Solder powders were prepared, and properties of solder creams based on rosin-modified polyester
resin and dimethylethylphenylammonium iodide were studied. The possibility of using dimethylethylphenyl-
ammonium iodide as a flux in low-temperature solder creams was examined.

Solder creams consist of a powdered solder and
an organic binder containing a flux [1]. Particles of
the solder powder should have definite size and shape
and should not be oxidized. The best results are ob-
tained with particles 3�25 �m in size [2].

The functioning of a solder cream depends on the
size of solder powder particles: The smaller the parti-
cles, the higher the probability of their oxidation.
Oxidation can occur in the course of cream fabrica-
tion, after fabrication (before use), and during applica-
tion. Oxidation of the solder powder is undesirable,
since additional power is required to remove the oxide
film.

Procedures for pulverizing solids are numerous [3].
The simplest procedure is mechanical grinding in
special installations (mills or crushers). However, this
procedure is unsuitable for grinding solders because of
their high plasticity. Ultrasonic spraying of a molten
solder is performed as follows. A molten solder is
slowly poured onto the vibrating end of the concentra-
tor of an ultrasonic atomizer and is sprayed in the
form of drops, which are deposited after cooling as a
powder in a special collector. The drawback of this
procedure is that it requires sophisticated equipment;
furthermore, it is difficult to prevent the powder oxi-
dation in the course of the process. Spraying of a
molten solder in a special sprayer with compressed
gas also requires sophisticated equipment to obtain a
high-quality powder.

This work continues our studies aimed at develop-
ment of formulations of low-temperature corrosion-

inactive solder creams with different melting points,
using quaternary ammonium salts as fluxes [4�6].

EXPERIMENTAL

The solder powder was prepared as follows. The
solder was placed in a glass reaction vessel, and
VM-1S industrial oil was added. The mixture was
heated to a temperature exceeding by 30�50�C the
melting point of the solder, after which the electric
stirrer was switched on. The mixture was cooled with
stirring to a temperature below the melting point of
the solder. Then the stirrer was switched off, and the
powder was separated after sedimentation by decant-
ing and washed with benzine and acetone.

From the obtained powders of various composi-
tions, we prepared low-temperature solder creams
based on the following solders: POSK 50-18, mp
160�180�C; solder of the composition 45% Sn, 29%
Pb, 17% Cd, and 9% In, mp 160�180�C; and POIN-
52, mp 120�C [7].

To determine the optimal particle size of the solder,
we separated the powder by sieving into fractions with
particle size of 1�10, 10�50, and 50�100 �m.

From these powder fractions, we prepared solder
formulations applied onto contact areas of test printed-
circuit boards. The contact areas were prepared by
thick-film technology from Ag-containing and Ag�Pd
conductor formulations, and also from thin-film cop-
per conductors with a protective tin or gold coating.
No significant catalytic effect of metals entering into
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solder powder formulas on thermal oxidative degrada-
tion of the polyester resin was detected.

To prepare a solder cream, the chosen solder pow-
der should be mixed with a binder containing a flux.
As a flux we chose dimethylethylphenylammonium
iodide (DMEPAI). A 2-g portion of DMEPAI was
added to 15 g of a polyester resin prepared according
to [4], and the components were thoroughly mixed.

The parameters of thermal oxidative degradation
of the mechanical mixture of polyester resin with
DMEPAI flux were determined by dynamic thermo-
gravimetry [8]. To determine the temperature of the
decomposition onset more accurately, we recorded not
only TG, but also DTG (Fig. 1a) and DTA (Fig. 1b)
curves. Experiments were performed with an MOM
Q-1000 derivatograph (Hungary) in the programmed
heating mode. A 0.03-g sample was heated in a plati-
num crucible in air at a rate of 10 deg min�1. The sen-
sitivity parameters were as follows: balance, 50 mg;
DTA, 1/3; and DTG, 1/10.

The heat resistance of the polyester resin with
DMEPAI was judged from the temperature of de-
gradation onset (Td

DTG, temperature at which the
DTG curve starts to deviate from the baseline; Td

DTA,
temperature of the onset of the exothermic peak in the
DTA curve, corresponding to the start of the oxida-
tion) [9]. The results are listed in the table.

The degradation temperature Td
av of a mixture of

the polyester resin with DMEPAI is lower than Td
av

of the straight polyester resin; the shift is due to both
enhanced chemical activity and increased specific sur-
face area [8].

According to the TG and DTA curves, the DMEPAI
flux degrades at 140�200�C. This means that DMEPAI
is suitable as a component of solder cream formula-
tions with melting point below 200�C.

To study the properties of solder creams, we pre-
pared three formulations containing 15% polyester
resin, 2% DMEPAI, and 83% one of the solder
powders.

We found that the powder with particle size of 50
to 100 �m is too coarse; the cream with this powder
is applied through templates badly and quickly under-
goes phase separation in storage. The cream based on
the finest powder (1�10 �m) is well applied through
templates but requires increased amount of the or-
ganic binder; furthermore, in the course of tinplating,
many fine particles remain suspended in the organic
binder layer and do not form a continuous solder
layer.

Fig. 1. (a) DTG and (b) DTA curves of (1) rosin-modified
polyester resin and (2) mixture of the polyester resin with
DMEPAI.

The optimal particle size is 10 to 50 �m. The solder
creams based on this powder are well applied through
bimetallic templates and ensure high-quality soldering
upon fusion.

The quality of tinplating with solder creams was ex-
amined with an MBS-9 microscope at 8�16-fold mag-
nification, following the procedure described in [6].

Parameters of the heat resistance of the samples, according
to dynamic thermogravimetry
����������������������������������������

Sample
� Td

DTG � Td
DTA � Td

av

�������������������
� �C

����������������������������������������
Polyester resin � 540 � 460 � 500
Polyester resin + DMEPAI � 500 � 470 � 485
����������������������������������������
* Td

av = (Td
DTG + Td

DTA)/2 is the degradation temperature
defined as the half-sum of the temperatures evaluated from
the DTG and DTA data.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 6 2003

1016 POLEZHAEVA et al.

The adhesion of the solder cream layers to the con-
tact areas after fusion was evaluated by the proce-
dure involving detachment of the film from the con-
tact area of the test printed-circuit board with an MR-
05 tensile-testing machine [6].

With the contact areas prepared by the thick-film tech-
nology, the adhesion was no less than 50 kg cm�2,
and with those prepared by the thin-film technology,
no less than 25 kg cm�2. In most cases, the strength
of the solder joint exceeded the adhesion of the con-
tact area to the support.

CONCLUSIONS

(1) A procedure was developed for preparing
solder powders for low-temperature solder creams,
ensuring the required particle size and protection from
oxidation in the course of fabrication.

(2) Formulations of low-temperature solder creams
were developed, containing a polyester resin as an
organic binder and dimethylethylphenylammonium
iodide as a flux.

(3) With respect to the heat resistance, tinplating
quality, and adhesion, the formulations developed
meet the requirements to solder creams.
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XI Enikolopov Symposium

XI Enikolopov Symposium (March 13, 2003, Mos-
cow) was held at the Enikolopov Institute of Synthet-
ic Polymeric Materials (ISPM) (Moscow), Russian
Academy of Sciences (RAS). The symposium was or-
ganized by RAS [Department of Chemistry and Ma-
terials Science, ISPM, Scientific Council for Macro-
molecular Compounds, Semenov Institute of Chemi-
cal Physics (Moscow), Institute for Problems of Chem-
ical Physics (Chernogolovka, Moscow oblast)] and
Moscow Physicotechnical Institute (Dolgoprudnyi,
Moscow oblast).

The symposium program included four plenary
lectures devoted to further progress of concepts for-
mulated in his time by Academician Enikolopov.

N.Z. Lyakhov (Institute of Solid Fuel Chemistry
and Mechanochemistry, Siberian Division, RAS, No-
vosibirsk) reported in his lecture the mechanism of
formation of nanocomposites in mechanical alloying,
including data on the initial stages of formation of
nanocomposites in metallic systems. The lecturer gave
analysis of general features of alloying and specific
features of phase interaction in miscible (producing
intermetallic compounds) and immiscible systems. It
was illustrated by numerous examples that the result-
ing mechanocomposites are precursors of a new type
for subsequent solid-phase reactions occurring in self-
propagating high-temperature synthesis and also for
synthesis of oversaturated solid solutions, etc.

From the standpoint of synthesis of practically im-
portant compounds and materials, an attempt was
made to expand the previously developed approaches
to systems of different types, including metal�oxide,
metal�polymer, and layered systems.

Considerable interest was aroused in the audience
by the lecture delivered by S.N. Chvalun (ISPM RAS),
devoted to nanostructured polymeric hybrid materials.
Nanostructured polymer�inorganic composites con-
stitute one of the most important class of new syn-
thetic hybrid materials. Directed design and manu-
facture of such materials with preset supramolecular
nanostructure is a topical problem of modern sci-
ence. The lecture covered preparation methods, major
properties, and possible application areas of nano-
composites based on various ceramics, polymers, and

oligomers. Special emphasis was made on the new
class of layered ceramic-polymeric nanocomposites
showing promise for practical use. Also, the lecture
were considered various methods for preparation of
metal�semiconductor�polymer nanomaterials in which
inorganic nanoparticles demonstrate unique size-de-
pendent electronic, photophysical, sensor, and cata-
lytic properties.

The lecture given by O.A. Serenko (ISPM RAS)
was devoted to composite materials based on plastic
matrix and rubber particles. The lecturer considered
deformation behavior of elastic particles in a plastic
polymer and their effect on the stability of a compo-
site material. He demonstrated that filled composites
based on thermoplastics are characterized by definite
critical content of rubber particles at which the mate-
rials abruptly lose their deformability, failing even at
low ultimate elongations. By contrast, composite ma-
terials based on a plastic polymer demonstrate defor-
mation without neck propagation and embrittlement.

In composites based on a plastic matrix and rubber
particles, raising the filler content leads to successive
change of the fracture mechanism, specifically, from
neck propagation to brittle fracture and then from brit-
tle fracture to macrouniform deformation. The first
transition is accompanied by loss of deformability,
and the second, by its increase. The increase in de-
formability in highly filled materials is due to local-
ization of plastic flow of the matrix polymer in the
microzones whose characteristic feature is their ori-
entation. For example, it was demonstrated that the
microzones are oriented perpendicularly to the stretch-
ing axis.

The fourth lecture given by V.A. Zhorin (Institute
of Chemical Physics, RAS) was devoted to the effect
of electrical factors on chemical and physical pro-
cesses occurring in plastic deformation under high
pressure. Exposure of solids of varied chemical na-
ture to high pressure leads to a change in their elec-
trical properties. In the case of organic insulators, at
pressures of about 2 GPa, 2�3-fold increase in the
permittivity was observed, and for some metal oxides
this increase was as large as 50-fold. The conductivity
of insulators decreases with increasing pressure, and
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that of organic semiconductors increases by 3�4 or-
ders of magnitude. Electron injection from a metal of
the anvil has a strong effect on the conductivity of
insulators. In the course of plastic deformation, the
conductivity of different materials may increase 3 to
4�5 orders of magnitude. Applying magnetic and
electric fields to compounds under investigation in
the course of their high-pressure processing or in-
troducing some functional additives, i.e., changing

the electrical conditions of high-pressure experiments,
allows control both over the course of chemical re-
actions and over structuring processes.

The results of the symposium demonstrate that
Enikolopov’s ideas are being successfully developed
by his disciples and other scientists both in Russia and
in other FSU countries.

G. E. Zaikov
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Nikolai Nikolaevich Kachalov
(To 120th Anniversary of His Birthday)

Nikolai Nikolaevich Kachalov, a scientist, engineer,
and pedagogue, made an outstanding contribution to
the technology of manufacture and processing of
glasses for various purposes, to the development of
domestic glass industry, and to the science of glass.

N.N. Kachalov was born on June 21, 1883, in
a cultured, high-born family of noblemen. His father,
also Nikolai Nikolaevich Kachalov (1852�1909), was
educated as naval officer and worked at the St. Peters-
burg Technical College of Telegraph Engineers with
three-years education term from the time of its founda-
tion, first as inspector (deputy director) and later, in
1895�1898, as director. He was honored engineer-
electrician. It is during these years that the College
was reorganized into Institute of Electrical Engineer-
ing with five-years education term (1898) and the
construction of new building for the Institute was
complete. The grandfather of the scientist-to-be, Niko-
lai Aleksandrovich Kachalov (1818�1891), a naval
officer at the beginning of his career, later held high
State posts and had a rank of privy councilor. His
mother, Ol’ga L’vovna Kachalova (1859�1900), née
Blok, was sister of A.L. Blok (1852�1909), professor
of state law at Warsaw University, father of poet
A.A. Blok (1880�1921). The Kachalov and Blok
families were on intimate terms.

In 1900, after finishing secondary school, N.N. Ka-
chalov entered the Mining Institute in St. Petersburg,
one of the oldest higher school institutions of Russia
(founded in 1773). At the beginning of the XX cen-
tury, quite a number of prominent Russian scientists
were among lecturers at the institute, including a spe-
cialist in mining mechanics I.A. Time (1838�1920),
chemists I.F. Shreder (1857�1918) and N.S. Kurnakov
(1860�1920), metallurgist V.N. Lipin (1858�1930),
and electrical engineer M.A. Shatelen (1866�1957).
When studying at the institute, N.N. Kachalov worked,
in different years, at mining plants of Urals and Do-
netsk basin. This particularly refers to the period from
1904 till 1907, when studies at the institute were in-
terrupted for a long time.

In 1911, having graduated from the Mining In-
stitute, N.N. Kachalov went to work at the Imperial

Porcelain and Glass Factory at St. Petersburg (later
Lomonosov Porcelain Factory) where he successively
occupied positions of laboratory assistant, junior tech-
nician, and senior technician. In summer of 1910,
N.N. Kachalov married Elizaveta Ivanovna Time
(1884�1968), younger daughter of I.A. Time, profes-
sor of the Mining Institute. N.N. Kachalov’s wife was
an actor at Aleksandrinskii Theater in St. Petersburg
and was already widely popular. For this reason the
young family could not move to industrial regions of
Russia, where graduates from the Mining Institute
traditionally went to work.

N.N. Kachalov’s activities at the factory were quite
successful, and, in 1916, he became its technical di-
rector. World War I (1914�1918) posed a wide variety
of important tasks to be accomplished by Russia’s
industry. To these belonged the necessity for organiz-
ing domestic manufacture of optical glass [1]. By
N.N. Kachalov’s initiative, a special board was created,
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N.N. Kachalov. Sculpture (in glass) by V.I. Mukhina.

already in August 1914, for solving this complicated
problem. The board included a number of leading sci-
entists from St. Petersburg: academician N.S. Kurna-
kov and professors V.E. Grum-Grzhimailo, N.A.Pu-
shin, D.S. Rozhdestvenskii, and V.E. Tishchenko [2].
On the suggestion of N.A. Pushin (1875�1947), a pro-
fessor of the Institute of Electrical Engineering, direct
supervision of work on melting was entrusted to his
pupil, young lecture at the same institute, I.V. Gre-
benshchikov (1887�1953, academician since 1932).
V.E. Grum-Grzhimailo (1864�1928), a professor
of Polytechnic Institute, was charged with furnace
design. Professor of physics, D.S. Rozhdestvenskii
(1876�1940, academician since 1929) was a known
specialist in the field of optics; V.E. Tishchenko
(1861�1941, academician since 1935), a professor of
St. Petersburg University, was the only member of
the academic board who was experienced in glass
melting. In 1896�1900, he developed stock formula-
tions for 28 different brands of glass for chemical
glassware. The problem of optical glass melting could
not be solved in a short time without using the know-
how of foreign companies. Pushin was sent to a busi-
ness trip to London for difficult negotiations with
British; N.N. Kachalov also went to Great Britain for
completion of the negotiations. Grebenshchikov was
the last to visit Great Britain with a group of master

craftsmen for ascertaining details of meltings. The
vigorous activities of N.N. Kachalov and Greben-
shchikov, in which all the members of the academic
board took an active part, resulted in that manufacture
of optical glass was for the first time started in Russia.
By the beginning of 1917, more than 8 tons of glass
of satisfactory quality was manufactured [2].

Under N.N. Kachalov’s supervision, manufacture
of a new brand of porcelain (soft porcelain) was
brought to a commercial level at the factory and tech-
nical porcelain was started to be produced for the first
time. By scientist’s initiative, a special building was
erected on the territory of the factory for organizing
in it a research center for glass and ceramics. During
the civil war and the resulting period of collapse of
the national economy, the manufacture of optical glass
on the territory of the porcelain factory was closed
down temporarily. However, an optical glass factory
was created on its base already in 1923. N.N. Kacha-
lov was appointed the technical supervisor of this
factory, and Grebenshchikov and Rozhdestvenskii be-
came consultants.

In 1918, State Optical Institute (GOI) was organized
in Petrograd. Rozhdestvenskii was appointed its di-
rector and held this position till 1932. Grebenshchikov
organized at this institute a chemical laboratory and
headed it till the end of his life. In 1921, Greben-
shchikov was sent to a business trip to Germany to
purchase necessary materials and equipment and to
visit German factories manufacturing optical glass.
Later, during the period from 1932 till 1946, N.N. Ka-
chalov also worked at GOI as deputy director, head
of laboratory, and (beginning in 1937) consultant.

In 1923, work on refining of technology and im-
provement of optical glass quality was continued at
Leningrad factory of optical glass. Unfortunately, not
all members of the original academic board could take
part in these activities. It happened so that, in the fol-
lowing years, Grum-Grzhimailo was a professor at
Sverdlovsk (Yekaterinburg) University, and Pushin,
a professor of the Zagreb University (Yugoslavia).
However, Rozhdestvenskii’s colleagues from the Op-
tical Institute, known physicists A.A. Lebedev (1893�
1969), A.I. Tudorovskii (1875�1963), and I.V. Ob-
reimov (1894�1981), were among the participants. In
1926, a new rapid melting technology was developed,
which differed significantly from the original method.
Key experiments were performed in June 1926; these
experiments were described in detail by journalist
Yu.L. Alyanskii in his book devoted to the life and
activities of N.N. Kachalov [3]. The duration of each
melting was decreased (from 100 to 25 h), the output
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capacity of the factory increased by a factor of 2, and
the quality of the optical glass obtained conformed to
most stringent requirements. The main contribution to
the development of the domestic technology for glass
manufacture for optical instruments was made by
N.N. Kachalov, Grebenshchikov, and Rozhdestven-
skii. The import of optical glass to the USSR was
completely terminated in 1927 [4, 5].

During many years (from 1918 till 1930), N.N. Ka-
chalov’s activities were associated with the State Ce-
ramic Institute. This institute was organized with his
participation, and he held there a number of important
positions. Under his supervision, extensive studies
aimed to improve the technology of manufacture of
refractory materials used in glass-making and invest-
igations of the properties of high-quality domestic
clays were carried out [4, 6]. The results obtained
were summarized in a collective publication �Fire-
clays� (Trudy Gos. Issled. Inst., 1929, issue 16).

In 1930, N.N. Kachalov was appointed head of
the research sector of the All-Union Association of
the optical-mechanical industry, where he was en-
gaged in organization of research in the field of manu-
facture of optical-mechanical instruments. (till 1932)
[7].

In 1930, N.N. Kachalov’s pedagogical activities
commenced at the Leningrad Technological Institute
(LTI), where he organized the first chair of glass in
the USSR and remained its head till the end of his
life. Exceedingly important is N.N. Kachalov’s con-
tribution to training of high-skill engineers, many of
his pupils became known specialists in the field of
technology of inorganic materials and the glassy state.
The chair of glass has always been rather popular with
students of LTI.

The research activities at the chair developed in
three directions: grinding and polishing of glass,
manufacture of art glass and enamels, and develop-
ment of new glass formulations and study of their
properties. In 1935, a pilot glass-melting installation
was constructed at the chair. This installation served
as a basis for practical studies of students, exper-
imental meltings, and execution of orders for manu-
facture of valuable brands of glass and enamels. At
the same year, the laboratory of cold glass processing
was organized at the chair. In 1935�1937, an extensive
series of investigations carried out under N.N. Kacha-
lov’s supervision was devoted to development of a
technology for mass production of polished sheet
glass. The general theoretical concepts of glass polish-
ing mechanism, developed by Grebenshchikov, served

as a basis for extensive experimental studies of the
influence exerted by various technological factors on
the polishing process. Further, the results obtained in
the study, in which a large group of laboratory staff
members took part, were summarized by N.N. Kacha-
lov in the monograph Osnovy protsessov shlifovki
i polirovki stekla (Fundamentals of Glass Grinding
and Polishing) (Moscow: Akad. Nauk SSSR, 1946).
The monograph was awarded a State Prize in 1947.

In 1948, N.N. Kachalov organized the laboratory
of cold processing of silicate materials at the Institute
of Silicate Chemistry, Academy of Sciences of the
USSR. The equipment of the laboratory with modern
high-precision instruments and special devices made
it possible to extend the scale of investigations into
the physical and physicochemical essence of processes
occurring in grinding and polishing of glass and other
brittle materials.

A prominent place within the sphere of N.N. Ka-
chalov’s scientific interests was occupied by art glass
and development of a technology for manufacture of
large glass articles. In 1940, he initiated transforma-
tion of the Leningrad Mirror Factory into Plant of Art
Glass, with an affiliated scientific laboratory. The
main part of investigations was transferred from the
chair of glass at LTI to the new laboratory and direct-
ly to the plant. The artistic supervision of plant was
entrusted to a known sculptor, V.I. Mukhina (1889�
1953), and the scientific and technological supervi-
sion, to the chair of glass at LTI. As plant’s con-
sultant was invited professor V.V. Vargin, a specialist
in enamel manufacture.

The last N.N. Kachalov’s capital work was the
unique monograph Steklo (Glass) (Moscow: Academy
of Sciences of the USSR, 1959), which unveiled the
many-century history of glass, technology of its
manufacture, and its application in technology, archi-
tecture, and art.

Among N.N. Kachalov and E.I. Time’s friends
were quite a number of prominent writers and artists.
They included: A.N. Tolstoy (1882�1945), one of
the most prominent Russian writers of the first half of
the XX century; L.N. Sobinov (1872�1934), an ex-
ceedingly widely known singer; in later time, ballerina
G.S. Ulanova (1910�1998). Unfortunately, N.N. Ka-
chalov had no time to write recollections of his life,
meetings, and nearest friends. To some extent this is
compensated for by the book of E.I. Time’s recollec-
tions Dorogi iskusstva (Avenues of Art) (Moscow:
Vses. Teatr. O�vo, 1967), which was written with
active participation of Nikolai Nikolaevich.
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N.N. Kachalov’s scientific, engineering, and ped-
agogical activities were highly appreciated. Already
in 1933, he was elected a corresponding member of
the Academy of Sciences of the USSR, Department of
Chemical Science; in 1935, he was awarded an hon-
orary title of Honored Scientist and Technologist of
the Russian Soviet Federative Socialist Republic.
N.N. Kachalov was honored with quite a number of
State awards.

Nikolai Nikolaevich Kachalov passed away on
June 19, 1961, and was buried in Leningrad at Litera-
torskie mostki (Writers’ Footpath) at Volkovo Ceme-
tery. In 1965, one of streets in Leningrad was named
after professor N.N. Kachalov. In scientist’s memory,
memorial boards were mounted on the house where he
lived from 1911 till 1961 (Vosstaniya ul., 6), in a hall
at the Institute of Silicate Chemistry, and on the build-
ing of the Plant of Art Glass. The memory of the sci-
entist is preserved by his numerous pupils.
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Barbin, N.M., Kazantsev, G.F., and Vatolin, N.A., Pererabotka
vtorichnogo svintsovogo syr’ya v ionnykh solevykh rasplavakh

(Processing of Secondary Lead in Ionic Salt Melts),
Yekaterinburg: Ur. Otd. Ross. Akad. Nauk, 2002, 178 pp.

The monograph is authored by N.A. Vatolin,
academician of the Russian Academy of Sciences,
and N.M. Barbin and G.F. Kazantsev, experienced
researchers in the field of high-temperature electro-
chemical technologies. During quite a number of
years, all of them have been paying much attention to
processing of various technological wastes and, in
particular, to utilization of secondary lead and search
for ecologically safe technologies.

The book comprises a brief foreword and two parts,
each constituted by chapters, conclusion, and biblio-
graphic list. The foreword (pp. 5�6) notes that more
than 50% of world’s lead is manufactured by process-
ing scrap lead and wastes. The authors point to a num-
ber of advantages offered by use of ionic melts in
various technological processes.

The first part of the monograph, which comprises
five chapters, is devoted to electrometallurgical pro-
cessing of lead-containing wastes in a carbonate melt.
The first chapter (pp. 10�30) briefly characterizes
mainly pyrometallurgical methods for processing of
lead-containing raw materials. The second chapter
(pp. 31�53) describes physicochemical foundations of
electrometallurgical processing of lead-containing
compounds in a carbonate melt. Much attention is
given to thermodynamic modeling of reduction of
lead compounds in molten carbonates. The third chap-
ter (pp. 54�80) contains evidence on processing of
lead battery scrap and wastes from battery manufac-
ture in a carbonate melt. The process is carried out
at temperatures of 800�1050�C in electric furnaces
with the use of various reducing agents. The fourth
(pp. 81�99) and fifth (pp. 100�130) chapters are de-
voted to rather specific issues: processing of dust from
shaft furnaces of Verkh-Neivinskii plant of secondary
nonferrous metals and lead-containing wastes from

copper-smelting plants. In the latter case, fine dusts
caught by bag filters after shaft furnaces and converters
(lead content 24�33 wt %) and products formed in
hydrochemical processing of dusts, lead cakes (up to
42 wt % Pb) serve as objects of study. In all cases,
molten carbonates are used as the reaction medium.

The second part of the monograph, which is smaller
in volume, comprises four chapters considering the
physicochemical foundations (pp. 142�160) and tech-
nology (pp. 161�172) of electrochemical processing
of lead-containing wastes in hydroxide melts.

The bibliographic lists for the first and second parts
of the book contain, respectively, 99 and 30 references
to publications of mainly domestic authors. About
30% of all the published sources belong to the authors
of the monograph.

Unfortunately, the book makes no attempt to anal-
yze the present state of the problem of lead battery
scrap, which is the most important, in economic and
ecological regards, kind of secondary lead. The pro-
cessing of battery scrap has nearly escaped the authors’
attention. The monograph primarily presents the re-
sults of many-year authors’ investigations, which are
interesting and original, but are mainly devoted to
minor kinds of lead-containing raw materials, dusts of
shaft furnaces and wastes from battery manufacture.

The book summarizes a vast experimental material,
evidence obtained in laboratory and pilot-plant studies,
and results of mathematical modeling. All these data
may be of interest for scientists, engineers, and tech-
nicians working in the field of utilization of secondary
lead. The book is well published and contains a large
number of tables and figures.

A. G. Morachevskii
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Abstract�The influence exerted by the nature and concentration of alloying elements on the temperature
dependence of the rate constants and on the activation energy of oxidation of titanium alloys in air at 823�
1473 K was considered.

Available literature on oxidation of titanium alloys
contains no systematic data on the effects of alloying
elements on such important characteristics of the proc-
ess as the temperature dependence of the rate con-
stants and the activation energy of oxidation. The
authors often restrict the consideration to the estima-
tion of the effect exerted by alloying elements on
the heat resistance of alloys, without identification
of the oxidation kinetic law. At the same time, the
knowledge of these characteristics is useful for com-
prehensive understanding of the complicated oxidation
mechanism.

Such studies are also appropriate in view of the fact
that, according to previous data [1�10], in contrast to
the data of other authors and partly of [11], the oxida-
tion of titanium and all its alloys indicated below
proceeds in a nonstationary (transient) mode in which
diffusion and interphase reactions exert comparable
effects on the total rate of the process. The validity of
the Evans equation supports this conclusion [12]:

Klq
2 + Kpq + KlKp� = C,

where q is weight; �, time; C, a constant; Kl and Kp,
rate constants of the oxidation by the linear and para-
bolic laws, respectively.

In this study we analyze the effects exerted by the
nature and concentration of alloying elements and by
the temperatures and duration of tests on the tem-
perature dependence of the rate constants and on the
activation energy of oxidation of titanium alloys in air
at 823�1473 K.

The corresponding data on the temperature depen-
dence of Kl and Kp were obtained for titanium (purity

99.93%) and alloys with the following contents of al-
loying elements (wt %): Ti�0.6, 2.2, 3.4, 4.7, 5.9 Al;
Ti�1.9, 7.4, 14.2 Zr; Ti�2.0 Al�2.5 Zr (PT-7M);
Ti�1.5, 5.0, 10.0 Fe; Ti�0.5, 0.9, 3.0 V; and Ti�5.2
Al�1.2 V�1.1 Mo. The experimental technique and
the process for preparing alloys were published earlier
[1, 4].

According to [1�10], the Evans equation virtually
adequately describes the oxidation rate (3 h) of titani-
um and its alloys at 923(973)�1373(1473) K. It is
valid also in the initial stage of the test at 723�898 K,
being replaced then by a cubic or approximately cubic
law. When the above-mentioned materials are oxi-
dized (3 h) at T � 973(1023) K, two Evans equations
with different Kl and Kp values are usually followed
sequentially. For reasons given in [10], to increase the
descriptiveness of the data on the temperature depen-
dence of these constants, in this work we used their
values for the initial and subsequent periods of oxida-
tion, Kl

(1), Kp
(1) and Kl

(2), Kp
(2), respectively.

The temperature dependences of Kl
(1) and Kp

(1) for
titanium and some of its alloys are shown in the fig-
ure, and the apparent activation energy E of the oxida-
tion calculated by the linear (El) and parabolic (Ep)
laws for the initial (El

(1), Ep
(1)) and the subsequent

(El
(2), Ep

(2)) stages of the test are given in the table. For
each combination of El

(1), El
(2) and Ep

(1), Ep
(2), the cor-

responding temperature ranges of their validity are
indicated. When the boundaries of the temperature
ranges for the both periods of oxidation mismatch,
their values for the second stage of the test are given
in parentheses. The accuracy of the determination
of E for titanium is �(3�5)%, and that for alloys is
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Influence of the material composition, temperature, and test duration on the apparent activation energy of oxidation
calculated by the linear (El) and parabolic (Ep) laws
������������������������������������������������������������������������������������

Material com-
�

T, K
� El

(1) � El
(2) �

T, K
� Ep

(1) � Ep
(2)

� ������������������� �����������������position, wt % � � kJ mol�1 � � kJ mol�1

������������������������������������������������������������������������������������
Ti refined � 823�973 � 125 � � � 823�973 � 155 � �

� 973�1173 � 71 � 65 � 973�1173(1073) � 235 � 203
� 1173�1423(1373) � 199 � 180 �1123(1073)�1223(1173) � 510 � 530
� � � � 1223(1173)�1373 � 159 � 158

Ti�0.6 Al � 823(948)�1173 � 117 � 114 � 873(948)�1223(1173) � 280 � 325
� 1173�1423 � 206 � 240 � 1223(1173)�1423 � 110 � 171

Ti�2.2 Al � 823(1023)�1223 � 121 � 133 � 873�1223 � 260 � 275
� 1223�1473(1373) � 217 � 237 � 1223�1473 � 156 � 168

Ti�3.4 Al � 823�973 � 80 � � � 823(973)�1173 � 221 � 290
� 973�1173 � 161 � 156 � 1173�1373 � 192 � 133
� 1173�1373 � 150 � 208 � � �

Ti�4.7 Al � 823�973 � 50 � � � 823(1073)�1223(1273) � 267 � 273
� 973�1073 � 268 � 254 � 1223(1273)�1423 � 169 � 120
� 1073�1273 � 123 � 102 � � �
� 1273�1373(1473) � 234 � 276 � � �

Ti�5.9 Al � 823�923 � 82 � � � 873(973)�1273 � 269 � 295
� 923�1023(1073) � 334 � 270 � 1273�1473 � 169 � 132
� 1023(1073)�1273 � 116 � 100 � � �
� 1273�1473 � 215 � 241 � � �

Ti�1.9 Zr � 823(973)�1123 � 75 � 75 � 823�973 � 147 � �

� 1123�1473 � 175 � 125 � 973�1173 � 290 � 293
� � � � 1173�1473 � 277 � 320

Ti�7.4 Zr � 823�973 � 95 � � � 823�973 � 101 � �

� 973�1173 � 109 � 67 � 973�1073 � 189 � 202
� 1173�1473 � 212 � 213 � 1073�1473 � 354 � 368

Ti�14.2 Zr � 823�973 � 102 � � � 823�973 � 132 � �

� 973�1173 � 40 � 90 � 973�1423(1473) � 248 � 271
� 1173�1473 � 180 � 228 � � �

PT-7M � 823�923 � 79 � � � 823�923 � 137 � �

� 923�1173 � 159 � 156 � 923�1073(1123) � 385 � 386
� 1173(1123)�1473 � 159 � 132 � 1073(1123)�1273 � 172 � 152
� � � � 1273�1473 � 219 � 295

Ti�1.5 Fe � 973(1023)�1173 � 64 � 30 � 973(1073)�1173 � 96 � 213
� 1173�1223 � 345 � 331 � 1173�1273(1223) � 610 � 780
� 1223�1373 � 152 � 102 � 1273(1223)�1423(1473)� 129 � 153

Ti�5.0 Fe � 1023�1123(1173) � 40 � 31 � 1023�1173 � 96 � 223
� 1123(1173)�1223(1273)� 240 � 290 � 1173�1223 � 550 � 640
� 1223(1273)�1473 � 45 � 97 � 1223�1473 � 225 � 117

Ti�10.0 Fe � 1023�1123 � 54 � 52 � 1023�1123 � 189 � 302
� 1123�1173 � 193 � 52 � 1123�1173 � 460 � 500
� 1173�1373 � 85 � 141 � 1173�1423 � 215 � 189

Ti�0.5 V � 1073�1173 � 150 � 142 � 1073�1223 � 291 � 385
� 1173�1373 � 229 � 215 � 1223�1373 � 291 � 143

Ti�0.9 V � 1073�1173 � 134 � 112 � 1073�1223 � 315 � 398
� 1173�1323 � 237 � 265 � 1223�1323 � 315 � 147

Ti�3.0 V � 1073�1173 � 102 � 88 � 1023�1223 � 327 � 342
� 1173�1323 � 203 � 217 � 1223�1323(1373) � 92 � 135

Ti�5.2 Al�1.2 V� � 973�1473(1423) � 145 � 128 � 973�1473 � 210 � 223
1.1 Mo � � � � � �
������������������������������������������������������������������������������������
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�(3�7)%. The El and Ep values were calculated from
the slopes of the linear portions of the temperature
dependences of therate constants.

It follows from the table and figure that the tem-
perature dependence of Kl and Kp in both stages of
oxidation for the majority of compositions is charac-
terized by bends in the range 1123�1173 K, and in the
case of titanium, PT-7M, and some alloys of the sys-
tems Ti�Al and Ti�Zr, oxidized at 823�1473 K, also
in the range 923�973 K. Moreover, for Ti there are
two bends in the log Kp = f (1/T) curve: at 1123(1073)
and 1223(1173) K, and in the case of Ti�Fe, also
in the log Kl = f (1/T) curve at 1123(1173) and
1223(1273) K. It should be noted that, in [13], three
zones with different values of the activation energy
were detected for the oxidation of technical-grade tita-
nium in air in the range 1073�1373 K. At the same
time, the Ti�0.5, 0.9 V and Ti�7.4, 14.2 Zr alloys
have no bend in the log Kp = f (1/T) curve in the range
1123�1223 K. Similar trends are observed for PT-7M
in the case of log Kl = f (1/T) and for Ti�5.2 Al�
1.2 V�1.1 Mo in the case of both dependences. How-
ever, the temperature coefficients of Kl

(2) and Kp
(2) for

all the alloys, except for Ti�5.2 Al�1.2 V�1.1 Mo and
for Ti�7.4, 14.2 Zr (Kp

(2)), undergo the corresponding
changes.

For the majority of compositions, the temperature
coefficients Kl

(1) and Kl
(2) increase in going to the

region above the temperatures of the bend Tbend, in
contrast to the PT-7M alloy and partly to the Ti�Fe
alloy. On the contrary, the dependence log Kp = f (1/T)
in both stages of oxidation is characterized by a de-
crease in the slope at the last bend in the range 1023�
1473 K, except for the alloys Ti�Zr, Ti�0.5, 0.9 V,
and Ti�5.2 Al�1.2 V�1.1 Mo, for which this depen-
dence is linear in the first or in both stages of the test.

The table shows that the Tbend values for the
log Kl = f (1/T) and log Kp = f (1/T) dependences in
both stqages of the oxidation (T l1bend, T l2bend and
T p1

bend, T p2
bend) above 973(1023) K are equal for the

majority of compositions within the limits of each
dependence. In the first case, the exceptions are Ti�
5.9 Al, Ti�5.0 Fe, and PT-7M alloys, whereas in the
second case these are Ti and Ti�0.6, 4.7 Al, Ti�
1.5 FE, PT-7M, and conventionally Ti�0.5, 0.9 V,
owing to a change in the shape of the dependence
log Kp = f (1/T) in going from the initial to the sub-
sequent periods of oxidation. A feature of pure Ti
is that, in going from the initial to the subsequent
periods of oxidation, the boundaries of the 1123�

103/T, K�1

[mg2 cm�4 min�1]

�log Kp

�log Kl [mg cm�2 min�1]

Kl

Kp

Temperature dependence of Kl and Kp for titanium and
its alloys. (Kl, Kp) rate constants of the oxidation calculated
by the linear and parabolic laws, respectively; (T) tempera-
ture. Alloy (wt %): (1) Ti�5.0 Fe, (2) Ti�4.7 Al, (3) Ti�
3.0 V, (4) Ti and (5) Ti�7.4 Zr.

1223 K range shift by 50 K toward lower temperatures
(1073�1173 K), with retention of the dependence type.

As Kl and Kp characterize mutually dependent
processes, it was natural to expect that T l

bend and
T

p
bend for both oxidation stages of oxidation will

coincide. In fact, in the initial stage of the test of the
Ti�2.2, 3.4, 5.9 Al and Ti�Fe alloys, T l1bend and T p1

bend
fully coincided. For the other compositions (Ti�
0.6 Al, Ti�1.9 Zr, Ti�V, and PT-7M) T l1bend is less
than T p1

bend, and in the case of Ti�4.7A1 and Ti�
7.4 Zr, on the contrary, T l1bend is higher than
T p1

bend. In the second oxidation stage, titanium and
Ti�Al, Ti�Fe alloys have virtually equal values of
T l2bend and T p2

bend, whereas for PT-7M and Ti�V T l2bend
is lower than T p2

bend. However, the difference between
T l

bend and T
p
bend usually do not exceed 50 K, which in

many cases is the temperature interval between sepa-
rate experiments.

The changes in the slope of the dependences
log Kl = f (1/T) and log Kp = f (1/T) in the range 1123�
1223 K, apart from other reasons, are associated with
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the effect exerted on the oxidation by the allotropic
� �� � transition in the metallic phase. This transi-
tion takes place in pure titanium at 1155 K. It is ac-
companied by weakening of interatomic bonds in the
metallic lattice, by excitation of atoms, and, therefore,
by changing conditions for occurrence of an inter-
phase reaction on the metal�gas boundary and for
diffusion. The rate constants Kl and Kp of these
processes characterize the nonstationary oxidation
at � � 0 and � � 	, respectively, since an �-layer
with a constant surface concentration of oxygen, close
to the equilibrium concentration for pure titanium, is
formed in the outer zone of the matrix even in the
initial stage of the test [14].

The effect of the � � � transition on the oxidation
is manifested not only at the equilibrium temperature,
but also in a certain temperature range. In particular,
this is due to the fact that the equilibrium tempera-
ture of the � � � transition on the metal surface is
much lower (by 80 K) than in the bulk metal [15].
A considerable increase in the slope of the depen-
dence log Kp = f (1/T) in the range 1073�1173 K can
be also associated with this phenomenon. Above
1173(1223) K, the surfaces and volumes of matrices
of all the materials under consideration have the same
�-structure [16]. The corresponding decrease in the
temperature coefficient Kp is due, at least partly, to a
smaller energy consumption for the diffusion of oxy-
gen in the �-phase compared to the �-modification
[17], and, according to [18], the transition to the range
of T > 1173 K is accompanied by a considerable
decrease in the temperature coefficient of the total
oxygen uptake by the metal. These features of the
temperature dependence of Kp largely result also from
changes with temperature in the contributions of bulk
and intercrystallite diffusion, scaling, and growth
of the diffusion oxygen layer (DOL) to the total oxi-
dation process, and also in the equilibrium of defects
in the oxide.

According to the table and figure, the Tl
bend value

(1173 K) remains practically unchanged above
1073 K in going from titanium to the Ti�0.6 Al, Ti�
7.4, 14.2 Zr, PT-7M, Ti�1.5, 10.0 Fe, and Ti�V al-
loys. However, T l

bend increases to 1273 K as cAl in-
creases, whereas it tends to decrease as compared to
titanium when cFe increases. To a first approximation,
this is attributable to the effect of these elements
on the temperature of the � � � transition in the
metal. Thus, aluminum as an �-stabilizer increases the
temperature of the � � � transition, which is higher
by almost 100 K than for pure titanium [16] at cAl =

5.9%, whereas iron, on the contrary, stabilizes the
�-phase. The dependence of T p1

bend on cAl and cFe is
similar, though it is less pronounced for the Ti�Al
alloys. It should also be noted that T p1

bend decreases as
cZr increases in alloys at T > 973 K.

In most cases, T l1bend = T l2bend and T p1
bend = T p2

bend,
except for Ti, PT-7M, Ti�0.6, 4.7 Al, and Ti�1.5,
5.0 Fe.

According to the table, three temperature zones
with different El and Ep values can be distinguished
for titanium in the range 823�1473 K: 823�973, 973�
1173(1223), and above 1173(1223) K. In going from
the first zone to the second zone, El

(1) decreases, and
Ep

(1), on the contrary, increases. Approximately a half
of the alloys demonstrate a similar variation of Ep

(1)

and an opposite variation of El
(1), whereas in the re-

maining cases their values within the limits 823�
1173(1223) K remain virtually constant. The absence
of data for El

(2) and Ep
(2) at 823�973 K in the table

results from the fact that the Evans equation is usually
valid in this range only in the initial stage of the
test. The transition to temperatures higher than
1173(1223) K, as already noted, is accompanied by
an increase in El and a decrease in Ep in both stages
of the oxidation of titanium and majority of the alloys.
The exceptions with respect of El are mainly Ti�Fe
alloys, and in the case of Ep, Ti�Zr and PT-7M alloys.

The values of El are lower than the values of Ep for
all the compositions in the range 823�1173 K. At the
same time, in many cases (Ti�Al and Ti�V) at T >
1223 K, especially in the second stage of the oxida-
tion, the relationship is opposite. It can be treated as
growth of the relative contribution of interphase
processes to the control of the overall oxidation rate
with temperature, which does not contradict the exist-
ing theoretical concept of the temperature effect on
the energy consumption for diffusion and interphase
processes [19].

Let us consider the effect of material composition
on El and Ep in various temperature ranges. In the
range 823�973 K, the alloying of titanium with up to
2.2 wt % aluminum leaves El practically unchanged,
and at cAl > 2.2 wt % it gives rise to its decrease. In
this case, as cAl increases, El tends to decrease, where-
as as cZr grows, El clearly tends to increase. Titanium
and Ti�Al alloys with a low Al content have the
maximal values of El, and Ti�1.9 Zr and PT-7M, the
minimal values. In the range 973�1173 K, El

(1) and
El

(2) for the majority of alloys, except for Ti�Fe, are
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higher than those of titanium. As cM in the Ti�Al
alloys increases, El

(1) and El
(2) clearly tend to increase,

as well as El
(2) in the case of Ti�Fe, whereas in the

case of the Ti�Zr and Ti�V alloys they decrease, as
well as El

(1) in the oxidation of Ti�Fe. The highest

values of El
(1) and El

(2) in the range 973�1173 K are
observed for the Ti�Al (cAl > 3.4%) and PT-7M al-
loys, and the lowest, for titanium and Ti�Fe. At T >
1173(1223) K, the alloying of titanium with vanadium
increases El

(1), and in most of the remaining cases it
is accompanied by its decrease. With respect of El

(2), a
similar behavior is observed for the Ti�Fe, Ti�1.9 Zr
and PT-7M alloys, whereas its values for the remain-
ing compositions are higher than for titanium. As cM
in the Ti�Al [cAl = 0.6�2.2%] and Ti�Zr alloys in-
creases, El

(1) tends to increase, and in the case of
Ti�Fe and Ti�V it tends to decrease. The same pattern
is observed for El

(2) in the oxidation of the Ti�Al and
Ti�Fe alloys, in contrast to Ti�Zr and Ti�V. At T >
1173(1223) K the most energy-consuming interphase
processes occur in both stages of the oxidation of
Ti�V and partly of Ti�Al alloys, whereas Ti�5.0,
10.0 Fe has the minimal El

(1) value and Ti�1.9 Zr and

PT-7M, the minimal El
(2) value.

In the initial stage of the oxidation at 823�973 K,
the energy consumption for diffusion processes in
Ti�Al alloys is higher, and in the case of Ti�Zr and
PT-7M, lower than for titanium, and it tends to de-
crease as cAl (<4.7 %) and cZr increase. In the range
973�1123 K, the alloying of titanium with iron (up to
5.0%) decreases Ep

(1). For the other compositions, Ep
(1)

and Ep
(2) are mostly higher than for titanium. As CM

in the Ti�Al (cAl 
 3.4%) and Ti�Zr alloys increases,
Ep

(1) and Ep
(2) tend to decrease, and in the case of

Ti�Fe and Ti�Al (cAl > 3.4 %) they clearly increase.
In this case, the PT-7M and Ti�V alloys have the
highest Ep

(1) and Ep
(2) values, and Ti�1.5, 5.0 Fe, the

lowest Ep
(1) values.

In the range 1123(1073)�1223(1173) K, all the
alloys under consideration (except partly Ti�Fe) are
characterized by the lower energy consumption for
diffusion processes in both stages of oxidation, as
compared to titanium. As cAl and cZr increase within
certain limits, Ep

(1) and Ep
(2) decrease, whereas with

increasing cV and cFe they tend to grow.

In the range T > 1223 K, the alloying of titanium
mostly increases Ep

(1). The alloys Ti�Zr and PT-7M
have higher Ep

(2) values than titanium, whereas in the
case of Ti�V, Ti�3.4, 4.7, 5.9 Al, and Ti�5.0 Fe the

relationship is reverse. As cAl and cZr increase, Ep
(1)

and Ep
(2) tend to decrease, and in the case of increasing

cFe they tend to grow. As cV increases, Ep
(1) decreases

nonmonotonically, and changes in Ep
(2) do not exceed

the experimental error. The Ti�Zr alloys are charac-
terized by the greatest energy consumption for diffu-
sion processes in both oxidation stages at T > 1223 K,
and the Ti�Al alloys, by the lowest energy con-
sumption.

The comparison of El and Ep values for the Ti�
2.2 Al and Ti�1.9 Zr alloys with the data for PT-7M
(Ti�2.0 Al�2.5 Zr) having the same total atomic con-
centration of Al and Zr (4.8 at %) shows that zirconi-
um affects the oxidation of the PT-7M alloy to a
greater extent than aluminum, though its atomic con-
centration in the alloy (1.3 at. %) is much lower.

The established dependences of El and Ep on the
material composition, temperature, and duration of
oxidation are associated with the effects of these
factors on the composition and structure of metallic
and oxide phases. In particular, the alloying of titani-
um results in a change in the energy of interatomic
bonds in the matrix lattice and changes in conditions
and, therefore, growth rates of DOL, for example,
upon redistribution of alloying elements in oxidation
products [20, 21]. It also affects the temperature of
� �� � transitions in the metal and the type and
concentration of point defects, which form on penetra-
tion of alloying elements into the rutile lattice and
determine the diffusion mechanism of scaling.

The extent of changes in the oxidation mechanism
and rate depend on the nature and concentration of
alloying elements. The degree and the form of their
participation in scaling and DOL growth can change
not only with temperature, but also with duration of
the oxidation, which is confirmed by the established
effects of these factors on El and Ep. The Ti�Al and
Ti�Fe alloys are remarkable in this respect. For exam-
ple, aluminum, being an �-stabilizer and having a
smaller atomic radius than titanium, enhances the
strength of the �-Ti lattice [22]; strengthening of this
effect with increasing cAl should result in the growth
of El. The data in the table for T > 973 K do not con-
tradict this conclusion. When titanium is alloyed with
iron stabilizing the �-phase, the strength of inter-
atomic bonds in the matrix lattice decreases, and we
can expect that El will decrease, which is actually
observed in the experiment.

Nonmonotonic and unclear dependence of El and
Ep on the nature and concentration of alloying ele-
ments is attributable, apart from other reasons, to their
low content in the alloys and also to inaccuracy of
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the experiment. These circumstances and the extra-
ordinary complexity of the oxidation of titanium and
its alloys, affected by oppositely acting factors, do not
always allow clear interpretation of the effect of these
factors on the process parameters.

CONCLUSIONS

(1) The slope of the temperature dependence of Kl
for nonstationary oxidation of titanium and the major-
ity of the considered alloys increases, and that of Kp,
decreases in going to the range T > (1123�1223) K.
The temperatures T l

bend and T
p
bend of bends in these

dependences remain practically unchanged on alloying
of titanium and in going from the initial to the sub-
sequent stages of the oxidation.

(2) In most cases, alloying of titanium results in
increase in El and Ep in both stages of the test at 973�
1373(1473) and 973�1123(1073) K, respectively, and
also at temperatures higher than 1223 K. The excep-
tions are several Ti�Al, Ti�V (Ep), Ti�5.2. Al�1.2 V�
1.1 Mo (El), and Ti�Fe (El, Ep) alloys. The diffusion
processes for all the alloys (except partly for Ti�Fe) in
the range 1123(1073)�1223(1173) K are less energy-
consuming than in the case of titanium.

(3) The growth of cM in Ti�Al and Ti�Zr alloys is
accompanied by the tendency to a nonmonotonic in-
crease in El

(1) and El
(2) above 973 K, and in the case of

Ti�Fe and Ti�V their decrease is observed. Under
these conditions, Ep

(1) and Ep
(2) tend to decrease with

increasing cZr; for the Ti�Al alloys this is true only
with respect to Ep

(2). At the same time, when cFe (out-
side the 1173�1223 K range) and cV (
0.9%) increase,
and also (as far as Ep

(1) is concerned) when cAl grows,
the trend is opposite.

(4) In going to the range 973�1173(1223) K, El
(1)

for titanium decreases and Ep
(1) increases. The changes

in Ep
(1) for the majority of alloys of the systems Ti�Al

and Ti�Zr and also for the PT-7M alloy are similar to
this pattern, whereas El

(1) values change in opposite
directions, being constant for certain compositions in
the range 823�1223 K. In the case of titanium and
majority of the alloys, heating above 1173�1223 K
results in an increase in El and a decrease in Ep.

(5) Passing from the initial to the subsequent peri-
ods of titanium oxidation is accompanied by a de-
crease in El at 973�1373 K and a decrease in Ep at
973�1123(1073) K, whereas above 1223(1173) K
Ep

(1) is equal to Ep
(2). For the majority of the alloys,

this transition results in the opposite change in El
(T 1173 K) and Ep (T 1223 K).
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Abstract�The Er2O3�Rh2O3 system was studied by the annealing and quenching method using X-ray phase,
thermal, and chemical analyses. A schematic subsolidus diagram of phase relationships was constructed.

In recent decades, there has been a great deal of
interest in multicomponent oxide systems [1�3] owing
to the fact that phases of various chemical composi-
tions and structures, existing in such systems, have
practically important properties. In particular, it was
found that complex oxides existing in the systems
Ln�M�Rh�O [4�6] (Ln is a rare-earth element and
M, an alkaline-earth element) have interesting elec-
trical, magnetic, and catalytic properties. The pur-
poseful search for new mixed oxides in these and even
more complicated similar systems should be based
on the physicochemical analysis of simpler oxide
systems M�Rh�O and Ln�Rh�O along with develop-
ment of synthetic methods. Of prime importance are
the phase diagrams in the subsolidus region.

This work continues the study of phase relation-
ships in systems containing rare-earth and rhodium
sesquioxides [7�10]. Our goal was to study in detail
the subsolidus phase relationships in the Er2O3�
Rh2O3 system in air at temperatures of up to 1600�C
and to construct the corresponding phase diagram.

The fact that the mixed oxide ErRhO3 is formed in
the system Er�Rh�O was first reported in 1964 [11].
Later the synthesis and crystal-chemical and certain
physicochemical properties of this compound were
repeatedly studied [12�15]; however, phase relation-
ships in the Er�Rh�O system were not studied.

EXPERIMENTAL

The initial reagents were erbium oxide Er2O3 con-
taining no less than 99.9% main substance and pure-
grade rhodium trichloride crystal hydrate RhCl3 �
4H2O. The prolonged oxidation of the latter com-
pound with atmospheric oxygen in the temperature
range 650�700�C yields the metastable polymorph
�-Rh2O3 with a classic hexagonal corundum-type

structure [16]. The high-temperature stable poly-
morphic form �-Rh2O3 [17] was obtained by two fol-
lowing ways. The first method consisted in heat treat-
ment of the metastable form of �-Rh2O3 at 800�
950�C in air. The second method consisted in the oxi-
dation of finely dispersed metallic rhodium at 950�
1000�C in air or in an oxygen flow for no less than
20 h. Finely dispersed rhodium (metallic rhodium
black) was obtained by the reduction of rhodium tri-
chloride hydrochloric acid solution with metallic zinc.

The initial compositions for studying phase rela-
tionships were prepared from the mixtures of Er2O3
and �-Rh2O3 in the molar ratios of 9 : 1, 4 : 1, 3 :1,
2 : 1, 3 : 2, 1 : 1, 3 : 5, 1 : 2, 1 : 3, 1 : 4, and 1 : 9.
When studying the equimolar composition, we also
used a mixture of Er2O3 and finely dispersed rhodium.
These mixtures were triturated in a jasper mortar
with ethanol, dried in air, and then annealed in corun-
dum crucibles at temperatures from 600 to 1600�C at
100�C intervals. In certain cases, e.g., for the equi-
molar composition, the annealing and quenching were
carried out at 10�20�C intervals. The duration of
annealing at temperatures of up to 1000�C reached
150 h, and above 1000�C it was up to 75 h. After
intermediate annealings for more than 20 h, samples
were homogenized by trituration. Up to 1000�C, an-
nealings were performed in a SNOL-I4 electric fur-
nace. In the experiments at higher temperatures, we
used an electric furnace with a heater made from a
platinum�rhodium, Pt/Rh (30%), wire. Annealing and
quenching were performed in air. During the iso-
thermal annealing, the temperature was held constant
with an accuracy of no less than �10�C.

The phase composition of the initial reagents and
mixtures and also of samples after annealing and
quenching was determined with DRON-3 and Siemens
D 500 HS X-ray diffractometers. We used CuK�

radiation with a nickel filter. Scanning was carried
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T, �C

mol %

Schematic diagram of phase relationships for the subsolidus
region of the system Er2O3�Rh2O3 in air. (T) Temperature.
Irreversible polymorphic transition of Rh2O3 is shown
by a dashed line.

out in the range of 2� angles 10��95�, scan rate
2 deg min�1, scanning step 0.02�.

Thermal and chemical analyses, and also some
other details of experiments were described earlier
[9, 10].

The schematic diagram of phase relationships for
the subliquidus region of the system Er2O3�Rh2O3 is
shown in the figure as a combination of diagrams for
two pseudo-binary systems Er2O3�Rh and Er2O3�
Rh2O3 in the ternary system Er�Rh�O. This way of
representation of phase equilibria is characterized
by the fact that the reversible dissociation of solid
oxide phases is considered conventionally as a phase
transition at which a gas phase (oxygen) is not taken
into consideration. Then the phase equilibria in a
ternary system can be represented using a combination
of binary systems, which allows a pictorial schematic
diagram of phase relationships to be obtained on
a plane. First, such a technique of representation of
phase relations was used by Muan [18] when he
studied systems involving iron oxides. Later Schneider
and Roth applied it to the systems containing other
transition metal oxides, including platinum metal
oxides [19, 20].

According to the suggested phase diagram (see fig-
ure), there are four stable solid phases in the sub-
liquidus region of the system Er2O3�Rh2O3: Er2O3
(C-form of Er2O3), �-Rh2O3, Rh, ErRhO3, and also
one metastable phase �-Rh2O3. When three solid

phases and a gas phase (oxygen) coexist in equi-
librium in the ternary system Er�Rh�O, the system is
monovariant. In this case, three condensed phases
coexist at a fixed partial pressure of oxygen and
a unique value of temperature. Therefore, three-phase
equilibria are shown in the phase diagram by hori-
zontal continuous lines. The dashed line in the figure
corresponds to the monotropic polymorphic transition

�-Rh2O3 �� �-Rh2O3. (1)

In the course of this transition, the metastable poly-
morph �-Rh2O3 with a classic hexagonal corundum-
type structure [16] irreversibly transforms to the stable
polymorphic form �-Rh2O3, the rhombic structure
of which is also a derivative of the corundum-type
structure [17]. The main features of this monotropic
polymorphic transition were studied earlier [15, 21�
26]. The temperature range and rate of transforma-
tion (1) depend on the composition, structure, and
dispersity of the initial �-Rh2O3. All these character-
istics are determined by the way and conditions of the
synthesis of the metastable form �-Rh2O3. It is pos-
sible to identify unambiguously polymorphic transi-
tion (1) of �-Rh2O3 synthesized in this work and the
formation of �-Rh2O3 by X-ray technique after an-
nealing of the initial �-Rh2O3 at temperatures above
750�C, but not higher than 1030�C. The reversible
thermal dissociation by Eq. (2) is observed above
1030�C:

�-Rh2O3 = 2Rh + 3/2O2. (2)

Equilibrium (2) and its certain thermodynamic fea-
tures have been studied fairly well [22�28]. Using the
data from [22, 28], we have calculated the dissociation
temperature of �-Rh2O3 in air at normal atmospheric
pressure, i.e., at the partial pressure of oxygen of
0.21 atm. The obtained values of 1034 and 1033�C
reasonably agree with the value of 1042�C given in
[27]. According to the data from [25, 26], obtained
by differential thermal and high-temperature X-ray
phase analyses, equilibrium (2) is established in air
at 1030�5�C.

Only one phase transition was established also for
the binary oxide ErRhO3 at temperatures of up to
1600�C. It is the reversible thermal dissociation by
the equation

ErRhO3 = 1/2Er2O3 + Rh + 3/4O2. (3)

The thermal dissociation of erbium rhodite is
detected in X-ray patterns starting from 1325�C as
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an endothermic effect and an abrupt weight loss of
7.42%. This value agrees well with the theoretical
value of 7.54% calculated by Eq. (3). In the X-ray
patterns of single-phase samples of ErRhO3 after their
annealing at temperatures above 1325�C, well-pro-
nounced narrow diffraction peaks appear, which cor-
respond to well-crystallized coarse-grained metallic
rhodium and the low-temperature polymorphic form
of erbium(III) oxide (so-called C-form of Er2O3) crys-
tallizing in the cubic system [29]. These substances
do not react with each other and with atmospheric
oxygen at 1325�1600�C. But specifically the reaction
yielding the double oxide ErRhO3 was detected by the
X-ray phase analysis after prolonged calcination (for
more than 100 h) of a mixture of Er2O3 with finely
dispersed rhodium at 1300�C in air. Thus, the results
of our annealing�quenching experiments in combina-
tion with the data of X-ray and thermal analyses
unambiguously prove the validity of Eq. (3) and deter-
mine the temperature at which this equilibrium is
attained in air, 1325�10�C.

It should be noted that ErRhO3 and �-Rh2O3
undergo a similar decomposition by Eqs. (3) and (2),
respectively. The reversible dissociation with the
formation of metallic rhodium and oxygen is charac-
teristic for these oxides, the decomposition tempera-
ture of the double rhodium erbium oxide ErRhO3
being much higher than that of the simple rhodium
oxide Rh2O3.

Therefore, we have found that only one double
oxide ErRhO3 is formed in the system Er2O3�Rh2O3.
The data of the chemical analysis of ErRhO3 agree
well with the corresponding calculated values (dif-
ferences do not exceed 0.2%). The X-ray diffraction
study confirmed the data [12�15] on the crystalliza-
tion of ErRhO3 in the structure of orthorhombically
distorted perovskite such as GdFeO3. Single-phase
samples of the double oxide ErRhO3 are brown homo-
geneous polycrystal powders insoluble in water, in-
organic acids (hydrochloric, nitric, sulfuric, and phos-
phoric), and alkalis (NaOH and KOH).

It should be noted that high resistance to the action
of acids and alkalis is also characteristic of the simple
rhodium(III) oxide.

The offered subsolidus diagram of phase relation-
ships for the system Er2O3�Rh2O3 is topologically
equivalent to the corresponding phase diagrams for
the systems Ln2O3�Rh2O3 (Ln = La, Yb, Lu) studied
earlier [7�10]. The phase diagrams of these systems
differ only in the dissociation temperatures of LnRhO3
compounds, which decrease from 1450 to 1275�C in
going from LaRhO3 to LuRhO3 [7�10]. The offered

diagram for the subsolidus region demonstrates phase
relationships in air at normal atmospheric pressure,
i.e., at the oxygen partial pressure of 0.21 atm. How-
ever, variation of the oxygen partial pressure will
affect the dissociation temperatures of �-Rh2O3 and
ErRhO3. According to [22], the increase in the oxygen
partial pressure from 0.01 to 0.96 atm results in the
increase from 900 to 1126�C in the equilibrium tem-
perature of the dissociation of rhodium(III) oxide.
Such experimental studies were not carried out for
ErRhO3, but it was found [8] that the dissociation
temperature of the similar perovskite-like oxide
LaRhO3 increases from 1455 to 1570�C as the partial
pressure of oxygen is increased from 0.21 to 1.00 atm.
Apparently, the behavior of ErRhO3 will be similar.

Thus, as repeatedly noted earlier [2, 7�10, 22�28],
the dissociation temperatures of rhodium oxides in
similar systems strongly depend on the partial pres-
sure of oxygen, and its variation will affect the posi-
tion of the temperature�concentration boundaries of
phase fields in the diagrams.

The results of this work confirm certain previous
experimental observations and conclusions [2, 7�10,
13�15, 19, 20, 22�28].

CONCLUSIONS

(1) Subliquidus phase relation in binary oxide
systems involving oxides of platinum metals are deter-
mined mainly by the nature of the corresponding ini-
tial simple oxide of a noble metal irrespective of the
physicochemical nature of the second component
(oxide of a base metal).

(2) The double oxides formed in systems base
metal�platinum metal�oxygen inherit physicochemi-
cal properties of simple oxides formed in the systems
platinum metal�oxygen. In particular, high chemical
and thermal stability of simple oxides of platinum
metals corresponds to that of the mixed oxides.

(3) The majority of simple and double oxides of
platinum metals, when heated, undergo reversible
thermal dissociation but not melting. Simple oxides of
platinum metals reversibly decompose to give the cor-
responding platinum metal and oxygen. The dissocia-
tion into a platinum metal, oxygen, and a base metal
oxide is characteristic, as a rule, for double oxides
containing a platinum metal and a base metal. In this
case, double oxides dissociate at higher temperatures
than the corresponding simple platinum metal oxides.

(4) There is a deep physicochemical analogy bet-
ween the systems platinum metal�oxygen and base
metal�platinum metal�oxygen.
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Abstract�The effect of additives introduced into the working solution on the behavior of dispersed aluminum
particles obtained in electric erosion was studied.

The electric-spark dispersion of a metal is strongly
affected by the conditions under which the electric
erosion process is carried out, with formation of vari-
ous products possible [1�3]. It can be conventionally
taken that electric erosion occurs in two stages. The
first stage, which occurs in the electric discharge zone
characterized by high temperatures, leads to melting
of the metal, its partial evaporation, and removal of
the liquid�vapor phase in the form of congealed metal
particles [4, 5]. In the second stage, which occurs in
the sludge-collecting tank, dispersed metal particles
enter or do not enter into the reaction with the work-
ing solution. The stages under consideration are
strongly affected by additives introduced into the
working solution. Thermal decomposition of the
working solution in the spark discharge zone yields
atomic oxygen whose amount largely depends on the
nature and concentration of an additive [3]. When
present in a sufficient amount, oxygen reacts with
dispersed aluminum to form on its surface a protective
oxide film which protects the metal from reacting
with the working solution. If, however, oxygen is
formed in an insufficient amount, surface oxidation
of the dispersed metal is only partial, and it reacts
with the working solution to form aluminum hydrox-
ides (AH).

This study proceeded with investigations of how
additives introduced into the working solution affect
the behavior of the forming dispersed aluminum par-
ticles; also the dispersity of the products obtained was
determined. The experiments were carried out on an
installation, and by a procedure, described previously
in [1].

Electron-microscopic studies of samples were per-
formed on an EMV-100LM electron microscope with

accelerating voltage of 75 kV and beam current of
40 �A. The samples were preliminarily prepared with
a UZDN-1 ultrasonic disperser in isopropyl alcohol
with subsequent deposition on an organic substrate.

To exclude the influence exerted by the first stage
of the electric erosion process and by the resulting
change in the concentration of the additive on the na-
ture of processes occurring in the second stage, electric
erosion of aluminum was carried out until complete
filling of the sludge-collecting tank. Further, 3-l sludge
samples were taken from the collecting tank and sub-
jected to thermal treatment at 90�C. The time of ther-
mal treatment of the samples was varied: 3 h for the
first sample, 5 h for the second, 7 h for the third, etc.
Thus, the initial composition of the sludge was invari-
able at different times of its thermal treatment.

The influence exerted by the duration of the ther-
mal treatment on the composition of the products
obtained with various additives is illustrated in Fig. 1.

�, wt %

�, h
Fig. 1. Content � of (1, 3) boehmite and (2, 4) bayerite AH
in products of electric-spark dispersion of aluminum in a
working solution vs. duration � of thermal treatment of
sludge. Sludge treatment temperature 90�C. Working solu-
tion (M): (1, 2) 0.039 ammonium acetate and (3, 4) 0.22
urea.
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�, wt %

c, M
Fig. 2. Content � of (1) aluminum powder and (2) AH in
electric erosion products vs. concentration c of nitric acid
in a mixture with 0.025 M working solution of ammonium
nitrate. Sludge treatment temperature 25�C, treatment dura-
tion 4 h; the same for Fig. 4.

(a)

(b)

(c)

140 nm

Fig. 3. Electron micrographs of (a) bayerite and (b) boeh-
mite AH and (c) aluminum powder, products formed in
electric-spark dispersion of aluminum in a working solution.
Working solution (M): (a) distilled water, (b) 0.039 am-
monium acetate, and (c) 0.028 nitric acid.

It can be seen that the content of boehmite AH in the
erosion product grows and that of bayerite AH de-
creases with increasing duration of thermal treatment.
The observed difference in how the content of boeh-

mite AH grows (and, correspondingly, the content of
bayerite AH decreases) in the presence of ammonium
acetate and urea in the working solution is probably
due to their different adsorption onto the surface of
dispersed aluminum. Compared to urea, ammonium
acetate presumably forms stronger complexes with
oxide areas on the surface of dispersed aluminum par-
ticles and shields these areas, thus protecting dispersed
aluminum from further hydration. This suggests that
an increased amount of less hydrated form, boehmite
AH, and decreased amount of bayerite AH are formed.
As a result, the initial content of boehmite AH in an
ammonium acetate solution exceeds that in an urea
solution, and, therefore, the limiting product ratio is
reached faster in the presence of ammonium acetate,
compared to the case of urea.

Figure 2 shows how nitric acid introduced into a
working solution containing ammonium nitrate affects
the composition and amount of products obtained in
the course of electric erosion. At 0.002 M concentra-
tion of nitric acid in an ammonium nitrate solution,
the erosion products mainly contain aluminum hy-
droxide. With increasing concentration of nitric acid
in the working solution, the content of powdered alu-
minum in the product first grows steeply and then
varies slowly, approaching a limiting value (curve 1).
Such a behavior of the metal powder content in the
product indicates that the amount of atomic oxygen
grows in the course of the process. As a result, the
fraction of dispersed metal particles with a surface
oxide film protecting them from interaction with the
working solution increases. Raising further the con-
centration of nitric acid in the solution affects the
amount of forming oxygen only slightly; correspond-
ingly, the fraction of dispersed metal with surface
occupied by the oxide film remains nearly constant.
As a result, the content of powdered metal in the
product grows slowly. Since the working solution
contains substances with the same anion, nitrate ion,
the effect of the working solution on the composition
of the erosion products is largely associated with a
change in the concentration of hydrogen (hydroxoni-
um) ions. Thus, the experimental data obtained con-
firm the previous assumption that the mechanism of
aluminum powder formation involves hydroxonium
ions.

Electron micrographs of samples obtained in elec-
tric-spark dispersion of aluminum under varied condi-
tions are shown in Fig. 3. Three types of products are
formed in electric erosion. Figure 3 shows that crys-
tallites of bayerite AH have the shape of parallele-
pipeds 400 nm and less in size (Fig. 3a), and crystals
of boehmite AH are needles about 150 nm long and
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Effect of additives introduced into the working solution on composition of products formed in electric-spark dispersion
of aluminum
������������������������������������������������������������������������������������

Ammonium salt
�

c, M
�

T,* �C
�

�,* h
� Product composition, wt %

� � � ����������������������������������������
� � � � aluminum powder � total content of all AH forms

������������������������������������������������������������������������������������
Acetate � 0.039 � 90 � 8 � � � 100
Oxalate � 0.030 � 25 � 5 � 91 � 9
Tartrate � 0.024 � 25 � 5 � 93 � 7
Citrate � 0.032 � 25 � 5 � 94 � 6
������������������������������������������������������������������������������������
* T and � are, respectively, the temperature and duration of sludge treatment.

20 nm wide (Fig. 3b). In both cases, the crystallites
subsequently coagulate to form secondary aggregates.
Crystallites in aluminum powder, which are mostly
spherical, also coagulate into secondary aggregates,
with only their minor part remaining uncoagulated
(Fig. 3c). The size of uncoagulated metal particles
varies within 10�50 nm.

Figure 4 shows the results of a morphological
analysis of a metal powder obtained in electric erosion
of aluminum in a nitric acid solution. Several days
after being obtained, dispersed metal particles are
mainly represented by secondary aggregates with
average size of 3.8 �m and very narrow distribution.

The influence exerted by the concentration of the
ammonium acetate and oxalate working solutions on
the composition and amount of electric erosion prod-
ucts is illustrated in Fig. 5. With increasing concentra-
tion of the working solution, the content of boehmite
AH in the product grows (and, correspondingly, the
content of bayerite AH falls) (Fig. 5, curves 1 and 2).
Electric erosion of aluminum with ammonium oxalate
as the working solution yields AH and metal powder.
Raising the concentration of the ammonium oxalate
solution leads to a steep rise in the content of alumi-
num powder, which further becomes slower, with the
optimal value reached (Fig. 5, curve 3). Correspond-
ingly, the content of AH in the erosion product de-
creases (Fig. 5, curve 4). The observed difference in
the composition of products obtained in electric ero-
sion in working solutions containing ammonium ace-
tate or oxalate is due to different types of �primary�
processes occurring in the spark-discharge zone. In
the first case, thermal decomposition of acetate ions
yields an insufficient amount of atomic oxygen, which
leads to only partial surface oxidation of the dispersed
metal, which further reacts with the working solution
to give various forms of AH. In the second case,
thermal decomposition of oxalate ions yields atomic
oxygen in sufficient amounts, with the result that the

fraction of dispersed metal particles having protective
oxide film on their surface increases. At the end, the
content of metal powder in the erosion product be-
comes higher. As seen from the table, the increased
content of metal powder in the erosion product is also
observed in electric-spark dispersion of aluminum in
solutions of salts of polybasic carboxylic acids.

N, %

D, �m
Fig. 4. Content N of aluminum particles obtained in elec-
tric-spark dispersion of aluminum in a 0.028 M solution of
nitric acid vs. their size D.

�, wt %

c, M
Fig. 5. Content � of (1) boehmite and (2) bayerite AH,
(3) aluminum powder, and (4) total AH vs. concentration c
of the additive in the working solution. Additive: (1, 2) am-
monium acetate and (3, 4) ammonium oxalate. Sludge treat-
ment temperature (�C): (1, 2) 90 and (3, 4) 25. Sludge treat-
ment duration (h): (1, 2) 8 and (3, 4) 5.
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It is known that temperature strongly affects the
stability of organic substances [6]. In electric erosion
in the spark-discharge zone, in which temperature
becomes as high as several thousands of degrees [5],
carboxylic acid residues can be broken down. This
conclusion is supported by the data of [7, 8]. The
formation of atomic oxygen in the spark-discharge
zone in thermal decomposition of carboxlic acid resi-
dues can be represented as follows:
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where I are carboxylic acid residues; II, acyloxy radi-
cals; III, acyl radicals; and O, atomic oxygen.

In the course of thermal decomposition, acyl rad-
icals may undergo further transformations.

CONCLUSION

Secondary processes occurring in the sludge col-
lector in electric-spark dispersion of aluminum are
affected by adsorption of components of the working
solution on the surface of dispersed particles of the
metal and its oxidized phase. The previously sug-

gested mechanism, which suggests involvement of
hydroxonium ions in the formation of a protective
oxide film on the surface of dispersed metal, was con-
firmed experimentally. It was established that most
part of dispersed metal particles and products of their
reaction with the working solution coagulate to form
secondary aggregates. Introduction of ammonium salts
of polybasic carboxylic acids promotes formation of
aluminum powder in electric erosion.
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Abstract�The possibility of obtaining silica gels with controllable porosity by using various methods for
accomplishing a structural transformation in hydrogels was studied.

At present, the sol�gel process with controlled
hydrolysis of silicon alkoxides is one of the most
promising methods for silica gel preparation [1]. It is
important to have, for use in catalysis and chroma-
tography, xerogels with certain physicochemical char-
acteristics. In particular, the highest demand is for
silica gels with large sorption volume and prescribed
pore size, used as adsorbents and catalyst supports [2].
The structure and properties of a final product ob-
tained by hydrolytic polycondensation of tetraethoxy-
silane (TEOS) are mainly determined by the initial
composition of a mixture being hydrolyzed, condi-
tions under which hydrolysis and polycondensation
occur, water : alkoxide molar ratio, presence of cata-
lysts and modifiers in the system, amount and nature
of solvents present in the system, and mode of drying
of the forming gel [2�8].

The effect of surfactants as active forming agents
controlling the pore structure of silica gels obtained
from aqueous solutions of sodium silicate was ana-
lyzed in [3]. In accordance with the results obtained in
[3], surfactants suppress the influence of pH on the
particle size and hinder densification of a hydrogel
in its drying, which makes it possible to obtain silica
gels with large specific surface area and large pore
volume: up to 960 m2 g�1 and 2.05 cm3 g�1 for cetyl-
pyridinium chloride, and up to 844 m2 g�1 and
1.71 cm3 g�1 for cetyltrimethylammonium bromide,
respectively. However, the largest sorption volumes
were obtained at rather high (up to 5 wt %) surfactant
concentrations.

The effect of the solvent and water : alkoxide molar
ratio was studied in [4, 5]. The dependence of the pore
size distribution on the nature and length of the or-
ganic radical of the solvent was established. Gels ob-
tained in solvents with shorter organic radicals, which

cause weaker steric hindrance, are characterized by
smaller pores and narrower pore size distribution. In
the presence of methyl ethyl ketone, the maximum
sorption volume was 1.68 cm3 g�1 at average effective
pore radius of 25 nm and specific surface area of
257 m2 g�1. With ethanol used as a solvent, the sam-
ples obtained had specific surface area of 580 m2 g�1

at average effective pore radius of 1.5 nm. The effect
of the amount of solvent or solvents introduced re-
mained unclear, although the solvents present affect
the particle aggregation and, ultimately, also the inter-
nal state of hydrogels, because of the dilution of the
formulation.

The drying conditions, which are mainly character-
ized by kinetics of removal of moisture and solvents
present in a hydrogel, also affect the structure of the
xerogels obtained. For example, it has been shown
[6�8] that, with microwave radiation, the sample
drying time can be made considerably shorter. Ac-
cording to [6, 7], the concentration of fluorine-con-
taining ions is a key factor affecting the sorption
characteristics of samples prepared under the condi-
tions of microwave drying. With the ammonium hexa-
fluorosilicate concentration raised to 4 �10�2 M, the
pore radius increased to 2.6 nm at specific surface
area of 106 m2 g�1. It should be noted that the studies
[6�8] were carried out in a rather narrow concentra-
tion range at constant water : alkoxide : solvent molar
ratio and pore diameters evaluated only approximately
from the bulk volume of the powder.

The microporous structure of the samples obtained
gives no way of anticipating any significant decrease
in diffusion limitations in heterogeneous reactions
with a reactant immobilized in a silica gel of this kind:
the time of equilibration increases to 47 min when the
pore diameter decreases to 1.1 nm [6]. It was noted
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that the time of equilibration is independent of the
concentration of an immobilized component, being
rather diffusion-controlled. Thus, elimination of diffu-
sion limitations, which consists in raising the pore
number and volume, is a factor governing the service
characteristics of xerogels of this kind. Moreover, of
interest is the influence exerted by microwave radia-
tion on the structural-sorption characteristics of xero-
gels, which have been studied insufficiently.

The aim of this study was to analyze the conditions
of formation of the silica gel pore structure by varying
the initial conditions of the process and the state of a
structure-forming component (tetraethoxysilane), and
by introducing modifying additives and subsequent
stages of ripening and drying of the hydrogel.

EXPERIMENTAL

Xerogels were synthesized using an organosilicon
film-forming formulation based on TEOS. At present,
this formulation is employed in manufacture of LCD
indicators for depositing protective dielectric layers of
SiO2. The formulation contains, in addition to silicon
alkoxide, water in amount necessary for the hydroly-
sis, HCl catalyst, ethanol, and ethyl acetate. The for-
mula is adapted to obtaining dense nonporous dielec-
tric SiO2 coatings.

The moderate content of SiO2 (3 wt %) and the
large amount of organic solvents are due to necessity
for depositing dielectric films of prescribed thickness.
HCl present in the system acts as a catalyst which ac-
celerates TEOS hydrolysis and formulation ripening
in the initial stage and as a peptizing agent which
prevents coagulation by stabilizing the system. Tetra-
ethoxysilane is present in the formulation in partly
hydrolyzed (by 60�70%, on the average) state [9],
which specifies a number of characteristic features of
the given system, since coatings are deposited using
formulations in which the amount of polymeric ethers
with large molecular weight and branched 3D struc-
ture is not high as yet.

After a certain service time of a formulation, coat-
ings deposited from it no longer satisfy requirements
to protective dielectric coatings and the formulation is
regarded as spent. At the same time, it is sufficiently
stable and remains in this state for several months
without introduction of gelation-stimulating additives.
Of interest is development of techniques for utiliza-
tion of the given formulation to obtain high-purity
xerogels with developed internal surface.

To obtain xerogels, gelation-accelerating additives
were introduced into the formulation in the form of

aqueous solutions of prescribed concentration. As
these additives served ammonium bifluoride (ABF),
ammonium silicofluoride (ASF), diethylamine (DEA),
triethanolamine (TEA), ammonia NH3, hexamethyl-
enetetramine (HMTA), and polyethylene glycol (PEG)
with average molecular weight of 6000. Introduction
of an additional amount of water may lead to poly-
condensation and fast gelation with pore closure.
Consequently, an additive introduced must promote
by itself a change in the ratio of hydrolysis and poly-
condensation rates, i.e., it must enhance polycon-
densation.

This requirement is satisfied by fluorine-containing
ions which exert a strong catalytic action on the poly-
condensation rate through formation of a fluorosilicon
transition complex [10], are strong coagulants, and
favor formation of a developed porous structure.
When an above-critical concentration of fluorine-con-
taining ions is used, a precipitated product is obtained
[10].

Introduction of a number of organic amines and a
cationic surfactant stabilizes particles formed in the
sol stage, with their dimensions preserved in the gel
structure, i.e., prevents densification of a humid
hydrogel precipitate in the course of its drying [3].
Introduction of ammonia and a number of organic
amines makes it possible to change the acidity of the
medium, since the formulation itself contains HCl
originally and an alkaline medium is characterized
by a tendency toward formation of silica gels with
developed system of pores at a certain decrease in
the specific surface area. Thus, choosing the optimal
amounts of additives introduced and process condi-
tions may favor formation of a developed porous tex-
ture of the gel, which is preserved after drying.

Since the reaction medium plays an important part
in hydrolytic polycondensation of alkoxides, changing
the composition of this medium is a good method for
controlling the porosity. In this study, the substitution
of the dispersion medium was done by multiple treat-
ment of hydrogels with aqueous ammonia. This favors
deeper extent and more intensive course of the poly-
condensation through dissolution�reprecipitation reac-
tions and leads to formation of a rigid porous gel
skeleton [11].

The large amount of organic solvents in the for-
mulation requires a sufficient time for their removal.
Solvents can inhibit polycondensation and affect
structure-forming processes because of the formation
of hydrogen bonds with silanol groups [4, 5]. There-
fore, it is of interest to compare various methods for
hydrogel drying. In this study, the recently proposed
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Table 1. Preparation conditions and structural characteristics of silica gels. Samples dried at 900 W for 20 min
������������������������������������������������������������������������������������
Sam- �

Active
� Concentration �

H2O : TEOS
� Ripening � Vs, cm3 g�1 � Ssp, m2 g�1 �

reff,� ���������������� � �����������������������������������ple
�additive �c�103, M� wt %**� molar ratio �

time,
� static � dynamic �for benzene� for phenol � nm

no.* � � � � � days � � � � �
������������������������������������������������������������������������������������

1 �HCl � 1.17 � � � 10 � 1 � 0.66 � 0.64 � 443 � 372 � 2.9
2 �HMTA � 8.5 � � � 19.1 � 1 � 0.29 � 0.23 � 384 � � � 1.2
3 �NH3 � � � 2.4 � 11.3 � 1 � 0.32 � 0.27 � 423 � 219 � 1.3
4 �ABF � 11 � � � 15 � 1 � 0.83 � 0.82 � 405 � 407 � 4.0
5 �DEA � � � 33 � 19.6 � 1 � 0.46 � 0.47 � 454 � 263 � 2.1
6 �ABF � 11 � � � 15 � 1 � 0.65 � 0.56 � 443 � 262 � 2.5
7 �ASF � 2 � � � 15 � 1 � 0.25 � 0.27 � 105 � � � 4.3
8 �� � � � � � 6.4 � >60 � 0.26 � 0.27 � 510 � � � 1.1
9 �� � � � � � 6.4 � >60 � 0.69 � 0.78 � 500 � 376 � 3.1

10 �TEA � � � 50 � 12.7 � 1 � 0.57 � � � � � 493 � �

11 �PEG � � � 10 � 13.3 � 3 � 0.16 � � � � � � � �

������������������������������������������������������������������������������������
* Sample nos. 1, 4, and 9 treated with 2 N ammonia solution in the hydrogel stage.

** In terms of SiO2.

drying procedure employing microwave radiation
[6�8] was used together with the conventional drying
at elevated temperature. The new technique makes it
possible to make the drying time as short as several
minutes and positively affects formation of meso-
porosity in xerogels.

The pore structure parameters of xerogels were
determined using the standard procedure from iso-
therms of adsorption�desorption of benzene vapor and
calculated by the BET technique [12]. Also, the sorp-
tion volume for benzene under static conditions and
the specific surface area for phenol adsorbed from
a solution in heptane [13] were determined, which
yields more comprehensive information about the real
structure of the samples.

The influence exerted by preparation conditions
and by the nature of active additives on the structural
characteristics of silica gels is illustrated in Table 1
and in the figure. Introduction of fluorine-containing
additives yields, in most cases, samples with devel-
oped mesoporosity: the largest sorption volume and
effective radii were obtained with ABF. Treatment in
the hydrogel stage with aqueous ammonia of samples
modified with ABF made it possible to raise the sorp-
tion volume and pore radius by a factor of 1.5 at in-
variable specific surface area, which indicates that the
given treatment method is promising for modification
of the silica gel surface. With ASF, samples with
small specific surface area were obtained, but their
effective radii indicate that the optimal amount of
additive introduced is to be chosen for making larger
the specific surface area of the silica gels.

Introducing an additional, compared with that in
the initial spent formulation, amount of HCl, i.e., per-
forming the process in a strongly acidic medium with
subsequent treatment of the hydrogel with aqueous
ammonia yields samples with developed intercon-
nected and accessible surface area: the effective pore
radius is 2.9 nm and the sorption capacities in the
static and dynamic modes are virtually identical. The
isotherms of benzene vapor sorption on the silica gels
obtained (see figure) are isotherms of physical sorp-
tion of types I and IV according to the IUPAC clas-
sification, which points to, respectively, micro- and
mesoporous structure of the samples obtained.

With ABF (sample no. 4), ASF, and DEA as active
additives, and also with an additional amount of HCl
introduced, mesoporous samples could be obtained.
The shape of the hysteresis loop of the isotherms is
characteristic of cylindrical mesopores or bottle-like

Vs, cm3 g�1

p/p0

Isotherms of benzene vapor adsorption�desorption for SiO2
xerogels. (Vs) Volume and ( p /p0) vapor pressure relative to
saturated vapor pressure. Digits at curves correspond to
sample nos. in Table 1.
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Table 2. Effect of ABF concentration and ripening and drying conditions on sorption volume of xerogels
������������������������������������������������������������������������������������

c � 103, M
�

Ripening time, h
� Drying conditions �

Vs static, cm3 g�1� ��������������������������������
� � N,* W � �, min � T, �C �

������������������������������������������������������������������������������������
2 � 168 � 900 � 20 � � � 0.20
5 � 168 � 900 � 20 � � � 0.22
8.5 � 168 � 900 � 20 � � � 0.65

11 � 168 � 900 � 20 � � � 0.84
8.5 � 24 � 900 � 10 � � � 0.20
8.5 � 24 � 900 � 20 � � � 0.21
8.5 � 24 � 900 � 40 � � � 0.47
8,5 � 2 � � � 120 � 120 � 0.50

11 � 2 � � � 120 � 120 � 0.75
8.5 � 2 � 900 � 40 � � � 0.38
8.5 � 24 � 900 � 40 � � � 0.47
8.5 � 168 � 900 � 40 � � � 0.65

������������������������������������������������������������������������������������
* N is microwave power.

mesopores with very wide entrances into voids [14].
The run of the isotherms is characteristic of agglome-
rates and globules that are sufficiently uniform in size
and are uniformly packed. Samples containing ABF
(sample no. 4) and HCl contain a certain amount of
very large pores, which are only filled at p /p0 close
to unity (see figure, isotherms 1 and 4).

With a number of organic amines, silica gels with
good sorption characteristics could also be obtained,
but, in some cases (HMTA), the amount of the modi-
fier introduced was presumably insufficient for a
structural transformation to occur, since HCl is present
in the formulation from the very beginning. Introduc-
tion of ammonia into the formulation yielded samples
with developed microporosity: the sorption volume of
the silica gels was 0.32 cm3 g�1 in the static mode and
the pore radius was 1.3 nm at specific surface area of
423 m2 g�1.

In the case when HMTA or NH3 are used, the sorp-
tion isotherms of the samples belong to a hybrid type
I + IV. The samples obtained are composed of meso-
porous grains and contain micropores whose total
volume gives rise to a plateau in the isotherm. Micro-
porous samples have a rather large external surface
area or a pronounced microporosity, or both [12]. It
may be assumed that the amount of ammonia addi-
tionally introduced into the formulation is insufficient
for structural modification and treatment of the hy-
drogel obtained with ammonia is more promising.
With this method of synthesis, the hydrogel formation
proceeds in the first stage in a strongly acidic medium
with fluorine-containing modifiers, which gives rise to
a well-developed surface. Use of a preset excess of

ammonia in the second stage leads to roughening of
the structure, which makes it possible to obtain sam-
ples with controllable porosity.

Treatment with aqueous ammonia of a spontane-
ously gelated spent formulation yielded samples with
large sorption volume and large effective pore radius
(sample no. 9). Mention should be made, however, of
a too long time of hydrogel ripening and difficult re-
producibility of the results obtained. Microwave dry-
ing of a spent formulation that gelated spontaneously
without introduction of a modifier or treatment with
aqueous ammonia yields microporous samples.

Introduction of PEG as modifier did not affect sub-
stantially the porosity of silica gels. It is known that
PEG introduction in early stages of hydrolysis and
condensation affects the morphology of the gels ob-
tained and, in particular, the early development of
a gel. Addition of PEG to a formulation in which
TEOS is largely hydrolyzed does not cause any sig-
nificant changes in xerogels.

Table 2 illustrates, for a xerogel modified with
ABF as example, the influence exerted by the concen-
tration of an additive introduced and by the conditions
of ripening and drying on the sorption volume of the
samples obtained. It can be seen that raising the con-
centration of an additive introduced or making longer
the time of hydrogel ripening leads to an increase in
the sorption volume of the xerogels obtained. Use of
microwave radiation makes it possible to vary, by
influencing the liquid evaporation processes, the
porous structure of the samples obtained. A large
amount of solvents present in the spent and initial
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Table 3. Effect of treatment and drying conditions on sorption volume of xerogels. Ripening time 1 week
������������������������������������������������������������������������������������

Active additive
� Concentration � Drying conditions �

Vs static, cm3 g�1������������������������������������������������������
� c �103, M � wt * � N, W � �, min � T, �C �

������������������������������������������������������������������������������������
ABF � 8.5 � � � 900 � 20 � � � 0.64

� 8.5 � � � � � � � 450 � 0.65
ABF** � 8.5 � � � 900 � 20 � � � 0.74

� 8.5 � � � � � � � 450 � 0.76
ABF � 11 � � � 900 � 20 � � � 0.84

� 11 � � � � � � � 450 � 0.65
ABF** � 11 � � � 900 � 20 � � � 0.82

� 11 � � � � � � � 450 � 0.84
PEG � � � 10 � 900 � 20 � � � 0.16
PEG** � � � 10 � 900 � 20 � � � 0.27
HCl � 0.40 � � � 900 � 20 � � � 0.18
HCl** � 0.40 � � � 900 � 20 � � � 0.62
HCl � 1.17 � � � 900 � 20 � � � 0.23
HCl** � 1.17 � � � 900 � 20 � � � 0.66

������������������������������������������������������������������������������������
* In terms of SiO2.

** Samples treated with 2 N ammonia solution in the hydrogel stage.

formulations is removed rapidly and simultaneously
from the gel bulk, which gives rise to a well-devel-
oped surface of the silica gels. The structural rear-
rangement occurring in the course of prolonged ripen-
ing results in formation of a rather loose structure
in which the intraand intermolecular condensation
proceeds to the greatest extent because of the presence
of fluorine-containing ions. The open porosity does
not prevent removal of solvents from the bulk of the
matrix, and the gel skeleton has enough time in the
course of ripening to acquire a rigidity sufficient to
withstand shrinkage.

The sorption volumes of the xerogels obtained with
or without their treatment in the hydrogel stage with
aqueous ammonia and subjected to drying in different
ways are compared in Table 3. It can be seen that the
sorption volumes of the samples upon microwave dry-
ing coincide with, or, in some cases, even exceed the
values obtained after drying at elevated temperature.
This indicates that a skeleton not subject to further
shrinkage is formed in the course of gel ripening,
processes of relaxation, condensation, and collapse
of pores are complete, and pores in the gels are large
enough for free removal of large amounts of organic
solvents.

Changing the nature of the reaction medium by re-
placing the intrapore liquid in the course of synthesis
is one more way to control the porosity of xerogels.
Treatment of hydrogels with aqueous ammonia actual-

ly provides two-stage catalysis in the system, i.e.,
enables finer, compared with that in a single-stage
process, control over gelation stages.

It is known that silica is rather well soluble in the
presence of considerable amounts of hydroxide ions,
and the originally poorly cross-linked macromolecules
may dissolve and repeatedly precipitate at highly con-
densed surface centers. As a result, the gel skeleton
is transformed to take the form of large clusters
and relatively large pores in between. Moreover,
the aqueous solution itself favors more complete
course of the hydrolysis of ethoxy groups, which also
promotes formation of a high porosity. The excess
of aqueous ammonia results in that the clusters grow
rather rapidly and have enough time to become suf-
ficiently large to form a coarsely porous structure after
drying.

The strongest influence (Table 3) on the sorption
volume is exerted (within a factor of 3�3.5) by am-
monia treatment of samples obtained in the presence
of an additional amount of HCl, i.e., performing the
process in the two-stage catalysis mode strongly af-
fects the porosity formation. In the case of a partly
hydrolyzed TEOS, when the initial formation of the
gel skeleton is already initiated by introduction of
fluorine-containing ions, the condensation proceeds to
the greatest extent in the first stage and further treat-
ment with aqueous ammonia raises the porosity to
a lesser extent.
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CONCLUSIONS

(1) Spent film-forming formulation can be used
to obtain mesoporous SiO2 xerogels by intensive
technology.

(2) An important part in formation of structural
features is played by organic solvents and methods of
their removal in xerogel drying. Raising the concen-
tration of a fluorine-containing additive, making
longer the ripening time, and using microwave drying
favor formation of a well-developed surface in the
samples obtained. Replacing the dispersion medium
by treatment in the hydrogel stage makes a greater
contribution to porosity formation than use of a num-
ber of modifiers introduced into the initial formula-
tion.

(3) The rapidity of the microwave drying, leading
to local disintegration and shrinkage of the silica gel
skeleton, puts in the forefront the problems associated
with the skeleton strengthening. These problems can
be resolved by making longer the ripening time and
choosing the optimal amounts of modifying additives.
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Abstract�Thermal stability of limestones and effects of various impurities on their stability were discussed.

The thermal stability of limestones and factors af-
fecting it are of scientific and applied interest, because
limestones are widely used in various industries.
A number of interesting effects of impurities on the
thermal stability of CaCO3 �17H2O samples was estab-
lished earlier [1�3], and testing natural limestones
with respect to these effects has become urgent.

In this work, we used limestone from the Solo-
mensk deposit (Kemerovo oblast). Its �0.08-mm frac-
tion was sifted after dispersion and kept over P2O5 for
10 days. Then the sample was degassed at 200�C for
6 h and again kept over P2O5 for no less than 10 days.
The limestone sample thus pretreated was considered
as the starting sample.

The quantitative analysis of the samples was carried
according to GOSTs (State Standards) 4530�76 and
5382�91. The X-ray analysis was performed on
a DRON-3 diffractometer. The mass spectra were
obtained on an MI-1305 ionization spectrometer.
Thermal measurements were performed in air on a
Q-1500D derivatograph. Magnetic susceptibility was
measured on a pendular magnetic balance with auto-
matic equilibration. The sensitivity of measuring spe-
cific magnetic susceptibility was 10�7 cm3 g�1. The
M�ossbauer spectra were obtained on an electro-
dynamic spectrometer based on an AI-5006-3M-V100
analyzer operating in the constant acceleration mode.
The spectra were processed on an ES-1022 computer.
�-Radiation was emitted by a 57Co source of 0.5 GBq
activity in a chromium matrix.

Analytical data for limestone (wt %): main sub-
stance CaCO3 95.08, Fe 0.81, (K + Na) 0.08, Si 0.52,
Al 0.70, and others 2.81. The X-ray phase analysis
(Fig. 1) shows that the starting sample contained
CaCO3 in the form of calcite, �-Fe2O3, and ferri-
galuasite (FeIII, Al4)(OH)8(Si4O10) �1.74H2O. It is
known that the X-ray diffraction patterns of �-Fe2O3
and �-Fe2O3 �xH2O are identical. Taking into ac-

count the signal intensity and sensitivity of the X-ray
diffractometer, we can conclude that the concentration
of both iron(III) compounds in limestone is 0.10%.

Thermogravimetric analysis shows (Fig. 2) that the
weight of the limestone sample starts to change notice-
ably in air at 130�C. The highest rate of the sample

d/n, �I�III I�III I�III

II�III

Fig. 1. X-rray diffraction pattern of the starting limestone:
(I) absorption intensity and (d /n) interplanar spacing.
(I) CaCO3 �0.06H2O, (II) hydrohematite �-Fe2O3 �0.38H2O,
and (III) ferrigaluasite (FeIII, Al4)(OH)8(Si4O10) �1.74H2O.

T, �C �m = 5 mg

TG

DTA

T

�, min

�m, mg

Fig. 2. Derivatogram of the starting limestone. m 0.2 g,
dT/d� = 6 deg min�1. (T) Temperature and (�m) weight loss.
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I(H2O+), arb. units
I(CO2), arb. units

+
�log P [torr]

T, �C
Fig. 3. Mass spectrometric monitoring of thermal decom-
position of the starting limestone: (I) intensity and (T) tem-
perature. (1) H2O, (2) CO2, (3) pressure in the reactor,
and (4) H2O from vessel glass. m = 0.01 g, dT/d� =
18.0 deg min�1, 10�6 torr.

T, �C
Fig. 4. Specific magnetic susceptibility � of (1, 1	) starting
powdered limestone and (2, 2	) CaCO3 �0.17H2O (analytic-
ally pure grade reagent) vs. temperature T. (1	, 2	) Cooling.
m = 0.2 g, dT/d� = 2 deg min�1.

decomposition is observed at 852�2�C, and the sam-
ple weight gets stabilized at about 900�C. According
to the mass-spectrometric data (Fig. 3), the maximal
decomposition rate of limestone in a vacuum of
10�6 torr is observed at 580�2�C. A significant dif-
ference between the maximal decomposition rates
in air and in a vacuum is typical for calcite [1].

Three experimental maxima of limestone dehydra-
tion rate (Fig. 3) are indicative of the presence of at

least three centers of water localization in limestone.
It is known [5] that the hydrohematite dehydration
starts at 136�C. Therefore, the first maximum (140�C)
in curve 1 (Fig. 3) can be assigned to this process.
By analogy with CaCO3 �0.17H2O [1, 2], the third
maximum (580�C) probably originates from the pres-
ence of calcite. Then the second maximum (410�C) is
caused by the dehydration of ferrigaluasite. In contrast
to CaCO3 �0.17H2O [1], a small maximum of the
rate of CO2 evolution was found for limestone near
410�C, which agrees with an increase in the pressure
in the reactor (Fig. 3, curve 3). It suggests a certain
correlation between the dehydration of ferrigaluasite
and the partial decomposition of calcite, which seems
to result from the bonds in the crystalline calcite
phase through polarized H2O dipoles.

Limestone and CaCO3�0.17H2O on heating and
cooling show principally different temperature depen-
dences of the specific magnetic susceptibility (Fig. 4).
On heating, the magnetic susceptibilities are deter-
mined for limestone, by ferrigaluasite (it seems to
be ferrimagnetic), and for CaCO3 �0.17H2O, by van
Vleck paramagnetism [1]. On cooling, the magnetic
susceptibility seems to be determined in both cases by
hematite, which is completely separated from the cal-
cite phase upon dehydration. In all the cases (Fig. 4),
we deal with paramagnetism and possibly with ferri-
magnetism (for the initial state of ferrigaluasite).

According to the mass-spectrometric data [1] for
CaCO3 �0.17H2O, its dehydration rate has a small
temperature maximum at 235�C, which is not yet
understood. In [6], its origin was specially studied by
quantitative analysis, mass spectrometry, and M�oss-
bauer spectrometry. It was found that the analytically
pure grade reagent CaCO3�0.17H2O contains about
0.014% �-Fe2O3 �0.04H2O (which does not contradict
the requirements of GOST 4530�76 to the reagent
purity). Consequently, the calcite binds only 0.13 mol,
but not 0.17 mol of H2O [1, 2]. The results of this
work allow us to supplement the conclusions of [6]
by an assumption that the �-Fe2O3 �0.04H2O phase is
linked to the calcite phase through H2O molecules.
The difference between the temperatures of maxi-
mal dehydration rate of �-Fe2O3 �0.38H2O in lime-
stone (Fig. 3, 140�C) and of �-Fe2O3 �0.04H2O in the
CaCO3 �0.17H2O can be explained by different (by
nearly an order of magnitde) H2O content.

According to our data, the iron(III) content in lime-
stone is 0.81%. To make a rough estimate of the
iron(III) fractions in hydrohematite and ferrigaluasite,
we recorded the M�ossbauer spectrum of the starting
limestone (Fig. 5). It contained six bands typical for



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 7 2003

THERMAL STABILITY OF LIMESTONE 1047

v, mm s�1

�

Fig. 5. M
ossbauer spectrum of the starting limestone:
(N) Counts per channel and (v) velocity of the �-source.

hematite [7]. Hydrohematite should have the same
spectrum (because of similarity of their X-ray dif-
fraction patterns [4]). The isomer shift �E = 0.2�
0.1 mm s�1 and the quadrupole splitting �EQ = 0.5�
0.1 mm�s�1 were calculated from the spectrum. Their
values confirm the presence of hematite (or hydro-
hematite). The absence of ferrigaluasite signals from
the M�ossbauer spectrum suggests [7] that the concen-
tration of this impurity is at the least by an order of
magnitude lower than that of hematite. Therefore, the
iron(III) content can be divided into fractions of hema-
tite (0.73%) and ferrigaluasite (0.08%). Let us then
calculate the total concentration of H2O in limestone
and its three components (corresponding to three loca-
lization centers [1]) on the basis of Figs. 2 and 3 with
the calibration of H2O bands (Fig. 3) by the TG curve
(Fig. 2) for 500�C. Under vacuum conditions, it corre-
sponds to the temperature of 250�C [1] at which there
is no CO2 interference (Fig. 3).

Calculations based on the gravimetric calibration of
the first band area (Fig. 3, curve 1; up to 5�C) allow
us to make the following conclusions. After thermal
treatment at 200�C, the total content of water in the
starting limestone sample is 7.52%. The fractions of
H2O in calcite, hydrohematite, and ferrigaluasite are
1.12, 2.50, and 3.90%, respectively. It corresponds to
the following formulas of the compounds: CaCO3 �
0.06H2O, �-Fe2O3 �0.38H2O, and (FeIII, Al4)(OH)8 �
(Si4O10) �1.74H2O. The concentrations of iron-con-
taining impurities can be calculated taking into ac-
count the iron(III) content in them. The content of fer-

rigaluasite and hydrohematite in limestone is 1.47
and 1.06%, respectively. These values are within the
framework of the sensitivity of the X-ray diffractom-
eter in use and, consequently, they agree with the
X-ray diffraction data (Fig. 1).

CONCLUSIONS

(1) Water in limestone (7.52%) is in three states:
in the base substance (calcite) and in hematite and
ferrigaluasite impurities.

(2) The chemical composition of limestone is
as follows (%): CaCO3 �0.06H2O 96.20, �-Fe2O3 �

0.38H2O 1.06, (FeIII, Al4)(OH)8(Si4O10) �1.74H2O
1.47, and impurities 1.17.

(3) The impurity of H2O in calcite enhances the
limestone thermal stability, whereas impurities of
iron(III) compounds reduce it.

(4) The available data suggest that calcite is bound
to impurities of iron(III) compounds in limestone
through H2O molecules.
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Abstract�A thermodynamic method is proposed for calculating the composition of the solid phase crys-
tallizing from a three-component saturated solution occurring in equilibrium with a two-component vapor
phase. The method is illustrated by an example of the methanol�water�salt systems under the isothermal and
isobaric conditions.

Systems of inorganic salts in aqueous�organic
solvents are widely used in chemical technology for
salt extraction and distillation, which are suitable for
separation and purification of substances. Recently,
much attention has been given to the interaction of
ions in a solution with solvent molecules, salting-in
and salting-out phenomena. Various multiparametric
models describing solvation and hydration in mixed
solvent are described in the literature. At the same
time, if the vapor phase is assumed to be an ideal gas
mixture, it becomes possible to obtain in a compara-
tively simple form a number of thermodynamic rela-
tions for calculating the composition of the coexisting
one-, two-, or three-component solid phase from the
data on two-phase equilibrium (for example, between
two-component vapor and three-component saturated
solution). This was the subject of our study. Note also
that the treatment of experimental data to reveal how
the temperature or pressure at which the phases
coexist depends on the vapor phase composition was
made previously in [1] to predict the composition of
the liquid phase (or liquid phases) in systems consist-
ing of volatile components only.

Let us present the fundamental equation describing
under isothermal conditions (T = const) a change
in the state of a salt-saturated solution in the form

VldP = x1d�2 + x2d�2 + x3d�3, (1)

where Vl is the molar volume of a solution; P, pres-
sure at which the phases coexist; xi and �i, mole frac-
tion and the chemical potential of the ith component
in solution.

Let alcohol be the first component, water, the sec-
ond, and salt, the third. If the solid phase in equi-
librium with a three-component solution is a com-
pound of constant composition containing �1 alcohol
molecules and �2 water molecules per salt formula
unit, then the isothermal variations of the chemical
potentials of components are related as

0 = �1d�1 + �2d�2 + d�3. (2)

Let us consider how �1 and �2 can be calculated
from data on the saturated solution�vapor equilibrium,
and thus how the actual composition of the solid
phase can be determined without additional experi-
mental study.

If the vapor phase containing solely volatile com-
ponents (alcohol and water) is assumed to be an ideal
gas mixture, then for isothermal conditions the fol-
lowing relationship is valid:

d�i = RT ln (Pyi), i = 1,2, (3)

where yi is the mole fraction of the ith component
in the vapor phase (hereafter, y � y1).

Since PVl/RT << 1, the expression in the left-hand
side of the inequality can be neglected compared to
unity. After simple transformations of (1)�(3) are per-
formed, the final relationship becomes as follows:

x1 � �1x3 dln P� �
�x � �������������� = y�1 � (1 � y)�����. (4)

1 � (1 + �1 + �2)x3 dy� �

Let us illustrate the applicability of (4) to
analysis of the isothermal data on the solid salt�salt-
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Table 1. Pressure and compositions of saturated solution and vapor coexisting at 25�C in the system methanol�water�
calcilum chloride, for the CaCl2 �6H2O crystallization branch [2]
������������������������������������������������������������������������������������
Test no. � x3 � x1 � P, mm Hg � y � �P � �x � Z
������������������������������������������������������������������������������������

1 � 0.1166 � 0 � 6.85 � 0 � 6.81 � 0 � 0
2 � 0.1197 � 0.0127 � 8.64 � 0.229 � 8.68 � 0.014 � �0.106
3 � 0.1212 � 0.0179 � 9.76 � 0.342 � 9.79 � 0.020 � 0.198
4 � 0.1221 � 0.0202 � 10.30 � 0.393 � 10.33 � 0.023 � 0.683
5 � 0.1226 � 0.023 � 10.49 � 0.43 � 10.74 � 0.026 � 0.956
6 � 0.1246 � 0.0283 � 11.46 � 0.484 � 11.37 � 0.032 � 1.140
7 � 0.1269 � 0.0345 � 12.00 � 0.527 � 11.90 � 0.040 � 1.457
8 � 0.1281 � 0.0373 � 12.37 � 0.54 � 12.07 � 0.043 � 1.761
9 � 0.1292 � 0.0389 � 12.54 � 0.57 � 12.46 � 0.045 � 1.841

10 � 0.1326 � 0.0435 � 12.85 � 0.592 � 12.75 � 0.050 � 2.012
11 � 0.1331 � 0.0441 � 12.89 � 0.603 � 12.90 � 0.051 � 2.194
12 � 0.1362 � 0.0462 � 12.96 � 0.613 � 13.04 � 0.053 � 2.226
13 � 0.1372 � 0.0468 � 12.82 � 0.615 � 13.07 � 0.054 � 2.295

�������	���������	����������	����������	����������	�����������	�����������	���������
* Additional data from [3] are printed italic.

saturated solution�vapor equilibrium in the system
methanol�water�calcium chloride at 25�C. Fairly
extensive data are available for this system [2, 3];
these data show that the solubility line contains four
branches of crystallization of solid phases: CaCl2 �
6H2O, CaCl2 �4H2O, CaCl2 �2CH3OH, and CaCl2 �
4CH3OH. The saturated vapor pressures and composi-
tions of the coexisting phases for the crystallization
branch of the hexahydrate are presented in Table 1.
The calculated values of the saturated vapor pressure
�
P as a function of composition can be determined
with a high correlation coefficient (0.996) by treat-
ment of the experimental data by the correlation equa-
tion (hereafter, the standard deviations of the left-hand
side values are given with the � sign in parentheses).

�P = exp [1.918(�0.010) + 1.060(�0.021)y]. (5)

After the �x values were calculated from Eqs. (4)
and (5), �1 and �2 were determined from the evident
linear relationship easily derived from (4):

�x � x1
Z = �1 + (1 + �1 + �2) �x, where Z � �����. (6)

x3

The values of the required coefficients [obtained
from linear regression using Eq. (6) with the cor-
relation coefficient of 0.979] are as follows: �1 =
0.28(�0.08) and 1 + �1 + �2 = 6.9(�0.3). Because the
dispersion of the sum of the coefficients approached
the �1 value, it can be accepted with assurance that
�1 = 0 and �2 = 5.9 � 6, which is confirmed by the
results obtained by the Schreinemaker’s method of

wet residues, as applied to the experimental data on
the gross compositions of the prepared mixture and
on the composition of the saturated solution. The pro-
posed method using the dependence of the saturated
vapor pressure on the vapor composition and Eqs. (4)
and (6) for determining the liquid-phase composition
has also been successfully applied to other crystal-
lization branches of solid phases in the system con-
sidered.

Data on the vapor�saturated solution equilibrium
for a large number of alcohol�water�salt ternary
systems under isobaric conditions (P = const) are
presented in a handbook [4]. As in [1], for these cases
relationship (4) can be presented in the form

[L1y + L2(1 � y)] d(1/T) �	
�x = y 
1 + (1 � y)��������������������, (7)

R dy� 


where T is the boiling point of the solution saturated
with the corresponding salt; L1 and L2, molar heats
of vaporization (J mol�1) of the first and second
components (methanol and water, respectively;
L1 = 35 300 and L2 = 40 680 [5]); R, gas constant
(8.31451 J mol�1 K�1).

The data on the boiling points and compositions of
the coexisting phases in the system methanol�water�
potassium chloride at normal pressure are presented
in Table 2. The calculated values of the boiling point
�t (�C) as a functions of the vapor composition y were
determined with a high correlation coefficient (0.998)
by treatment of the experimental data (run nos. 1�7)
using the correlation equation
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Table 2. Data on boiling points and compositions of saturated solution and vapor coexisting at normal pressure in the
system methanol�water�potassium chloride [4]
������������������������������������������������������������������������������������

Test no. � x3 � x1/(1 � x3) � t, �C � y � �t, �C � �x � Z
������������������������������������������������������������������������������������

1 � 0.122 � 0 � 108.8 � 0 � 108.4 � 0 � 0
2 � 0.105 � 0.024 � 99.0 � 0.245 � 100.0 � 0.008 � �0.125
3 � 0.091 � 0.062 � 91.6 � 0.47 � 90.9 � 0.101 � 0.489
4 � 0.082 � 0.106 � 85.5 � 0.593 � 85.5 � 0.210 � 1.376
5 � 0.066 � 0.190 � 80.8 � 0.69 � 81.0 � 0.334 � 2.369
6 � 0.057 � 0.250 � 78.4 � 0.723 � 79.5 � 0.384 � 2.606
7 � 0.043 � 0.335 � 76.6 � 0.759 � 77.7 � 0.444 � 2.880
8 � 0.03 � 0.444 � 73.8 � 0.798 � 73.7 � 0.498 � 2.255
9 � 0.021 � 0.541 � 72.0 � 0.83 � 72.0 � 0.569 � 1.871

10 � 0.017 � 0.593 � 71.2 � 0.849 � 71.1 � 0.612 � 1.738
11 � 0.011 � 0.694 � 69.0 � 0.884 � 69.3 � 0.696 � 0.857
12 � 0.007 � 0.806 � 67.4 � 0.925 � 67.3 � 0.798 � �0.271
13 � 0.004 � 0.905 � 65.3 � 0.963 � 65.4 � 0.898 � �0.749
14 � 0.003 � 1 � 63.8 � 1 � 63.6 � 1 � 1

��������	���������	����������	�����������	����������	����������	����������	���������

�t = 103[2.62(�0.005) + 0.213(�0.026)y

+ 0.117(�0.029)y2]�1 � 273.2. (8)

After �x was calculated from Eqs. (7) and (8), �1
and �2 were determined, as previously, from linear
equation (6). The values of these parameters appeared
to be �1 = 0.11(�0.07) and 1 + �1 + �2 = 6.99(�0.26).
Consequently, we can consider that �1 = 0 and �2 =
5.99 � 6. For run nos. 8�14, the following correlation
equation is valid (with the correlation coefficient
of 0.998):

�t = 103[2.544(�0.008) + 0.425(�0.009)y]�1 � 273.2. (9)

It should be noted that the �x values calculated using
Eq. (9) for run nos. 9�14 are close to the relative mole
fractions x1/(1 � x3). This fact shows that, for this
range of solution concentrations, the solid phase is
KCl. The similar cases have been considered previ-
ously [6]. Run nos. 8 and 9 (Table 2) can be assigned
to the transition region in which anhydrous KCl starts
to crystallize instead of KCl hexahydrate.

Table 3 presents the experimental data and results
of their treatment by relationship (7) for the system
ethanol�water�mercury iodide at a pressure of 755�
3 mm Hg. Unfortunately, for this system the mole
fractions of the salt in a saturated solution are not
reported. Therefore, relationship (6) cannot be used.
At the same time, the crystallization regions of various
solid phases can be qualitatively predicted using rela-
tionship (7). In contrast to the previous system, the
dependence of the boiling point t (�C) on the vapor

composition y was derived using the orthogonal Che-
byshev polynomials of the first kind [7]. The equation
for calculating the boiling points with the correlation
coefficient of 0.994 has the form

�t = 103[2.86(�0.06) � 0.11(�0.09)y

+ 0.18(�0.05)T(2, y) + 0.08(�0.02)T(3, y)]�1 � 273.2,

where T(2, y) = 2y2 � 1 and T(3, y) = 4y3 � 3y are the
Chebyshev polynomials (higher polynomials did not
noticeably improve the interpolation equation). The
value of 34 000 J mol�1 [5] was taken for the molar
heat of vaporization of ethanol.

As follows from Table 3, the differences between
the experimental and calculated relative mole fractions
of alcohol in solution reflect four concentration
ranges: the first range covers run nos. 1�3; the second,
run nos. 4 and 5; the third, run nos. 7�10; and the
fourth, run nos. 11�13. In the first concentration
range, crystallization of anhydrous mercury iodide can
be assumed, whereas the second, third, and fourth
ranges must correspond to solid phases containing dif-
ferent amounts of crystallization molecules of water
and (or) alcohol. Therefore, in the concentration tri-
angle the line of the saturated salt solutions would
have four crystallization intervals corresponding to
different solid phases.

CONCLUSIONS

The thermodynamic relations for calculating the
composition of a solid phase crystallizing from a
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Table 3. Experimental and calculated boiling points and compositions of the saturated solution and vapor coexisting
at a pressure of 755�3 mm Hg in the system ethanol�water�mercury iodide [4]
������������������������������������������������������������������������������������

Test no. � x1/(1 � x3) � t, �C � y � �t, �C � �x � �x � x1/(1 � x3)
������������������������������������������������������������������������������������

1 � 0 � 99.8 � 0 � 99.87 � 0 � 0
2 � 0.011 � 95.6 � 0.157 � 95.84 � 0.004 � �0.007
3 � 0.051 � 90.5 � 0.356 � 89.10 � 0.058 � 0.007
4 � 0.134 � 84.2 � 0.488 � 84.62 � 0.193 � 0.059
5 � 0.230 � 82.2 � 0.543 � 82.92 � 0.274 � 0.044
6 � 0.344 � 81.2 � 0.587 � 81.67 � 0.348 � 0.004
7 � 0.461 � 80.2 � 0.633 � 80.49 � 0.431 � �0.030
8 � 0.562 � 79.4 � 0.677 � 79.51 � 0.514 � �0.048
9 � 0.684 � 78.7 � 0.741 � 78.36 � 0.639 � �0.045

10 � 0.799 � 78.2 � 0.819 � 77.50 � 0.783 � �0.016
11 � 0.895 � 77.7 � 0.89 � 77.31 � 0.896 � 0.001
12 � 0.951 � 77.6 � 0.948 � 77.65 � 0.964 � 0.013
13 � 1 � 77.9 � 1 � 78.36 � 1 � 0

��������	�����������	������������	�����������	�������������	������������	�����������

three-component saturated solution in equilibrium
with a two-component vapor (phase) were derived
and tested with the methanol�water�salt system as
example.
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Abstract�The fundamental aspects of synthesis of expandable residual graphite hydrosulfate with the use of
an oxidizing system CrO3�H2SO4 at ultralow consumption of the reagents and their separate introduction into
the reaction mass were studied. The dependence of the expansion ratio of the samples obtained on the content
of intercalant and expansion temperature was analyzed.

It has been shown previously that successive treat-
ment of natural graphite with a concentrated aqueous
solution of chromium(VI) oxide, sulfuric acid, and
water yields expandable residual graphite hydrosul-
fates (RGH) of high quality [1�7]. The products ob-
tained are characterized by high expansion ratios at
relatively low expansion temperature (500�C), stabil-
ity of properties in prolonged storage, and convenient
use.

The method developed differs from the conven-
tional techniques in that the graphite oxidation stage is
carried out at ultralow consumption of the oxidizing
agent and acid and the components of the intercalating
solution are introduced into the reaction mass sepa-
rately. The mass ratio of the total amount of liquid
components and graphite does not exceed unity. Inter-
action of the liquid components to give active species
executing the intercalation process occurs in situ in
the adsorption layer on the surface of graphite par-
ticles. This study is concerned with the effect of
synthesis conditions on the properties of the RGH
obtained.

Natural flaked graphite of the GT-1 brand from the
Zaval’evskoe deposit (Ukraine) with ash content of
5.68 wt % was subjected to oxidation. The graphite is
mainly composed of two fractions: 74.3 wt % 0.630�
0.315-mm particles and 22.1 wt % 0.315�0.200-mm
particles. A 50% aqueous solution of chromium(VI)
oxide (� = 1.501 g cm�3) and concentrated (95%) sul-
furic acid of chemically pure grade (� = 1.835 g cm�3)
were used.

Graphite was oxidized in a cylindrical glass reactor
equipped with a T-shaped stainless still rabble. The

reaction mass was stirred at room temperature without
forced heating or cooling. The reactor was charged
with 25 g of graphite, stirring was switched on, and
the aqueous solution of chromium(VI) was added.
After 10 min of stirring, sulfuric acid was introduced
into the mixture and stirring was continued for an
additional 10 min. Then 750 cm3 of water was added
to the oxidized graphite, and the resulting mixture
was allowed to stand for 24 h for the hydrolysis to
occur. During this period of time, continuous evolu-
tion of fine gas bubbles from the solid-phase layer
was observed. Then the solid phase was filtered off in
a water-jet-pump vacuum and washed on the filter
with water to pH 5�6. The washed product was dried
at 100�110�C to constant weight (moisture content
not exceeding 1.0 wt %).

The consumption of the aqueous solution of CrO3
was varied from 2 to 20 cm3 per 100 g of graphite,
and that of H2SO4, from 20 to 48 cm3 per 100 g of
graphite. For all of the 80 RGH samples obtained, the
yield, expansion ratio in impact heating mode in the
range 400�900�C, and weight loss in expansion at
temperatures of 500�900�C were determined. The
data on product yield were used to calculate the inter-
calant content mi (wt %) in a compound obtained with
account of the fact that the contribution from the
phase oxidation of graphite under the synthesis condi-
tions was negligible [8, 9].

The expansion ratio of the products obtained was
determined as follows. A weighed portion of the prod-
uct (m = 0.2�0.3 g) was placed in a stainless steel cell
preliminarily mounted in a muffle furnace heated to a
required temperature. The expansion was done for
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5 min at 400�600�C and for 2 min at 700�900�C.
The cell with expanded graphite was extracted from
the furnace, its contents were carefully transferred to
a glass volumetric vessel, and the volume V (cm3)
occupied by the expanded graphite was measured. The
expansion ratio was found using the relationship
Ke = V /m as arithmetic mean of three replicate meas-
urements.

The process involves graphite oxidation with
chromium(VI) oxide and intercalation of the resulting
positively charged graphite matrix with hydrosulfate
anions solvated by sulfuric acid molecules to give
graphite hydrosulfate. In the reagent consumption
range used in this study, a compound of the second
intercalation stage, C+

48 �HSO�
4 � (2.0�2.5)H2SO4, is

formed.1 Hydrolysis of this compound gives residual
graphite hydrosulfate, in which sulfuric acid mole-
cules solvating hydrosulfate anions in the interlayer
space of the graphite matrix are replaced by water
molecules.

We found that, with the reagent consumption in the
graphite oxidation stage raised, the content of the
intercalant in the final product grows. The RGH ex-
pansion ratio grows with increasing intercalant content
and expansion temperature. The mass loss by RGH
samples in their expansion in the temperature range
500�900�C depends linearly on the intercalant content
mi in the initial samples. A typical example of a
dependence of this kind is shown for an expansion
temperature of 500�C in Fig. 1. The dependences for
the other temperatures are similar. For all these depen-
dences, the intercept is virtually zero and the slope is
close to unity. This indicates that the expansion in
the specified temperature range occurs without burn-
out of the carbon matrix and is accompanied by vir-
tually total removal of intercalant species.

It was found unexpectedly that, whereas the depen-
dences of the weight loss on the intercalant content in
RGH are linear for all the expansion temperatures, the
dependences of the expansion ratio on the intercalant
content are exponential. For all the expansion tem-
peratures studied, these dependences are expressed
by an equation of the type

Ke = A exp (bmi), (1)

where A and b are constants.

A typical semilog plot of the expansion ratio at
������������
1 The general formula of graphite hydrosulfate is C+

24n �HSO�4 �
mH2SO4, where n is the stage number of a graphite intercala-
tion compound, designating the number of graphite layers
between the two nearest layers of the intercalant.

�m, wt %

mi, wt %

Fig. 1. Weight loss �m from RGH samples in their expan-
sion at 500�C vs. intercalant content mi in the samples.
Y = 0.86x + 0.63; R2 = 0.96.

ln Ke [cm3 g�1]

mi, wt %
Fig. 2. Semilog plot of the expansion ratio Ke of RGH
samples at 500�C vs. intercalant content mi in the samples.
Y = 0.17x + 1.49; R2 = 0.96.

500�C vs. the intercalant content mi in RGH is shown
in Fig. 2.

The dependences obtained at other expansion tem-
peratures are similar and can also be described by
Eq. (1). The parameters of Eq. (1) for expansion of
RGH samples at 400�900�C are listed in the table.

It can be seen that, for all the expansion tempera-
tures, parameter b remains virtually invariable, where-
as parameter A grows linearly with increasing expan-
sion temperature (Fig. 3).

Figure 4 shows the dependences of the expansion
ratio of RGH samples on the content of the intercalant
in them and on the expansion temperature. The entire

Parameters of Eq. (1) in relation to expansion temperature
T of RGH samples
����������������������������������������

T, �C � A � b
����������������������������������������

400 � 2.36 � 0.136
500 � 4.44 � 0.167
600 � 7.48 � 0.156
700 � 9.17 � 0.158
800 � 10.75 � 0.160
900 � 14.47 � 0.146

����������������������������������������
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T, �C
Fig. 3. Parameter A in Eq. (1) vs. expansion temperature.
Y = 0.0232x � 6.97; R2 = 0.985.

T, �C

Ke, cm3 g�1
Ke, cm3 g�1

mi, wt %

Fig. 4. Expansion ratio Ke of RGH samples vs. intercalant
content mi in the samples and expansion temperature T.

body of data is fairly well described (R2 = 0.94) by
the following two-parameter equation:

ln Ke = a + bmi + c /t2, (2)

where a = 3.150, b = 0.143, and c = �285 600.

Analysis of the response surface shows that its sec-
tions parallel to the temperature axis are near linear at
small mi and take the form of flat, leveling-off curves
at higher values of this parameter. The sections paral-
lel to the axis of intercalant content mi, which are
described by the bmi term in Eq. (2), are exponential
dependences, in agreement with a description by a
single-parameter equation (1).

The observed exponential dependence of the expan-
sion ratio on the intercalant content is unconventional,
since a linear relationship between these parameters is
observed for graphite nitrate and other compounds ob-
tained on the basis of graphite hydrosulfate with nitric
acid as oxidizing agent [10]. Indeed, the linear depen-
dence can be readily accounted for assuming that the
chemical nature and composition of the intercalant re-
main unchanged when its content grows. In this case
raising the intercalant content at constant expansion
temperature must lead, in accordance with the Men-
deleev�Clapeyron equation, to a linear rise in Ke, and
this behavior is indeed observed experimentally [10].

As compared to graphite intercalation compounds,
which exhibit a linear relationship between Ke and mi,
with RGH the pattern is different. In all probability,
the chemical nature of the intercalant changes with its
increasing content in RGH. Species having higher ef-
ficiency in RGH expansion are accumulated in the
layer introduced. It may be assumed that structural
fragments similar to those in the case of graphite
oxide act as species of this kind. Such structural frag-
ments may be accumulated as a result of oxidative-
hydrolytic processes occurring in the stage of hydroly-
sis of graphite hydrosulfate [9, 11].

The products obtained under the optimal synthesis
conditions are characterized by expansion ratios of
300�400 cm3 g�1 at 900�C and 200 cm3 g�1 at 500�C.

CONCLUSIONS

(1) It was found that the expansion ratio of a prod-
uct at a given temperature is determined by the con-
tent of intercalant in it.

(2) An exponential dependence of the expansion
ratio on the intercalant content was observed for the
first time for the products obtained.

(3) An assumption was made that the possible
reason for such an unusual behavior is a change of the
chemical nature of intercalant species.
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Abstract�New sorbents were prepared by immobilization of structurally different sulfur-containing hetaryl-
formazans on nonwoven polyacrylonitrile fiber filled with AV-17 anion exchanger. Sorption of some heavy
metals on these materials was studied as influenced by various factors. Sorbents for selective recovery of
copper(II) in the presence of nickel(II), zinc(II), and cadmium(II) cations were found.

Fibrous ion-exchange sorbents widely used for re-
covering metal ions from solutions attract growing
attention [1, 2]. Introduction of complexing groups
into fibrous materials increases their selectivity with
respect to some metals. These modified sorbents are
used for selective recovery of valuable elements of
multicomponents solutions and for removal of toxic
metals from natural waters [3, 4]. Filled fibrous ma-
terials are the most promising [5] since they exhibit
good sorption and kinetic properties and can be used
for recovery of metals under dynamic conditions. A
finely divided complexing sorbent is used as a filler.

Previously we showed [6�8] that immobilization of
complexing formazan groups on AN-20, AN-18, and
AV-17 anion exchangers substantially improved their
sorption activity and selectivity with respect to some
metals. In this work, sulfur-containing hetarylfor-
mazans were immobilized on nonwoven polyacrylo-
nitrile fiber filled with AV-17 anion exchanger, and
the properties of the resulting sorbents were studied.

EXPERIMENTAL

Nonwoven polyacrylonitrile fiber filled with
AV-17 anion exchanger was prepared by the special
procedure (Russian Research Institute of Manmade
Fibers, Tver). The thickens of a swollen fiber thread
was 30�100 �m; the filler content was 50%. The fiber
was modified with various formazans with different
heterocyclic fragments containing different substit-
uents at the aromatic ring (Table 1). The possible

structure of the resulting sorbents is shown below:

I�IV

where Het = ��
N

N

�����

�CH2C6H5

(I); �
�
��N

N

CH3

CH3

(II);

��
N�����
S

(III, IV);

where Het = ��
N

N

�����

�CH2C6H5

(I); �
�
��N

N

CH3

CH3

(II);

��
N�����
S

(III, IV);

R1 = CH3 (I, II), C2H5 (III, IV); R2 = H (I�III), OH (IV).

The content of formazans (A) in I and II was 0.15
and 0.09 mmol g�1, respectively, and that in III and
IV was 0.10 mmol g�1.

The formazan groups were immobilized by the fol-
lowing ion-exchange procedure. To a weighed portion
of the fiber filled with AV-17 anion exchanger in the
OH� form (0.4 g), an aqueous�ethanolic solution
(1 : 1) (100 ml) of formazan (0.05 g) was added. The
mixture was stirred with a vibrator for 4�6 h. The
sorbent was filtered off, washed with distilled water,
and dried in air. The residual formazan concentration
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�, nm
Fig. 1. Diffuse reflectance spectra of modified fibrous sor-
bents (1) I, (2) II, (3) III, and (4) IV filled with AV-17.
(�) Wavelength.

in the filtrate was determined photocolorimetrically.
Immobilization of formazan was indicated by a change
in the fiber color from colorless to yellow or red-
violet depending on the formazan structure. Diffuse
reflectance spectra of modified sorbents I�IV are
shown in Fig. 1. As seen from Fig. 1, sorbents I, III,
and IV strongly absorb in the range 530�640 nm.
In the spectrum of sorbent II containing pyrimidinyl-
formazan, a hypsochromic shift of �max to 500 nm is
observed. The content of formazan groups A in modi-
fied fibers I�IV was 0.09-0.15 mmol g�1.

We studied sorption of Cu(II), Ni(II), Zn(II), and
Cd(II) cations on the initial and modified fibers. The
sorption under static conditions was performed for
3 days by intermittent stirring of a mixture of aqueous
solutions of copper(II) sulfate, nickel(II) nitrate,
zinc(II) chloride, and cadmium(II) chloride with the
sorbent at the solution volume�sorbent weight ratio of

Sorption capacity of modified fibrous sorbents. Contact
time 3 days, V : m = 500
����������������������������������������

Fiber
�

cM,
�

pH
� SC, mg-equiv g�1

� � ������������������������
�mg l�1

� � Cu(II) � Ni(II) � Zn(II) � Cd(II)
����������������������������������������
Initial � 100 � 6.9 � 0 � 0.09 � 0.25 � 0
I � 100 � 6.9 � 0.32 � 0.10 � 0.13 � 0
II � 100 � 6.9 � 0.91 � 0.10 � 0.08 � 0
III � 100 � 6.9 � 0 � 0 � 0.59 � 0.60
IV � 100 � 6.9 � 0 � 0.08 � 0.69 � 0.60
I � 1000 � 6.9 � 0.62 � 0 � 0.39 � 0.90
II � 1000 � 6.9 � 0.50 � 0 � 0.39 � 0.90
I � 1000 � 3.5 � 1.09 � 0.31 � 0.47 � 0.78
II � 1000 � 3.5 � 0 � 1.38 � 0.60 � 1.00
����������������������������������������

500 : 1. The metal concentration in the electrolytes
was 100 and 1000 mg l�1; pH was 3.5 and 6.9. The
contact time in the sorption kinetic experiments varied
from 10 to 90 min.

The sorption under dynamic conditions was per-
formed by passing an electrolyte solution at a
0.5 ml min�1 flow rate through a 50-mm sorbent bed
packed in a glass column 10 mm in diameter.

The metal concentration in model solutions of pure
salts, solutions after the sorption, and eluates was
determined photocolorimetrically, and in mixed elec-
trolyte solutions, by atomic absorption analysis.

To determine the sorption capacity of the fibers
(SC), we measured sorption of heavy metal cations
from 100 mg l�1 aqueous solutions of their salts at
pH 6.9 (see table).

The sorption capacities for Cu(II) of fibers filled
with AV-17 anion exchanger and modified with ben-
zimidazolyl and pyrimidinylformazan groups (sor-
bents I and II, SC 0.32 and 0.91 mg-equiv g�1, re-
spectively) are higher than those of the initial fiber.

Fibers modified with benzothiazolylformazans
(sorbents III and IV) have high sorption capacity for
Zn(II) and Cd(II) and do not sorb Cu(II) and Ni(II).

Not only Cu(II) but also Zn(II) and Cd(II) are
sorbed on I and II from 1000 mg l�1 solutions of salts
of these metals at neutral pH. In acidic solutions
(pH 3.5) the sorption of all the examined metals on
I and II increases [except for sorption of Cu(II) on II]
as compared to that at pH 6.9. In acidic solutions
sorbent II sorbs Ni(II), Zn(II), and Cd(II), and its
sorption capacity for Cu(II) and Cd(II) is lower than
that of I.

The study of sorption of heavy metal ions on the
modified fibrous sorbents filled with AV-17 anion
exchanger showed that immobilization of hetarylfor-
mazans on the fiber enhances not only the sorption
capacity but also selectivity with respect to some
metals.

Thus, sorbent II can be used for concentration and
recovery of Cu(II) from neutral solutions containing
Ni(II), Zn(II), and Cd(II) at the total metal concentra-
tion of up to 100 mg l�1, and sorbents III and IV, for
joint recovery of Zn(II) and Cd(II) in the presence
of Cu(II) and Ni(II) under the same conditions.

With polyacrylonitrile fiber I filled with AV-17
anion exchanger and modified with formazan with
benzylbenzimidazole groups was example, we studied
in more detail how the sorption of heavy metal ions
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R, %

�, min

Fig. 2. Degree of sorption R of (1) Cd2+, (2) Ni2+, (3) Zn2+,
and (4) Cu2+ (the same for Fig. 3) on fiber I from model
solutions of their pure salts under static conditions as a
function of the phase contact time. Concentration cM,
mg l�1: Ni2+ 25; Cd2+, Cu2+, and Zn2+ 75; pH 5.5�6.9;
V : m = 500; the same for Fig. 3.

depends on the phase contact time. The sorption kinet-
ics on this sorbents was studied under the static condi-
tions (R is the degree of sorption of metal ions) on
the sorbent. The kinetic curves of sorption of Cd(II),
Ni(II), Zn(II), and Cu(II) ions from model solutions of
pure salts of these metals are shown in Fig. 2. Sorp-
tion of Zn(II) and Cu(II) cations on fiber I is charac-
terized by good kinetic parameters favorable for re-
covery of these metals from multicomponent solutions.

Selective sorption on I of Zn(II) in the presence of
Ni(II) and Cd(II) (Fig. 3a) and Cu(II) in the presence
of Ni(II) and Cd(II) (Fig. 3b) confirms the good kinet-
ic properties.

To find whether Zn(II) and Cu(II) cations can be
selectively recovered under dynamic conditions, we
compared the dynamics of sorption of these cations on
fiber I.

As seen from the outlet curves for Zn(II) and
Cu(II) (Fig. 4), Cu(II) can be completely recovered
from Zn(II)-containing aqueous solutions under dy-
namic conditions. The time during which a filter
based on sorbent I ensures protective effect with re-
spect to Cu(II) cations is longer than that with respect
to Zn(II) cations.

CONCLUSIONS

(1) The prepared fibrous polymers with hetarylfor-
mazan groups are promising sorbents for recovering
Cu(II) cations from solutions containing nickel(II),
zinc(II), and cadmium(II) cations.

(2) Sorbents modified with fragments of benzo-
thiazolylformazans can be used for concentrating

R, % (a)

R, % (b)

�, min
Fig. 3. Degree of sorption of the metal ions R on fiber I
from model solutions containing a mixture of (a) Cd2+,
Ni2+, and Zn2+ and (b) Cd2+, Ni2+, and Cu2+ ions under
static conditions as a function of phase contact time.

V, ml

cres, mg l�1

Fig. 4. Outlet curves characterizing sorption of (1) Zn2+

and (2) Cu2+ on sorbent I. (cres) Residual metal concentra-
tion in the solution and (V) solution volume.

Zn(II) and Cd(II) cations from dilute solutions and for
separating these cations from Cu(II) and Ni(II); sor-
bents modified with pyrimidinylformazan, for concen-
trating and separating Cu(II) from solutions contain-
ing Ni(II), Zn(II), and Cd(II); and sorbents modified
with benzylbenzimidazolylformazans, for concentrat-
ing Cu(II) from dilute solutions and for separating
Cu(II) from Ni(II) and Cd(II).
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Abstract�Data on formation of anodic layers containing MnTiO3, �-Mn2TiO4, Mn2O3, Mn3O4, and
Mn3(BO3)2 on titanium from aqueous electrolytes at sparking voltages are presented.

Transition metals oxides and, in particular, manga-
nese oxides are used in catalysis because of their
thermal stability and relatively high activity [1, 2].
A conventional method for fabrication of oxide cata-
lysts is thermal decomposition of salts or hydroxides
of the corresponding metals on the surface of pre-
treated supports [3]. Salts or hydroxides are deposited
on a substrate by impregnation or precipitation from
solutions, by solution spraying, deposition from the
gas phase, etc.

Certain opportunities in synthesis of various high-
temperature oxide structures, including those promis-
ing for catalysis [4�6], on metal surfaces are fur-
nished by anodic-spark deposition. It could be ex-
pected that coatings formed on the surface of rectify-
ing metals from aqueous electrolytes with manganese
salts should contain manganese oxides, manganese-
containing oxide solid solutions, or spinels [7]. For
example, coatings containing MnTiO3 spinel [7, 8]
have been obtained on titanium from an electrolyte
containing Na2SO4 and Mn(CH3COO)2.

It is practically important that, in this technique,
high-temperature oxides are synthesized at the surface
of the metallic anode in the bulk of the aqueous elec-
trolyte at an average temperature not exceeding
100�C. As additional advantages of the technique can
be regarded the following: (i) formation, between the
metal and the active layer, of a sublayer composed of
the oxide of a metal being anodized, which can serve
as a support; (ii) possibility of processing articles with
complex geometric shape; and (iii) restoration of the
catalyst properties by repeated treatment of an article.
However, insufficient attention has been given to
application of this technique for preparing oxide cata-

lyst supports on metals and catalytically active struc-
tures [4�6].

It has been shown previously that anodic layers
containing a thermally stable rutile modification of
TiO2 are formed on titanium in an aqueous tetraborate
electrolyte [9]. The aim of this study was to analyze
the influence exerted by addition of manganese-con-
taining salts on the formation and the elemental and
phase composition of anodic-spark layers on titanium.

EXPERIMENTAL

For surface standardization, samples (25�5�1 mm)
of VT1-0 titanium were ground mechanically, polished
chemically in a 1 : 3 mixture of concentrated HF and
HNO3 at 60�80�C for 2�3 s [10], washed with dis-
tilled water, and dried in air.

Electrolytes were prepared from distilled water and
commercial reagents Na2B4O7 �10H2O, Na3PO4 �
12H2O, KMnO4, Mn(CH3COO)2 �4H2O, MnSO4 �
5H2O, and 96% C2H5OH, all of chemically pure
grade. Electrolytes containing KMnO4 were prepared
by adding the required weighed portions of the salt
to a 0.1 M solution of Na2B4O7. The remaining elec-
trolytes were prepared by combining solutions of
sodium tetraborate or orthophosphate and an approp-
riate manganese(II) salt. Ethanol was added either
to a mixture of solutions or to an Mn(CH3COO)2
solution.

Anodic films were formed in the mode of spark
and microarc electric breakdowns. As power source
served a TEP4-100/46OH thyristor converter generat-
ing pulsed unipolar current. The treatment was done
both in the galvanostatic mode at i = 0.2 A cm�2 and
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(a)�, S cm�1

(b)T, �C

(c)U, V

(d)I, A

c, mM

Fig. 1. Effect of the concentration c of KMnO4 additive
in 0.1 M tetraborate aqueous electrolyte on (a) electrical
conductivity � of the solution, (b) temperature T of the
electrolyte, (c) voltage U across the electrodes, and
(d) current I flowing through the cell. Coatings formed in
the falling-power mode, Us = 450 V, treatment duration
4 min. Parameter values: (1) initial and (2) final.

in the falling-power mode. In the latter case, voltage
was set to Us = 450 or 500 V in the open-circuit mode
and then the power source was connected to the elec-
trochemical cell.

Anodic-spark deposition was carried out in a
500-ml vessel made of heat-resistant glass. As cathode
served a pipe coil made of Cr18Ni9Ti stainless steel
and cooled with tap water. The cooling conditions
(flow rate and temperature of water) were the same
in all the experiments. The initial temperature of the
electrolytes was 13�18�C. Oxidized samples were
washed with distilled water and dried in air.

The phase composition of the coatings was deter-
mined on a DRON-2.0 X-ray diffractometer (CuK�
radiation), and the elemental composition, on a
JXA-5A X-ray fluorescence microanalyzer which gave
no way of determining light elements, including boron
and oxygen. Electron-microscopic studies were per-
formed on an LEO 430 microscope.

Data on the influence of KMnO4 additive on the
electrical conductivity of the tetraborate electrolyte,
formation parameters (voltage across the electrodes,
current flowing through the cell, temperature in the
solution bulk), and elemental and phase composition
of the anodic layers formed are shown in Figs. 1
and 2. The results obtained make it possible to dis-
tinguish three KMnO4 concentration ranges in which
variations of the process parameters under study,
electrolyte characteristics, and composition of the sur-
face layers formed are observed (M): c < 9 �10�3 (I),
9 � 10�3 < c < 40 � 10�3 (II), and c > 40 � 10�3 (III).

In region I, the content of titanium in the coatings
formed decreases and that of manganese increases
with growing KMnO4 concentration. The content of
sodium is 0.1�0.2 wt %. The oxide layers contain
crystalline TiO2 phases (rutile, anatase). In the course
of time, as films are formed in the falling-power
mode, the final voltage across the electrodes increases
and the current flowing through the cell decreases.

In contrast to the situation in region I, the voltage
across the electrodes decreases and the current flowing
through the cell increases in the course of oxide layer
formation in regions II and III. Also, the electrolyte
warms up to a much greater extent. The films ob-
tained contain 1�2 wt % sodium. In region II, the con-
tent of titanium in the anodic layers increases (up to
60 wt %) and that of manganese decreases. The layers
contain, together with titanium oxides, crystalline
TiBO3. In region III, as also in region I, the content of
manganese in the surface part of the films, which is
analyzed, increases and that of titanium decreases.
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The films formed contain crystalline phases MnTiO3
and �-Mn2TiO4. Raising the treatment duration and
the initial voltage across the electrodes leads to higher
crystallinity of the oxide structures obtained (Fig. 2).

The experimental data indicate that, in the above-
considered ranges of KMnO4 concentration in the
tetraborate electrolyte, the processes of solution com-
ponent incorporation into the anodic-spark coatings
are different.

As KMnO4 is added to the tetraborate electrolyte,
the solution becomes dark violet (a coloration typical
of permanganate ions), and the color intensity grows.
Before carrying out the oxidation process, no precipi-
tates are formed in the solutions, and the pH value
of the solutions under study is independent of the
KMnO4 concentration and equals 9.48�9.52. A change
in the electrical conductivity of the electrolytes is
observed in concentration range II (Fig. 1a). This is
due to a change in the charge, number, and mobility
of charge carriers, i.e., to a change in the ionic com-
position of the electrolyte. In the course of electroly-
sis, a dark brown MnO2 precipitate is gradually ac-
cumulated in the cell, and metallic manganese is
deposited at the cathode.

Reasoning from the results described above, known
concepts of the mechanism of anodic-spark deposition
[11�14], and chemistry of boron and manganese, the
processes associated with the influence exerted by the
components of the tetraborate�permanganate electro-
lyte on the formation parameters and composition
of oxide layers can be represented schematically as
follows. The composition of an anodic-spark layer
is determined by two basic concurrent processes:
(a) electrochemical oxidation of the anode metal on
parts free of the influence of electric breakdowns and
(b) interaction between the electrolyte components
and the substrate, thermolysis and partial melting of
the precipitate formed from the electrolyte, and phase
transitions near electric breakdown channels. In a
single-component tetraborate electrolyte, anodic-spark
layers formed at the titanium anode contain TiO2 in
the rutile modification [9]. Being an oxidant, KMnO4
presumably additionally initiates in the tetraborate
electrolyte oxidation of the titanium substrate in areas
free of breakdowns. This assumption is confirmed by
the presence of a low-temperature anatase modifica-
tion of TiO2 in coatings formed in concentration
ranges I and II. At the same time, formation of MnO2
via redox reactions at the anode, in the near-anode
region, and in the solution bulk and through perman-
ganate decomposition near the breakdown channels
under the action of elevated temperature leads to in-

(a)E, wt %

c, mM

E, wt % (b)

c, mM

(c)

(d)

(e)

X-ray amorphous

c, mM
Fig. 2. Effect of the KMnO4 concentration in aqueous elec-
trolyte containing 0.1 M Na2B4O7 on (a, b) elemental (E)
and (c�e) phase composition of coatings on titanium.
Falling-power mode; U = 450 V, (a, c) � = 4 min and
(d) 10 min; (b, e) Us = 500 V, � = 4 min. Elemental con-
tent: (1) Mn and (2) Ti.

corporation of manganese compounds into coatings
and to formation of an MnO2 precipitate in the
electrolyte. The reducing medium at the anode and
in the near-anode region is created by thermolysis
of water under the action of electric breakdowns [15,
16]. Areas of frozen melt, separated by cracks, are
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(a)

(b)

(c)

(d)

3 �m

10 �m

3 �m

3 �m

Fig. 3. (a, c, d) Plan-view and (b) cross-sectional electron
micrographs of a sample with coating. Coatings contain the
following phases: (a) MnTiO3, �-Mn2TiO4; (b, c) Mn2O3,
Mn3O4; and (d) Mn3(BO3)2. (b) (I) Titanium and (II) anod-
ic layer; (1) inner and (2) outer part; (c) (I) dense part and
(II) part containing loosely packed particles.

seen on the surface of coatings formed in region III
(Fig. 3a). Presumably, MnTiO3 and �-Mn2TiO4 are
formed by interaction of titanium and manganese
oxides in the melt with its subsequent crystallization.

The scheme described is in agreement with the
composition of anodic layers formed in concentration

ranges I and III, i.e., at low and high KMnO4 concen-
trations in the tetraborate electrolyte. In the inter-
mediate region II, the content of manganese in the
anodic layers formed is insignificant and the coatings
contain titanium borate. This means that, in region II,
a change in the ionic composition of the electrolyte
near the breakdown channels results in that boron-
containing compounds are mainly deposited, undergo
thermolysis, and interact with titanium oxide.

The warming-up of electrolytes, decrease in the
voltage across the electrodes, and increase in the
current flowing through the electrochemical cell in
the course of anodic-spark deposition of oxide layers
in concentration ranges II and III are interrelated
phenomena. They may be due to occurrence of exo-
thermic reactions at the anode, formation of structures
with low electrical resistance in the oxide, or changes
in energy-related parameters of separate electric
breakdowns.

On combining aqueous solutions of 0.1 M Na2B4O7
and Mn(CH3COO)2 (with the concentration in the
range 18.1 � 10�3�90.5 � 10�3 M), a jelly-like pinkish
white precipitate was formed. The pH value changed
from 8.89 to 8.68. When coatings were formed with
stirring by a magnetic stirrer, the precipitate was in
the electrolyte bulk in the form of a suspension.

The elemental and phase composition of the coat-
ings formed in these electrolytes are listed in Table 1.
In contrast to the previously considered processes in
an electrolyte with KMnO4, a decrease in the current
flowing through the cell and increase in the voltage
across the electrodes is observed in coating formation
for all the Mn(CH3COO)2 concentrations studied.
With increasing Mn(CH3COO)2 concentration in the
electrolyte, the content of manganese in the surface
part of the anodic layers formed grows, and that of
titanium falls, to 60�70 and 2�6 wt %, respectively.
At c > 45 � 10�1 M, the crystalline phases of Mn2O3
and Mn3O4 are present in the coatings formed. The
surface of the coatings is colored dark brown. Fig-
ure 3b shows a cross-sectional electron micrograph of
a titanium sample with coating no. 11 (Table 1). The
coating has nonuniform thickness, varying from 50 to
60 �m. A 10�20-�m-thick layer with relatively poor
adhesion lies on the outer part of the coating. On its
surface, dense areas alternate with areas composed
of loosely packed particles 9 �m and less in size
(Fig. 3c). It is noteworthy that films obtained in the
galvanostatic mode are denser and show better adhe-
sion to the substrate than films formed in the falling-
power mode.
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Table 1. Effect of Mn(CH3COO)2 concentration c in 0.1 M Na2B4O7 solution on the elemental and phase composition of
anodic-spark layers
������������������������������������������������������������������������������������

Coating
�

c � 103, M
�

�,* min
� Elemental composition, wt % �

Phase composition**� � ������������������������������������
no. � � � Mn � Ti � Na �

������������������������������������������������������������������������������������
Falling-power mode, Us = 450 V

1 � 18.1 � 0.5 � 11.3 � 57.4 � 0.7 �X/a
2 � 18.1 � 4 � 28.2 � 30.0 � 0.4 �TiO2(r)
3 � 18.1 � 10 � 20.3 � 30.0 � 0.44 �TiO2(r)
4 � 45.3 � 4 � 49.8 � 6.2 � 1.0 �Mn2O3, Mn3O4
5 � 90.5 � 4 � 58.2 � 2.3 � 0.14 �Mn2O3, Mn3O4

Galvanostatic mode, i = 0.2 A cm�2

6 � 18.1 � 4 � 19.7 � 30.6 � 0.24 �TiO2(r)
7 � 18.1 � 10 � 11.4 � 39.8 � 0.21 �Mn2O3, Mn3O4?
8 � 45.3 � 4 � 41.2 � 27.7 � 0.18 �Mn2O3, Mn3O4
9 � 45.3 � 10 � 55.8 � 13.0 � 0.4 �Mn2O3, Mn3O4

10 � 90.5 � 4 � 63.0 � 6.02 � 0.16 �Mn2O3, Mn3O4
11 � 90.5 � 10 � 68.0 � 2.8 � 0.18 �Mn2O3, Mn3O4

������������������������������������������������������������������������������������
* � is the coating formation duration.

** X/a, X-ray-amorphous; r, rutile; ?, possible presence of a phase.

The effect of the precipitate in the bulk of the tetra-
borate�acetate electrolyte on the formation and the
elemental and phase composition of coatings was
analyzed. For this purpose, the precipitate from elec-
trolyte no. 4 (Table 1) was filtered off. In the surface
layers formed under the same conditions in an electro-
lyte with the precipitate removed, the content of man-
ganese decreased to 10 wt %, and that of titanium in-
creased to 50 wt %. In their elemental and phase com-
position and outward appearance, these layers corre-
spond to coatings no. 1 (Table 1).

As follows from the data obtained, coatings con-
taining crystalline manganese oxides can be formed,
in the systems and conditions under study, in a colloid
electrolyte. It could be expected that the precipitate
formed in a tetraborate�acetate aqueous electrolyte at
pH 9 should contain manganese hydroxides [17] and
manganese borates [18] simultaneously. In addition,
borate ions are coprecipitated, together with metal hy-
droxides, from solutions of this kind at pH 8�10 [19].
Apparently, particles containing manganese hydrox-
ides and borates are deposited at the anode in the
experimental conditions under the action of spark and
microarc electric breakdowns. The high temperature in
the vicinity of breakdown channels causes decomposi-
tion of manganese hydroxides to manganese oxides.
At temperatures of 600�800�C, metal borates undergo
a �borate rearrangement,� crystallization and decom-
position with partial liberation of B2O3 [18]. Since no

crystalline boron-containing compounds were found in
the layers formed, the precipitate deposited at the
anode is presumably mainly composed of manganese
hydroxide with minor amount of manganese and sodi-
um borates.

An assumption was made that addition of organic
compounds, e.g., ethanol, to an electrolyte will favor
formation of coatings containing oxides with varied
degree of manganese oxidation. Ethanol was added
either to a colloid electrolyte containing 0.1 M solu-
tion of Na2B4O7 and Mn(CH3COO)2 (scheme 1,
Table 2, coating nos. 1�4) or to a solution with man-
ganese acetate before combining it with an Na2B4O7
solution (scheme 2, Table 2, coating nos. 7 and 8).
Adding ethanol in accordance with scheme 1 affects
the composition of the coatings obtained (Table 2,
nos. 1�6; Table 1, nos. 4 and 5), with the manganese
content decreasing substantially. Raising the amount
of alcohol or the treatment duration leads to crystalli-
zation of boron-containing compounds, including
Mn(II) borate, in the coatings. Partly melted glassy
formations can be seen on the coating surface around
breakdown craters (Fig. 3d). Addition of ethanol to an
Mn(CH3COO)2 solution before combining it with a
0.1 M Na2B4O7 solution (scheme 1) has no effect on
the composition of the coatings obtained (Table 1,
no. 5; Table 2, nos. 7 and 8).

The effect of the order of adding chemicals on the
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Table 2. Effect of ethanol addition to electrolytes on the phase and elemental composition of anodic layers on titanium.
Coatings obtained in the falling-power mode, Us = 500 V
������������������������������������������������������������������������������������

Coating
�
�, min

�
c* � 103, M

�
C2H5OH, vol %

� Elemental composition, wt % �
Phase composition**� � � ��������������������������no. � � � � Mn � Ti � Na �

������������������������������������������������������������������������������������
1 � 4 � 45.3 � 2 � 26.4 � 29.6 � 0.5 �TiO2(r)
2 � 4 � 45.3 � 20 � 12.0 � 50.4 � 0.1 �TiO2(r)
3 � 10 � 45.3 � 20 � 6.6 � 44.9 � 0.2 �TiO2(r), Mn3(BO3)2
4 � 4 � 45.3 � 30 � 1.5 � 67.2 � 0.2 �TiO2(r), TiO2(a)
5 � 4 � 90.5 � 5 � 23.3 � 51.1 � 0.5 �TiO2(r), TiBO3?, MnO?
6 � 4 � 90.5 � 20 � 20.6 � 36.4 � 0.6 �TiO2(r), Mn3(BO3)2
7 � 1 � 90.5 � 30 � 52.7 � 15.1 � 0.1 �Mn2O3, Mn3O4
8 � 4 � 90.5 � 30 � 50.8 � 9.4 � 0.1 �Mn2O3, Mn3O4

������������������������������������������������������������������������������������
* c is the Mn(CH3COO)2 concentration in 0.1 M Na2B4O7 solution.

** r is rutile, and a, anatase.

Table 3. Effect of MnSO4 and Mn(CH3COO)2 additions to 0.1 M tetraborate electrolyte on the elemental and phase
compositions of the anodic layers. The coatings were prepared in the falling-power mode, Us = 450 V, � = 4 min
������������������������������������������������������������������������������������

Coating
�

c � 103, M
� Elemental composition, wt % �

Phase composition� ���������������������������������no. � � Mn � Ti � Na � S �
������������������������������������������������������������������������������������

1 �45 Mn(Ac)2 � 49.8 � 6.2 � 1.0 � � �Mn2O3, Mn3O4
2 �41.5 MnSO4 � 6.4 � 37.2 � 0.3 � 1.2 �TiO2(r)
3 �45 Mn(Ac)2 + 20.7 MnSO4 � 5.9 � 44.3 � 0.4 � 0.3 �TiO2(r)
4 �45 Mn(Ac)2 + 41.5 MnSO4 � 22.5 � 47.8 � 0.2 � 0.3 �MnTiO3

������������������������������������������������������������������������������������

composition of anodic layers can be accounted for as
follows. It was established experimentally that addi-
tion of ethanol to a 0.1 M solution of Na2B4O7 leads
to salting-out of borates from the solution. Pre-
sumably, addition of C2H5OH in deposition of coat-
ings from electrolytes prepared by scheme 1 makes
higher the concentration of poorly soluble boron-
containing compounds in the deposit formed at the
anode. High temperatures in the vicinity of breakdown
channels lead to a reaction between manganese oxides
and boron-containing compounds to give titanium or
manganese borates.

Addition of C2H5OH to an Mn(CH3COO)2 solu-
tion leads to formation of manganese(II) alcoholates
[17]. When such a solution is combined with an aque-
ous solution of Na2B4O7 (scheme 2), ethanol pre-
sumably has no effect on the state of Na2B4O7 in
solution, i.e., it does not affect the amount of boron-
containing compounds arriving at the anode in the
course of any particular breakdown.

Partial replacement of Mn(CH3COO)2 in a tetra-
borate electrolyte with MnSO4 leads to lower content
of manganese in the coatings formed and to synthesis

of the MnTiO3 spinel (Table 3). Previously, films
with MnTiO3 have been obtained in an electrolyte
containing Na2SO4 together with Mn(CH3COO)2
[7, 8]. Apparently, the formation of spinels in the
presence of the SO4

2� ion in the electrolyte is deter-
mined by occurrence of redox reactions in the solution
bulk, near the anode, and at the electrodes. The pH
value of the solutions under study, which contain
Na2B4O7, Mn(CH3COO)2, and MnSO4, is, depending
on the relative concentrations of Mn(II) salts, within
the range 8.7�9.3. The solutions give a jelly-like pre-
cipitate. With increasing concentration of MnSO4, the
precipitate changes its color from pinkish white to
dark brown. Presumably, the content of manganese
oxides or borates in the precipitate grows. Possibly,
the formation of a spinel in the coatings is due, as in
the case of tetraborate electrolytes with KMnO4, to
the influence of boron compounds. It is known that
molten boron(III) oxide (mp 450�C [20]) can dissolve
many metal oxides, transferring them to the active
state. Molten boron oxide makes looser the lattices of
titanium and manganese oxides, favors defect forma-
tion in these lattices, and intensifies solid-phase reac-
tions at lower temperatures [21].
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Table 4. Elemental composition of anodic layers formed
in the electrolyte containing 0.1 M Na3PO4 and
Mn(CH3COO)2. The coatings were prepared in the falling-
power mode, Us = 450 V; phase composition TiO2(a)
����������������������������������������
Coat-�

�,
�

c*�103,
� Elemental composition, wt %

� � ������������������������ing
� min � M � Mn � Ti � Na � Pno. � � � � � �

����������������������������������������
1 � 4 � 4.1 � 2.8 � 42.1 � 1.1 � 10.2
2 � 4 � 22.7 � 4.6 � 27.6 � 1.2 � 12.1
3 � 4 � 45.3 � 9.5 � 27.6 � 1.5 � 12.1
4 � 10 � 45.3 � 11.7 � 28.3 � 1.5 � 14.1

����������������������������������������
* Mn(CH3COO)2 concentration.

The influence exerted by replacing Na2B4O7 with
Na3PO4 in an electrolyte on the composition of the
anodic layers formed was also studied. On adding
Mn(CH3COO)2 to an Na3PO4 solution, the solution
turns dark brown and a brown flaky precipitate is
formed, which is presumably composed of manganese
phosphates [19, 22] with impurity of Mn(II) and
Mn(IV) oxides and hydroxides; the solution pH is 10.
In contrast to tetraborate electrolytes, an insignificant
amount of manganese is incorporated into the coatings
in the given case on the background of a high content
of phosphorus(V) (Table 4). The latter is generally ob-
served in anodic-spark treatment of titanium in phos-
phate electrolytes [7, 8, 13]. PO4

3� anions are incor-
porated into anodic titanium oxide to form complexes
of the type (TiO)x(PO4)y [23]. Under the action of
high temperature in the vicinity of breakdown chan-
nels, complexes of this kind may be converted into ti-
tanium phosphates and interact, similarly to titanium
oxide, with manganese-containing compounds. How-
ever, an X-ray phase analysis did not reveal crystalline
compounds of titanium or manganese with phos-
phorus. Possibly, the forming anodic layers contain,
similarly to coatings obtained in aqueous electrolytes
with sodium polyphosphates and Mn(CH3COO)2 [24],
X-ray amorphous manganese titanophosphates.

CONCLUSIONS

(1) Aqueous electrolytes based on sodium tetra-
borate are promising for obtaining anodic-spark layers
containing various manganese compounds on titanium.

(2) The elemental and phase compositions of the
coatings and their surface structure depend on the
nature and concentration of a manganese(II) salt intro-
duced into solution and on addition of ethanol.

(3) In aqueous electrolytes containing 0.1 M
Na2B4O7 and more than 18 � 10�3 M of

Mn(CH3COO)2, anodic films with Mn2O3 and
Mn3O4 in the surface layer can be obtained.
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Abstract�The possibility of cycling of thin (8�10 �m) films of chromium oxide compounds was studied.
The charging�discharge conditions were optimized.

In the recent decade, much attention has been given
to thin-film materials for primary and secondary
chemical power sources (CPS) [1, 2]. Such materials
are promising electrodes for unconventional (flexible)
CPS. Flat CPS are used in laptops, credit cards, opti-
cal displays, solar batteries, etc. Also, thin-film elec-
trodes have aroused specific interest for rechargeable
power sources. In such sources, protons or ions dif-
fuse for a short distance, and the charging�discharge
processes are short compared to pelletized electrodes.

Many materials are used as CPS electrodes: metal
oxides, chalcogenides, and some polymers. Among
them, the oxide materials are the most environmental-
ly acceptable and convenient in use; they also have
high specific electrical characteristics [3].

When choosing the oxide compound for CPS elec-
trode, it should be taken into account that the incor-
poration of the corresponding ion (Li+, Na+, or H+)
must change the unit cell volume of the oxide by no
more than approximately 20%. If this value exceeds
20% (as, e.g., 38% for CrO2 and 33% for MnO2),
then the ion incorporation is irreversible [4] (this also
refers to lithium ion).

A cathode material for secondary CPS must be cap-
able of recovery, i.e., discharge in the cathodic cycle
and charging in the anodic cycle. Thus, in the ideal
case, the lithium ion incorporation into, and removal
from the crystal lattice must be reversible to the extent
as maximal as possible. As shown in [5], the higher
the diffusion rate, the easier are the charging�dis-
charge processes in the system. The mass-transfer rate
is considerably higher in oxide compounds with the
disordered structure [4�7]. For this reason, nonstoi-
chiometric oxide compounds are of undoubted interest
[6, 7]. It was shown that, in such compounds, the rate
of electrochemical processes is considerably higher

(sometimes by several orders of magnitude) than in
stoichiometric compounds. For example, stoichiomet-
ric chromium oxide CrO2 is unsuitable for secondary
power sources [4], whereas the nonstoichiometric
oxide is a promising electrode material [8].

Powders and films of nonstoichiometric oxide
compounds of a series of transition metals can be pre-
pared by an electrochemical procedure developed pre-
viously [9]. Use of such compounds as a cathode of
primary CPS increases the rate of electrochemical pro-
cesses, which is manifested as a considerable increase
in the current density of pelletized electrodes [5].

The goal of the work was to examine the possibil-
ity of using thin-film chromium oxide compounds as
cathodes and to find how the extent of reversibility of
the charging�discharge process depends on the com-
pound composition (degree of nonstoichiometry).

EXPERIMENTAL

The test objects were chromium oxide compounds
differing in the degree of nonstoichiometry. Films of
chromium oxide compounds were prepared from an
electrolyte containing 2.5 M CrO3. To vary the com-
pound composition, 0.1, 0.2, 0.3, or 0.4 M fluoride
ions were introduced as ligands. The electrolyte tem-
perature did not exceed 30�0.1�C, and the current
density was 50 A dm�2.

Films of different compositions were deposited
onto electrodes made of 1Cr18Ni10Ti stainless steel.
The electrode area was 0.25 cm2. The film thickness
was 8�10 �m depending on the electrolysis time.
A film more than 4 �m thick is nonporous, which ex-
cludes the contact of the support with the electrolyte.

As electrolyte, we used 1 M KOH. The tests were
performed at room temperature. Platinum (surface
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Table 1. Composition of samples of chromium oxide compounds
������������������������������������������������������������������������������������

Sample
�

cF in elec-
� Content, wt %

� ���������������������������������������������������������������
no. � trolyte, M � Crtot � OH � H2O � O � Cr0 � Cr2+ � Cr3+

������������������������������������������������������������������������������������
1 � 0.1 � 70.0 � 6.0 � 5.0 � 19.0 � 13.1 � 1.12 � 0.96
2 � 0.2 � 73.0 � 5.0 � 4.5 � 17.5 � 11.5 � 1.06 � 0.93
3 � 0.3 � 75.0 � 4.5 � 4.0 � 9.5 � 10.7 � 1.05 � 0.92
4 � 0.4 � 83.0 � 4.0 � 4.0 � 7.0 � 10.2 � 1.03 � 0.89

������������������������������������������������������������������������������������

area 4 cm2) was the counterelectrode, and saturated
calomel electrode was the reference electrode. The
cyclovoltammograms (CVA) and charging�discharge
curves were recorded on a PI-50-1 potentiostat (poten-
tial scanning rate 2 mV s�1) with an LKD-4 recorder.

The ionic component of the conductivity and the
composition of the chromium samples were deter-
mined by the procedures described previously [9].
Table 1 presents the composition of the samples of the
chromium oxide compounds obtained at various con-
centrations of fluoride ions in the electrolyte.

The reversibility of the process can be judged from
the CVA. Figure 1 shows the typical CVAs for a
sample of a chromium oxide compound. As seen, both

I, mA

E, V

Fig. 1. Cyclovoltammogram of the chromium oxide com-
pound (sample no. 1). Scanning rate 2 mV s�1. (I) Current
and (E) potential. Curve numbers are cycle numbers.

direct and reverse processes occur. The extent of
reversibility of the given process can be determined
from CVA as the ratio of the current peaks in the sec-
ond cycle to that in the first cycle [8]. The results are
given in Table 2.

Table 2 shows that the extent of reversibility Ip2/Ip1
of the process depends on the sample composition and
increases as the deviation from the stoichiometric
composition grows.

It should be noted that the degree of conversion
in the system is higher in the second cycle. The same
is true for the process rate, as seen from the currents
of the direct and reverse processes. In both the anodic
and the cathodic cycles, the samples are ranked in the
following order with respect to the current values:
no. 1 > no. 2 > no. 3 > no. 4. In going from sample
no. 1 to sample no. 4, the content of total chromium
grows, and the content of oxygen, water, and hydroxy
groups decreases (Table 1).

It should be noted that the ionic conductivity of the
samples correlates with the ratio of the peak currents
in the second (Ip2) and first (Ip1) cycles (Fig. 2). The
extent of reversibility of the electrochemical process
increases with increasing ionic conductivity (Table 2).

The charging�discharge curves of the chromium
samples studied are shown in Fig. 3. They allow eval-
uation of the reversibility of the charging�discharge
processes. The first and the last charging�discharge
curves are similar (to the 10th cycle inclusive), indi-
cating that the proton incorporation is fairly reversible
and fast.

The values of the given capacity correlate with the
total content of chromium in the samples. The voltage
efficiency for sample nos. 1 and 2 is 81 and 76%,
respectively. The efficiency (discharge-to-charging
capacity ratio) is about 97�98%. The specific capaci-
ties are fairly high (Table 2); in this respect, nonstoi-
chiometric chromium oxide compounds are compar-
able with other oxides, e.g., manganese dioxide [10].
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�i, %

Ip1/Ip2

Fig. 2. Dependence of the ionic conductivity �i of the chro-
mium oxide compounds on the (1) extent of reversibility of
the charging�discharge process Ip2/Ip1 and (2) Cr2+/Cr3+

ratio.

t, min

Ed (Ec), V

Fig. 3. Charging�discharge curves (sample no. 2). Current
0.7 mA, active paste weight 5 mg. (Ed, Ec) Potential and
(t) time.

At the same time, the main advantage of chromium
oxide compounds is the possibility of depositing then
as thin (8�10 �m) films with high adhesion onto vir-
tually any structural material intended for flexible
cathode.

It was shown [9, 11] that the ionic conductivity
characterizes the amount of defects in the compound;

Table 2. Extent of reversibility of charging�discharge pro-
cesses Cd/Cc, capacity Csp, and ionic conductivity �i of
the samples of chromium oxide compounds
����������������������������������������
Sam-� �

Csp,
�
�i,

�Ip2/Ip1 in indicated region
� � � �������������������ple �Cd/Cc�

no. � �mA h g�1
� % � cathodic � anodic

����������������������������������������
1 �0.985� 276 �13.1� 1.12 � 0.96
2 �0.981� 268 �11.5� 1.06 � 0.93
3 �0.964� 217 �10.7� 1.05 � 0.92
4 �0.959� 210 �10.2� 1.03 � 0,89

����������������������������������������

their increase can considerably accelerate electrode
processes. This effect was also observed previously
[5] on pelletized samples, in line with the published
data [6, 7, 12] on the role of structural defects in elec-
trochemical processes. Compared to stoichiometric
compounds, nonstoichiometric compounds, including
the chromium compounds under consideration, con-
tain a large number of defects and have more disor-
dered structure. They contain Mn+/Mn+1 pairs differ-
ing in charges [12, 13] and OH� groups binding struc-
tural defects.

CONCLUSION

The possibility of cycling of chromium oxide com-
pounds was demonstrated. These compounds show
promise for thin-film batteries with aprotic electro-
lytes. The optimal charging�discharge conditions are
realized on samples (nos. 1 and 2) having the strong-
est deviation from the stoichiometry.
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Abstract�Accumulation of H2O2 in aqueous solutions with various pH values in electroreduction of oxygen
in carbon-black gas-diffusion hydrophobized electrodes was studied. The effect of various parameters of
the process on its electrochemical component and decomposition rate of the H2O2 formed was analyzed.

In the last 20 years, much interest has been shown
in indirect oxidation of organic and inorganic sub-
stances with hydrogen peroxide generated electro-
chemically from oxygen [1�3]. This interest stems
from the wide use by modern chemical industries of
principles of conjugated processes [4] involving
environmentally safe reagents, such as electric current
and chemically bound forms of oxygen (O3, H2O2,
ROOH, etc.).

Hydrogen peroxide as oxidizing agent has a number
of unique properties. It is well soluble in water and is
nontoxic. Use of hydrogen peroxide does not yield
dangerous wastes, only water and oxygen being prod-
ucts of its decomposition. Hydrogen peroxide shows
a pronounced oxidizing power and allows oxidation of
various organic and inorganic compounds both in
alkaline and in acidic media. The range of its ap-
plicability is exceedingly wide: aqueous H2O2 solu-
tions are used in pulp-and-paper industry, in manufac-
ture of detergents, in hydrometallurgy, in wastewater
purification, and in many other industries requiring an
environmentally safe oxidizing agent [5, 6].

It is known that hydrogen peroxide can be com-
paratively easily obtained by cathodic reduction of ox-
ygen on graphitic carbon electrodes in alkaline solu-
tions. Since the solubility of oxygen in aqueous elec-
trolyte solutions is low, hydrophobized gas-diffusion
electrodes are presently used for intensifying its reduc-
tion process. This method is waste-free and enables
production of H2O2 at its consumption site in the
form of aqueous solutions and use of these solutions
as a commercial product without preliminary isolation

of H2O2, which makes the cost of hydrogen peroxide
much lower [7, 8].

It is known that the rate of H2O2 accumulation
in the electrolyte in electroreduction of oxygen is
described by the equation [9]

Va = dc/d� = Vs � Vd = A�I/v � Vd, (1)

where Va is the rate of H2O2 accumulation (mol l�1 h�1);
Vs, rate of H2O2 electrosynthesis; Vd, rate of H2O2
decomposition; A, electrochemical equivalent of H2O2
(mol A�1 h�1); I, electrolysis current (A); v, catholyte
volume (l); �, fraction of current consumed for O2
reduction to H2O2; c, H2O2 concentration in the
catholyte (M); and �, electrolysis time (h).

Decomposition of hydrogen peroxide is a complex
process which depends on numerous factors, including
the degree of dissociation in aqueous solutions. In
acidic solutions, H2O2 molecules are little dissociated
and the decomposition process follows the equation
[5, 6]

2H2O2 = 2H2O + O2. (2)

In alkaline solutions, H2O2 is largely dissociated
[10, 11]:

H2O2 + OH� = HO2
� + H2O. (3)

When perhydroxide ions appear in considerable
amounts, decomposition of H2O2 may involve these
ions [7, 11, 12]:

2HO2
� = 2OH� + O2, (4)

HO2
� + H2O2 = H2O + OH� + O2. (5)
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Table 1. Effect of electrolyte composition on coefficients of Eqs. (6), (7), and (9) and on electrolysis parameters*
������������������������������������������������������������������������������������

Run � Agitation�
Electrolyte, M

�
k

� Vd, mol l�1 h�1, �
�av

� cH2O2
, �

�
no. � mode � � � at cH2O2

= 0.6 M � � M �
������������������������������������������������������������������������������������

1** � I �0.25 NaOH �0.12 h�1 � 0.072 � 0.96 � 0.93 � 0.69
2** � II �0.25 NaOH �0.17 h�1 � 0.10 � 0.97 � 0.8 � 0.59
3 � II �0.25 NaOH �0.34 mol l�1 h�1 � 0.122 � 0.97 � 0.68 � 0.52
4 � I �0.5 NaOH �1.54 mol l�1 h�1 � 0.086 � 0.97 � 0.72 � 0.55
5 � I �1.0 NaOH �8.0 mol l�1 h�1 � 0.027 � 0.98 � 0.89 � 0.68
6 � I �1.0 NaOH + 0.017 Na2SiO3 �0.05 h�1 � 0.03 � 0.98 � 1.13 � 0.86
7 � II �0.1 H2SO4 �0.05 h�1 � � � 0.4 � 0.25 � 0.32
8 � II �0.05 K2SO4 + 0.15 H2SO4 �0.085 h�1 � 0.051 � 0.75 � 0.83 � 0.63

������������������������������������������������������������������������������������
* cH2O2

and � are the concentration and current efficiency by H2O2 after 7 h of electrolysis.
** Experiments carried out with electrodes fabricated from paste heated at 340�C.

Among the factors affecting the rate of H2O2 de-
composition [3, 5, 6, 10�20], the composition and pH
value of solutions are among those most important
[5, 10�12, 19, 20]. The rate of decomposition in alka-
line solutions can be formally described using various
equations:

Vd = kcH2O2
[9], (6)

Vd = kcud
H2O2

cHO2
� [12], (7)

Vd = kcud
H2O2

+ k0 [11], (8)

where cH2O2
is the total concentration of H2O2; cud

H2O2
,

concentration of the undissociated H2O2 species;
cHO2

�, concentration of perhydroxide anions; and
k and k0, constants.

In acidic solutions, the decomposition rate is com-
monly described by Eq. (6) [8], whereas in alkaline
solutions, each particular case should be considered
separately.

The known studies concerned with H2O2 electro-
synthesis from O2 paid little attention to kinetics of
H2O2 accumulation and did not consider as a whole
the wide variety of factors affecting the process simul-
taneously. Revealing the fundamental aspects of the
process of H2O2 accumulation is an important and
necessary stage as regards practical application of the
electrochemical method for obtaining H2O2 in solu-
tions with varied pH value.

This study is concerned with the effect of the com-
position, concentration, and pH of the electrolyte on
the kinetics of accumulation of H2O2 in its synthesis
from O2 in gas-diffusion electrodes.

EXPERIMENTAL

The experimental conditions and the electrolyzer
design were similar to those described in [4, 7, 8].
Preparative electrolysis was carried out in the galvano-
static mode at 20�C for 7 h at a current density of
50 mA cm�2, as calculated per unit apparent frontal
surface area (5 cm2). The catholyte volume was
0.023 l. Oxygen was fed into the electrode from its
back surface under atmospheric pressure. To reveal
the influence exerted by the mass transfer of sub-
stances involved in the process, the catholyte was
agitated by bubbling of argon through a tube 1.5 mm
in diameter at a rate of 10 ml min�1 continuously
(agitation mode I) or at a rate of 38 ml min�1 for
1 min before sampling a solution to determine the
content of H2O2 every hour (agitation mode II).

The catholyte and anolyte were separated by an
MF-4SK-100 cation-exchange membrane. The elec-
trodes were prepared from A-437E acetylene carbon
black containing 40 wt % Ftoroplast-4D (Teflon), with
65 vol % porosity, and sintered in air at 360�C for
10 min [17]. The electrode paste was preliminarily
heated at a temperature of up to 300�C. Part of elec-
trodes were prepared from a paste heated at 340�C.
The results obtained with these electrodes are listed
in Table 1 and shown in Fig. 1, curves 3 and 4.

The fraction of current consumed for synthesis of
H2O2 was determined by gasometry, or, when pos-
sible, calculated from experimental data [16]. The rate
of H2O2 decomposition was found using Eq. (1) by
differentiating graphically the curves of H2O2 ac-
cumulation. The electrode potential was measured
relative to a silver chloride reference electrode. In
acidic and alkaline solutions, oxygen is reduced to
H2O2 in the same range of potentials 0.4�0.6 V,
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c, M

�, h
Fig. 1. Curves of hydrogen peroxide accumulation in alka-
line electrolytes. (c) H2O2 concentration and (�) time; the
same for Figs. 4 and 5. Electrolyte (M): (1) 1.0 NaOH +
0.017 Na2SiO3, (2) 1.0 NaOH, (3, 4) 0.25 NaOH, and
(5) 0.5 NaOH. Agitation mode (1�3, 5) I and (4) II. Points,
experiment; lines, calculation.

ci, M PC, mol2 l�2

c, M

Fig. 2. Concentrations ci of (1) OH� and (2) HO2
� ions,

(3) undissociated H2O2, and (4) product of concentrations
PC, cud

H2O2
cHO2

�, vs. hydrogen peroxide concentration c in

0.5 M NaOH solution.

despite that the zero-current potential is about �0.2 V
in alkaline solutions and is shifted to the anodic
region in acidic solutions. As in [21], the potential is
independent of cH2O2

. For example, the potential re-
mained within 0.56�0.58 V at H2O2 concentrations
in the range from 0.54 to 0.024 M at pH 0.9 (0.05 M
K2SO4 + 0.15 M H2SO4) and shifted in the negative
direction to 0.53 V with pH increasing to 2.1. The
overvoltage of O2 reduction to H2O2 in acidic solu-
tions much exceeds that in alkaline solutions. No
evolution of hydrogen occurs under the given condi-
tions because of the high overvoltage of its reduction
on carbon black.

Figure 1 shows curves of H2O2 accumulation in
the cathode chamber in solutions with various NaOH
concentrations and with sodium silicate added as

H2O2 stabilizer. Table 1 lists constants k for Eqs. (6),
(7), and (9), current efficiencies by H2O2, and its con-
centrations after 7 h of electrolysis. Also listed for
comparison are rates of H2O2 decomposition at a con-
centration of 0.6 M.

As seen from Fig. 1 (curves 1, 2, 5) and Table 1
(run nos. 4�6), raising the concentration of alkali and
adding sodium silicate to the solution make higher the
H2O2 concentration and the current efficiency by
H2O2, which can be accounted for by a decrease in
the rate of H2O2 decomposition [12, 19, 20]. At
cH2O2

= 0.6 M, the action of the stabilizing agent is
not manifested yet; when, however, the content of
H2O2 is raised further, the decomposition rate de-
creases.

The accumulation rate is strongly affected by the
technology of electrode fabrication (Table 1, run
nos. 2 and 3). Raising the temperature to which the
electrode paste is heated leads to a change of the run
of the Vd = f (cH2O2

) dependence, presumably owing
to more complete removal of surfactants and other
adsorbed substances [18] and to partial oxidation of
the carbon black [16]. These electrodes have lower
electrolyte porosity (0.5 vol %). The potential of these
electrodes in electrolysis is shifted, compared with the
other electrodes, to the cathodic region by 0.2�0.3 V.
In experiments with electrodes fabricated from a paste
heated at 340�C, the rate of H2O2 decomposition is
described by Eq. (6). With the other electrodes, the
rate of H2O2 decomposition in 0.5 and 1.0 M NaOH
solutions is described by Eq. (7), that in a solution
with addition of sodium silicate, by Eq. (6), and that
in a 0.25 M NaOH solution, by the equation

Vd = k(cH2O2
)2. (9)

Figure 2 shows as an example the influence of
cH2O2

in a 0.5 M NaOH solution on the values of

cud
H2O2

, cHO2
�, and cOH�, calculated using equations

taken from [10]. The equilibrium constant of reac-
tion (3) at 20�C is 261.4 [10]. Despite the fact that
concentrations were taken instead of activities in the
calculations, the resulting products of cHO2

� and cOH�
were in good agreement with the values reported
in [12].

As seen from Fig. 2, the concentration of hydrox-
ide ions decreases and the concentrations of per-
hydroxide ions and undissociated H2O2, and the prod-
uct of these, grow with increasing total concentration
of H2O2. In a 0.5 M NaOH solution, at cH2O2

of up to
approximately 0.5 M, when H2O2 is mainly in the
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form of perhydroxide ions, the decomposition rate can
be described using Eq. (6) with k = 0.05 h�1. This
value is equal to that for a solution with sodium sili-
cate, which must be the case, since the accumulation
curves coincide up to 0.5 M of H2O2 at equal �. When
a considerable amount of undissociated H2O2 is addi-
tionally present in the solution, the decomposition rate
is described by Eq. (7) in the whole concentration
range.

Figure 3 shows the dependence of the H2O2 de-
composition rate in 0.5 and 1.0 M NaOH solution on
the product cud

H2O2
cHO2

�. The slope of the straight line,
i.e., the value of k, grows with increasing alkali con-
centration, but the product decreases, as also does the
decomposition rate.

Figure 1 (curves 2, 5) shows the accumulation
curves calculated using Eqs. (1) and (7) and values of
k and � from Table 1. These curves are in good agree-
ment with experimental data.

Depending on the type of the equations Vd =
f (cH2O2

) and � = f (cH2O2
), solutions to Eq. (1) are also

different:

c = g[exp (2gk�) � 1][1 + exp (2gk�)]�1,

g = [A�I/(kv)]1/2 (10)

at Vd = k (cH2O2
)2 and � = const;

c = AI� [1 � exp (�k�)]/(kv) (11)

at Vd = kcH2O2
and � = const [8];

AIb{exp [(AIa/v � k)�] � 1}
c = ���������������������� (12)

[AIa/v � k]v

at Vd = kcH2O2
and � = b � acH2O2

[4].

Equation (12) was used to calculate curves 1, 3,
and 4 in Fig. 1.

In alkaline electrolytes, � is large and virtually
independent of cH2O2

and other electrolysis param-
eters, even though it tends to decrease somewhat
(linearly) with increasing H2O2 concentration, as is
also the case in [22]. For example, � = 1 � 0.085cH2O2
in a 0.25 M NaOH solution (Table 1, run no. 1). In
acidic solutions, � depends on the solution composi-
tion, but also is a linear function of cH2O2

[8]. For
example, � = 1 � 0.39cH2O2

in a solution containing
0.05 M K2SO4 + 0.15 M H2SO4.

In alkaline and acidic solutions, changes in � are
associated both with H2O2 decomposition in the elec-

Vd, mol l�1 h�1

PC, mol2 l�2

Fig. 3. Effect of the product of concentrations, PC, cud
H2O2

�

cHO2
�, on the decomposition rate Vd of H2O2 in (1) 1.0 M

NaOH solution and (2) 0.5 M NaOH. Agitation mode I;
the same for Fig. 5.

c, M

�, h
Fig. 4. Curves of H2O2 accumulation in solutions with pH
0.9. Electrolyte (M): (1) 0.1 H2SO4 and (2) 0.05 K2SO4 +
0.15 H2SO4. Points, experiment; lines, calculation by
Eq. (2).

trode, when the appearing oxygen undergoes repeated
reduction, and with further reduction of H2O2. In alka-
line solutions, H2O2 is reduced on graphitic carbon
materials at high overvoltage, whereas in acidic solu-
tions this process is markedly facilitated. Therefore,
the insignificant decrease in � in alkaline solutions is
only due to a rise in the rate of H2O2 decomposition
in the electrode with increasing H2O2 concentration,
whereas in acidic solutions the decrease in � is mainly
due to an increase in the rate of H2O2 reduction.

Thus, the process occurring in an electrode are
strongly affected by H2O2 removal from the electrode
and by the activity of hydrogen ions, which depends
on the electrolyte composition and electrolysis condi-
tions [8], within the electrode. Compared to acidic
solutions, removal of H2O2 from the pore volume of
the electrode is somewhat facilitated in alkaline solu-
tions, since perhydroxide ions are removed not only
by diffusion, but also via migration under the action
of the electric field. Figure 4 illustrates the influence
of the composition of an acidic solution by the exam-
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Table 2. Electrolysis parameters* used to calculate curves of H2O2 accumulation, shown in Fig. 6
������������������������������������������������������������������������������������
Curve no. � I, A � Catholyte volume, l � b � a, l mol�1 � k, h�1 � �, h � �

������������������������������������������������������������������������������������
1 � 0.25 � 0.023 � 1 � 0 � 0 � 2.47 � 1.00
2 � 0.25 � 0.01 � 1 � 0.5 � 0.1 � 1.33 � 0.81
3 � 0.50 � 0.023 � 1 � 0.5 � 0.1 � 1.55 � 0.80
4 � 0.25 � 0.023 � 1 � 0.01 � 0.1 � 2.85 � 0.86
5 � 0.25 � 0.023 � 1 � 0.5 � 0.05 � 3.10 � 0.80
6 � 0.25 � 0.023 � 1 � 0.5 � 0.1 � 3.43 � 0.72
7 � 0.25 � 0.023 � 0.6 � 0.5 � 0.1 � 8.78 � 0.28

������������������������������������������������������������������������������������
* � and � are the time of electrolysis, necessary for the H2O2 concentration of 0.5 M to be reached, and the resulting current

efficiency, respectively.

ple of the curves of H2O2 accumulation in solutions
with pH 0.9 (Table 1, run nos. 7 and 8).

The aforesaid is also confirmed by the fact that the
agitation mode affects differently the values of � and
cH2O2

in acidic and alkaline solutions. Raising the
intensity of agitation in alkaline solutions leads to
a decrease in the rate of decomposition because of the
change in cH2O2

in the near-electrode space (Table 1,
run nos. 1 and 2) and has virtually no effect on �,
whereas in acidic solutions, a decrease in � is ob-
served because of the increasing supply to the elec-

c, M

Fig. 5. Current efficiency � vs. H2O2 concentration c in
various electrolytes. Electrolyte (M): (1) 0.5 NaOH,
(2) 1.0 NaOH, and (3) 1.0 NaOH + 0.017 Na2SiO3.

c, M

�, h

Fig. 6. Effect of electrolysis parameters (Table 2) on the
run of curves of H2O2 accumulation, calculated by Eq. (2).

trode of hydrogen ions involved in H2O2 reduction
to water. For example, in a solution containing
0.05 M K2SO4 + 0.15 M H2SO4, � decreases by a
factor of nearly 2 in going from agitation mode I to
mode II, whereas already at pH 3.2 (0.495 M K2SO4 +
0.005 M H2SO4) the agitation mode has virtually no
effect, since the activity of hydrogen ions decreases by
a factor of more than 100.

The linear dependence of the current efficiency �
on cH2O2

(Fig. 5) is preserved at higher H2O2 concen-
trations on raising the concentration of alkali and on
introducing a stabilizer, i.e., in the case when the
decomposition rate depends on cH2O2

linearly [23];
further, the current efficiency falls dramatically
because of an increase in the rate of H2O2 decomposi-
tion. In acidic electrolytes, in contrast to alkaline solu-
tions, the type of the equation Vd = f (cH2O2

) is in-
dependent of the electrolyte composition and the
dependence � = f (cH2O2

) is linear during the whole
time of electrolysis [4]. For example, � = 0.97 �
0.37cH2O2

for a solution containing 0.05 M K2SO4 +
0.15 M H2SO4 (Table 1, run no. 8).

To evaluate the influence exerted by the electroly-
sis parameters on the run of an accumulation curve
and to predict the current efficiency, which is one of
the most important electrosynthesis parameters, it is
necessary to analyze Eq. (12), which turns into
Eq. (11) at a = 0 (� = b). Figure 6 shows curves of
H2O2 accumulation for various values of the elec-
trolysis parameters (Table 2). Table 2 also lists for
comparison the times required for solutions with
cH2O2

= 0.5 M to be obtained and the resulting current
efficiencies. For clarity, the values of the parameters
are chosen so that curves do not overlap. All the com-
parisons are made relative to curve 6 (Fig. 6). Curve 1
is calculated using the equation cH2O2

= A�I� /v.

As seen from Fig. 6 and Eq. (12), the multiplier
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AIb/v determines the initial slope of an accumulation
curve, i.e., the rate of H2O2 accumulation, which
decreases with increasing H2O2 concentration because
of a decrease in � and rise in the decomposition rate.
The highest H2O2 concentration is obtained when
the accumulation rate becomes equal to the rate of
H2O2 decomposition. When the decomposition rate is
described by Eq. (6), the maximum concentration is
given by the expression cH2O2

= A�I /(kv).

The rate of H2O2 accumulation is strongly affected
by coefficient b (Fig. 6, curve 7). The decrease in k
and a starts to affect the accumulation rate at higher
H2O2 concentrations (curves 4 and 5). The quantity
I /v is the volume current density and, consequently,
the rate of H2O2 accumulation may become higher
with increasing current density or decreasing catholyte
volume (Fig. 6, curves 2 and 3). This may give, dur-
ing the first hours of electrolysis, an H2O2 concentra-
tion exceeding the concentration that would be ob-
served at a decomposition rate close to zero and � = 1
(Fig. 6, curve 1).

CONCLUSIONS

(1) The rate of subsequent electroreduction of
H2O2 to water in an alkaline electrolyte in
hydrophobized carbon black electrodes is low. The
accumulation rate of hydrogen peroxide is determined
under these conditions by the rate of its chemical
decomposition in the cathode chamber.

(2) In acidic solutions, the rate of hydrogen perox-
ide accumulation is mainly determined by the rate of
subsequent H2O2 reduction to water, which depends
on the concentration of H2O2 and hydrogen ions in
the volume of the gas-diffusion electrode.

(3) The equations relating cH2O2
and electrolysis

duration, presented in the communication, well de-
scribe experimental curves of H2O2 accumulation. All
the other parameters being the same, the initial rate of
H2O2 accumulation is determined by the volume
current density; with increasing electrolysis duration
and H2O2 concentration, the rate of hydrogen perox-
ide decomposition in an alkaline medium and reduc-
tion to water in an acidic medium starts to exert
steadily increasing influence on the accumulation rate.
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Abstract�A procedure was proposed for electrochemical reduction of 2,5-dichloronitrobenzene to 2,5-di-
chloroaniline in aqueous-ethanolic solution of sulfuric acid. The procedure for preparing 2,5-dichloroanilinium
sulfate was optimized. The influence exerted by the cathode material, nature and amount of the organic
solvent, sulfuric acid concentration, and electrolysis temperature on the yield and quality of the target product
was discussed.

2,5-Dichloroaniline (2,5-DCA) is an intermediate
in synthesis of pesticides. The existing methods of
reduction of nitro compounds with metals do not meet
modern environmental requirements, because the aris-
ing wastes are difficult to utilize. Therefore, electro-
chemical reduction of aromatic nitro compounds at-
tracts much attention [1�5]. However, we found no
data on cathodic reduction of 2,5-dichloronitrobenzene
(2,5-DCNB) to 2,5-DCA. This process was the sub-
ject of the present study.

We tested two procedres for electrochemical reduc-
tion of 2,5-DCNB: a classical procedure based on
electroreduction of the nitro compound in a sulfuric
acid medium, yielding the amine in the salt form, and
a recently suggested procedure of reduction in a two-
phase system [5] involving the use of a solvent im-
miscible with water and a buffer solution with the pH
close to pK of the forming amine. The second proce-
dure allows preparation of the free amine in one step.

Classical reduction was performed in aqueous sol-
furic acid with addition of an organic solvent miscible
with water to obtain a homogeneous solution.

The first series of experiments on choosing the op-
timal cathode material was performed in an aqueous-
alcoholic solution of sulfuric acid at a cathodic current
density of 750 A m�2 and temperature of 48�50�C.
The catholyte had the following composition (wt %):
2,5-DNCB 7.6, H2SO4 7.0, and C2H5OH 50.

Table 1 shows that the chemical yield of reduction
of 2,5-DCNB to 2,5-DCA on copper is low (69%).
The reduction on brass and nickel is also inefficient.
Addition of an Sn(II) salt has no appreciable effect on

the 2,5-DCA yield, whereas in the presence of zinc
sulfate the yield of 2,5-DCA based on 2,5-DCNB in-
creases to 87%. Reproducibly high yield of 2,5-DCA
(up to 88%) was obtained on a lead cathode in an
aqueous-ethanolic solution of sulfuric acid.

Then, using the lead cathode, we examined how
the 2,5-DCA yield depends on the nature and amount
of the organic solvent and on the concentrations of
2,5-DCNB and sulfuric acd. We found (Table 2) that
such solvents as acetone and acetonitrile affect the
reaction negatively. This is manifested in the de-
creased yield of 2,5-DCA (3.6�6.0%) as compared
to reduction in water without organic solvent added
(39%). Apparently, these solvents prevent adsorption
of 2,5-DCNB on the cathode. Addition of about
50 wt % of aliphatic alcohol increases the yield of
2,5-DCA to 88.4�88.9%.

Variation of the 2,5-DCNB concentration in the
reaction mixture from 5.5 to 10% has virtually no

Table 1. Influence of the cathode material on the yield of
the reaction products
����������������������������������������

Cathode � 2,5-DCA yield based on 2,5-DCNB, %
����������������������������������������
Cu � 69.0
Cu* � 71.0
Cu** � 87.1
Brass � 63.0
Ni � 58.0
Pb � 88.0
Pb + 4%Sb � 80.0
����������������������������������������

* SnCl2 added to 0.1 M concentration.
** ZnSO4 added to 0.1 M concentration.
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Table 2. Effect of organic solvent on the 2,5-DCA yield. Lead cathode, 48�50�C, cathodic current density 750 A m�2

������������������������������������������������������������������������������������

Organic solvent
� Content in catholyte, wt % �

2,5-DCA yield based����������������������������������������������
� organic solvent � 2,5-DCNB � H2SO4 � on 2,5-DCNB, %

������������������������������������������������������������������������������������
Acetone � 50 � 5.3 � 7.0 � 3.6
Acetonitrile � 50 � 5.2 � 6.8 � 6.0
Methanol � 50 � 5.4 � 6.9 � 88.5
Isopropanol � 50 � 5.3 � 6.9 � 88.4
Ethanol � 50 � 5.3 � 7.0 � 88.9

� 80 � 5.4 � 6.8 � 66.0
� 30 � 5.2 � 6.9 � 58.0

No organic solvent � � � 5.5 � 7.0 � 39.0
������������������������������������������������������������������������������������

effect on the process (Table 3). When the 2,5-DCNB
content is increased to 10%, the target product starts
to crystallize on the cathode, which may disturb the
process. Therefore, to ensure the homogeneous medi-
um, it is not advisable to increase the 2,5-DCNB
concentration above 8%.

An increase in the sulfuric acid concentration in the
reaction mixture above 13% favors the Gattermann
rearrangement, and the yield of 2,5-DCA decreases.
At the H2SO4 concentration of 6.8�10.3%, the yield
of 2,5-DCA is 86.3�88.3%, whereas at 20.7 wt %
concentration of H2SO4 it is as low as 61%.

The optimal reaction temperature is 48�50�C. At
lower temperatures, the solubility of 2,5-DCNB in the
catholyte decreases; above 50�C, by-products are
formed. In particular, the Gattermann rearrangement
occurs, yielding dichloro-p-aminophenol.

The 2,5-DCNB molecule contains reducible func-
tional substituents, chlorine atoms. Therefore, it
seemed appropriate to study how the 2,5-DCA yield
based on 2,5-DCNB depends on the amount of the
electricity passed. We found that the highest yield of
2,5-DCA is attained after passing 150% amount of
electricity relative to the amount required by the stoi-
chiometry. At longer electrolysis, the 2,5-DCA yield
based on 2,5-DCNB does not decrease, i.e., the prod-
uct is resistant to further electrochemical reduction.

Thus, the optimal conditions for electrochemical
synthesis of 2,5-DCA sulfate in the cathodic chamber
of a diaphragm electrolyzer are as follows. Catholyte
composition, wt %: 7.7 2,5-DCNB, 6.8�8.7 sulfuric
acid, and 50 aliphatic alcohol; lead cathode; current
density 750 A m�2; 48�50�C; amount of the electric-
ity passed 150%. Under these conditions, the 2,5-
DCA yield based on 2,5-DCNB is 88.6�88.7%, and
the current efficiency is 59.1%. Reuse of the electro-
lyte solution after adjustment of its composition does

not impair the process but considerably reduces the
amount of wastes and the consumption of auxiliary
materials.

Our next goal was to examine the feasibility of
preparing free 2,5-DCA directly from 2,5-DCNB by
electrolysis in a two-phase system with a cadmium
cathode [5]. The catholyte was a phosphate buffer
solution (pH 5.0). Toluene was taken as a solvent
immiscible with water. After electrolysis, the organic
layer of the catholyte was separated, and the solvent
was distilled off. Yield of 2,5-DCA 80%.

Thus, 2,5-DCNB can be electrochemically reduced
both in an acid solution to obtain the 2,5-DCA salt
and in a weakly acidic medium to obtain the free base.
In both procedures, the yield of the target product
based on 2,5-DCNB exceeds 80%.

EXPERIMENTAL

2,5-DCNB was prepared from 2,5-dichlorobenzene
by nitration with a mixture of sulfuric and nitric acids.

Table 3. Influence of the concentrations of 2,5-DCNB and
sulfuric acid in the catholyte on the 2,5-DCA yield. Lead
cathode, 48�50�C, cathodic current density 750 A m�2,
ethanol content 50 wt %
����������������������������������������

Loaded, wt % �
H2SO4 : 2,5-DCNB

�2,5-DCA yield
��������������� �
2,5-DCNB�H2SO4 �

molar ratio �
based on

� � �
2,5-DCNB, %

����������������������������������������
5.8 � 5.0 � 1.7 : 1 � 87.1
5.8 � 7.5 � 2.4 : 1 � 88.7
7.7 � 6.8 � 1.7 : 1 � 88.3
7.0 � 8.6 � 2.4 : 1 � 88.5

10.0 � 8.7 � 1.7 : 1 � 88.0
7.0 � 10.3 � 3.0 : 1 � 86.3
7.0 � 13.1 � 3.6 : 1 � 73.0
7.0 � 20.7 � 6.8 : 1 � 61.0

����������������������������������������
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The main substance content was 90%. Potassium
phosphate, sulfuric acid, phosphoric acid, and other
chemicals (pure or analytically pure grade) were used
without additional purification.

Electrolysis was performed in the galvanostatic
mode in a 150-ml temperature-controlled cell equipped
with a reflux condenser, a ceramic diaphragm, and
a platinum spiral anode. The cathode (several materi-
als were tested) was treated with an acid solution and
washed with a large amount of water before the exper-
iment.

Reduction in an aqueous-ethanolic solution of sul-
furic acid was performed as follows. The cathode com-
partment (with a lead cylinder as cathode) was charged
with 100 ml of a solution containing 7.5 wt % sulfuric
acid and 50 wt % ethanol. Then 7.9 g (0.0402 mol) of
2,5-DCNB was added. The anolyte was 25% aqueous
H2SO4.

The mixture was heated to 50�C, and reduction
with a current of 6.5 A (cathodic current density
750 A m�2) was performed for 1 h 29 min with vig-
orous stirring. After electrolysis completion, the mix-
ture was unloaded and kept for 30�40 min at 3�5�C.
The precipitate of 2,5-DCA sulfate was filtered off
and dried at room temperature; 9.2 g of 2,5-DCA sul-
fate was obtained. The product contained about 62.8%
DCA and 34% sulfate ions. Yield based on 2,5-DCNB
88.7%, current efficiency 59.1%.

Reduction in the two-phase system was performed
with a cadmium cathode (working surface area
87 cm2). The cathodic compartment was charged with
70 ml of a 1 N potassium phosphate solution (pH 5),
10 g (0.052 mol) of 2,5-DCNB, and 30 ml of toluene.

The anolyte was 20% aqueous H3PO4. Electrolysis
was performed with a current of 6 A (cathodic current
density 700 A m�2) for 1 h 20 min and then with a
current of 3 A for an additional 1 h 20 min. In the
course of the electrolysis, the mixture in the cathodic
compartment was vigorously stirred; pH 5.0 was
adjusted at regular intervals by dropwise addition
of phosphoric acid. The temperature was kept in the
range 50�52�C. Yield of 2,5-DCA 7.3 g (main sub-
stance content 92%, yield based on 2,5-DCNB 80%,
current efficiency 56%).

The content of 2,5-DCNB and 2,5-DCA in the re-
action mixtures and isolated products was determined
by GLC. The content of sulfate anions was deter-
mined by a standard procedure (titration with a BaCl2
solution). The structure of the product was proved by
13C NMR spectroscopy.
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Abstract�The possibility is considered of using probe molecules to estimate the effect exerted by addition of
phosphorus to supported Mo-containing catalysts on the dispersion of the active component and the support
coverage.

Phosphorus modification of Mo-containing cata-
lysts, which are widely used in hydrosupply of oil
fractions, is one of the most common methods to
enhance the process efficiency [1]. The addition of P
to the catalyst strongly affects the physicochemical
and service characteristics, such as dispersion of the
active component, its reducibility and susceptibility to
sulfiding, phase composition, surface acidity, activity
in target reaction, the ratio of different types of activi-
ties, resistance to coking, and service life of a catalyst.

To understand such a complex effect of P, it is
necessary to study in detail all aspects of its action on
the catalytic system, including such important param-
eter as the dispersion of Mo-containing particles.
Raman, IR, and X-ray photoelectron spectroscopic
studies revealed an increase in the degree of disper-
sion of Al�Mo [1�4] and Al�Ni(Co)�Mo [3, 5, 6]
catalysts at a certain concentration of P, irrespective of
the sequence of deposition of components onto Al2O3.

To perform a more accurate quantitative estimation
of the active component dispersion and to ascertain
how P influences it in catalysts of different composi-
tions, it is reasonable to use selective adsorption of
probe molecules along with the above methods. This
method can yield additional information on the disper-
sion, active surface area, and coverage of the support.
Molecular oxygen, which is not noticeably adsorbed
by the support, is a common probe molecule for
studying Al2O3-supported Mo-containing oxide cata-
lysts. The adsorption is performed on preliminarily
reduced samples.

The fact that the amount of chemisorbed O2 de-
pends on the degree of the Mo reduction makes the

use of this sorbate insufficiently reliable. Therefore, it
is appropriate to use some additional probe reacting
solely with the free surface of the support. The fact
that the catalyst additives can appreciably affect the
reducibility of the active component makes the use of
such a procedure still more necessary.

Carbon dioxide, which interacts with the basic OH
groups of Al2O3 to form (CO3H)�-like structures
[7, 8], is not adsorbed on Mo-containing catalyst
particles.

No data are available on simultaneous adsorption
of O2 and CO2 on modified Mo-containing catalysts.

In this work, the results of the CO2 and O2 chemi-
sorption were used to estimate the effect exerted by P
additive on the coverage of the support by the active
component and its dispersion in catalysts differing in
the composition and sequence of the Mo and P deposi-
tion onto Al2O3.

EXPERIMENTAL

The test objects were samples of A-64 �-Al2O3
catalysts, aluminum�molybdenum and aluminum�
molybdenum�nickel, phosphorus-free (Al2O3, Al�Mo,
and Al�Ni�Mo) and containing various amounts (0�
0.8 mmol g�1) of P (Al�P, Al�P�Mo, and Al�Ni�
Mo�P).

P was introduced into Al2O3 by impregnation with
a solution of ammonium dihydrogen phosphate. The
Al�P�Mo catalysts were prepared by impregnating
Al�P samples with a solution of ammonium para-
molybdate. The Mo concentration in the catalyst was
0.7 mmol g�1. To ensure introduction of the pre-
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Amount of chemisorbed CO2, VCO2
, in different samples

������������������������������������������������������������������������������������

Sample
� VCO2

, ml g�1, at indicated cP, mmol g�1

������������������������������������������������������������������
� 0 � 0.6 � 0.15 � 0.16 � 0.29 � 0.32 � 0.48 � 0.60 � 0.65 � 0.75 � 0.81

������������������������������������������������������������������������������������
Al�P � 2.0 � 1.69 � � � 1.64 � � � 1.20 � � � � � 0.75 � � � 0.80
Al�P�Mo � 1.1 � 0.90 � 0.80 � � � 0.63 � � � � � 0.55 � � � 0.55 � �

Al�Ni�Mo�P � 0.57 � 1.0 � � � 1.0 � � � 1.0 � 0.75 � � � 0.70 � � � 0.70
������������������������������������������������������������������������������������

scribed amounts of P and Mo, the impregnation was
performed under saturation conditions. To synthesize
the Al�Ni�Mo�P samples, P was introduced by the
above method into the commercial Al�Ni�Mo catalyst
ready for use, which contained 0.5 mmol g�1 Ni and
0.9 mmol g�1 Mo.

The catalytic mass was air-dried for 24 h, then
dried at 110�120�C, and calcined at 400�C for 6 h in
air after each impregnation.

The amount of the chemisorbed CO2 and O2 was
determined on a pulsed chromatographic installation.
The preparation of samples to chemisorption included
oxidation in an O2 flow at 500�C for 1 h, reduction in
an H2 flow at 500�C for 3 h, blowing at 300�C for
15 min, and cooling to room temperature in an He
flow. Then, CO2 or O2 was fed to complete satura-

(a)�, %
VO2, mmol g�1

cP, mmol g�1

�, %

cP, mmol g�1

VO2, mmol g�1
(b)

Fig. 1. Degree of exchange of basic OH groups for phos-
phate anions � and amount of the chemisorbed oxygen VO2
vs. phosphorus concentration cP. Sample: (a) (1) Al�P and
(2, 3) Al�P�Mo; (b) Al�Ni�Mo�P.

tion. The above conditions for the preliminary treat-
ment ensured reproducible results.

The amounts of chemisorbed gases were deter-
mined, and the coverage of the Al2O3 surface with the
components was estimated by the formula [7]

� = n /mf,

where n is the CO2 amount adsorbed on Al2O3 con-
taining deposited components; m, CO2 amount ad-
sorbed on free Al2O3; and f, weight fraction of Al2O3
in the sample.

The results for the Al2O3, Al�P, Al�Mo, and
Al�P�Mo samples are presented in the table and in
Fig. 1a.

As P is introduced into Al2O3 and its concentration
is increased, the amount of the chemisorbed CO2 de-
creases and, correspondingly, � grows (table, Fig. 1a).
This phenomenon is primarily due to the fact that
the phosphate anions interact with the basic OH
groups at the surface to form an AlPO4 layer [3, 9�
13]. At a P concentration of about 0.6 mmol g�1, the
replacement of such OH groups reaches approximately
60% (Fig. 1a). The remaining OH groups (40%) are
inactive in exchange for phosphate anions. Thus, with
growing P concentration, a considerable portion of P
can be attached to the surface by another mechanism.
It is possible that phosphate anions interact with other
sites of the Al2O3 surface. Also, agglomeration of
phosphate structures in an impregnating solution or on
the Al2O3 surface at higher concentrations as well as
migration of certain its amount into the bulk should
not be ruled out.

Fixation of molybdenum on the Al2O3 surface is
also a result of its exchange interaction, mostly
with basic OH groups [2, 13�15]. According to the
results obtained, in the Al�Mo catalyst containing
0.7 mmol g�1 Mo, � is about 40% (Fig. 1a). Such
a coverage in the Al�P system is attained even at
0.3 mmol g�1 P (Fig. 1a). This confirms the greater
aggregation of Mo-containing particles and weaker
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adsorption of molybdate anions compared to phos-
phate anions, which is in line with the data of [16].

In the case of Al�P�Mo catalysts containing a small
amount of the deposited P (0.06 and 0.16 mmol g�1),
� is virtually equal to the sum of the � values in the
Al�P sample with the same P concentration and in
the Al�Mo catalyst (Fig. 1a). Evidently, at low P con-
centrations, a sufficient amount of OH groups capable
of exchanging for molybdate anion remains in Al�P.
As a result, in the weakly phosphated Al�P�Mo sys-
tem, � is an additive quantity.

With an increase in the P content, the extent to
which � in Al�P�Mo exceeds that in Al�P decreases,
reaching a minimum at 0.6�0.8 mmol g�1 P; at a
higher P content, � flattens out at a level of about
70% (Fig. 1a). After Mo is deposited onto Al2O3,
40% of OH groups interacting with CO2 disappear. At
the same time, when Mo is deposited onto Al2O3 con-
taining 0.6 mmol g�1 P, the loss is smaller, only 10%.
Apparently, certain amount of OH groups detected by
CO2 chemisorption are incapable of exchanging with
molybdate anions.

Thus, only a part of basic OH groups can ex-
change for phosphate and molybdate anions. Gishti
et al. [17] discussed their competition in adsorption
onto Al2O3 and a decrease in the chemisorption ca-
pacity of the support as the P content in it grows rela-
tive to the content of molybdate anions capable of
exchanging for OH groups.

The observed fact that � in the Al�P�Mo samples
stops to grow (Fig. 1a) shows that, at a certain P con-
centration, fixation of a part of Mo ions on the sup-
port occurs by a mechanism other than the exchange
with basic OH groups, e.g., by interaction of molyb-
date anions with other sites of the Al2O3 surface,
polymerization and aggregation of adsorbed anions, or
adsorption on Al�O�P structures. The presence of
P�OH groups on the surface of phosphated Al2O3
was revealed in [12, 13]. At the P concentration of
0.3 mmol g�1, the molybdate anions react not only
with Al�OH, but also with P�OH groups [2].

These facts suggest that, in the system containing
certain amounts of P and Mo, the P�O�Mo structures
must arise even in the stage of the support impregna-
tion. The presence of these structures in calcined Al�
P�Mo catalysts has been clearly confirmed in [3].

Let us consider how the amount of O2 chemisorbed
on Al�P�Mo catalysts varies with the P concentration
(see Fig. 1a). The maximum at the P concentration of
0.06 mmol g�1 suggests an increase in the degree of
Mo dispersion after a given amount of P is introduced

into the support. With increasing P concentration, the
amount of chemisorbed O2 decreases to a lower level
than in the modified sample. This suggests that a de-
crease in the O2 chemisorption is due to the suppres-
sion of the Mo reducibility under the action of P addi-
tives, rather than by a decrease in the degree of its
dispersion. The similar effect of P was found in [1, 3].

The data on CO2 and O2 chemisorption on samples
synthesized by introducing P into the Al�Ni�Mo cata-
lyst, i.e., into the already formed catalytic system, are
presented in the table and in Fig. 1b.

In the case of the Al�Ni�Mo system, the character
of the dependence of � on the P concentration differs
markedly from that for Al�P�Mo samples. For the
Ni-containing catalyst, a pronounced minimum is
observed. Apparently, the observed difference is
due to the system composition and the sequence of
introducing P and active component. Presumably,
when P is added into the Al�Ni�Mo catalyst being
formed, the structural rearrangement occurs even in
the impregnation stage owing to the passage of certain
amounts of Ni and Mo into the dissolved state. Since
the impregnating solution is acidic and its acidity in-
creases in the course of P addition, the fraction of Ni
cations passed into the solution must be larger than
that of Mo ions. On the contrary, in the course of the
catalytic mass drying, the molybdate anions should
�return� to the surface more readily than the Ni
cations. Apparently, structural rearangements of the
Al�Ni�Mo system may continue in the course of the
subsequent thermal treatment. Small (0.35 �) P ions
can be incorporated into tetrahedral voids, replacing
Ni ions [18]. Moreover, P impedes the Ni2+ diffusion
into Al2O3 [5]. Its addition into an Ni-containing
system hampers formation of NiAl2O4 spinel and
decreases the content of this phase, increasing the
content of octahedral Ni2+ ions [6, 19�21].

Thus, presumably, introduction of P into the al-
ready formed Al�Ni�Mo catalyst results in the break-
down of Al�Ni compounds, hydroxylation of the
�released� aluminum oxide structures, and, as a con-
sequence, appearance of OH groups capable of adsorb-
ing CO2. As a result, � decreases. Apparently, when
the Ni amount in the system is constant and the
amount of phosphate anions increases, these anions
(as well as molybdate anions) can enter into exchange
reaction with the newly formed OH groups, i.e., the
effect produced on � will be opposite. Consequently,
it is reasonable to expect that � would increase after
attaining a certain P concentration, which was indeed
observed at a P concentration of about 0.4 mmol g�1

(Fig. 1b).
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On the whole, the trends in variation of the amount
of O2 chemisorbed on Al�Ni�Mo�P and Al�P�Mo
samples are similar (Figs. 1a, 1b). With increasing
P concentration, an increase and then a decrease were
observed. As for the Al�P�Mo system, the decrease
may be due to the predominant formation of structures
with the difficultly reducible Mo ions [3, 18]. At the
same time, the dispersion effect is more pronounced
than in the Al�P�Mo system. The maximal increase
in the amount of chemisorbed O2 is about 75% (com-
pared to about 15% in the Al�P�Mo system), and the
range of P concentrations at which the chemisorption
is enhanced is considerably wider. Moreover, the
chemisorption is never lower than that on the initial
sample. These differences can result from the rear-
rangement of the Al�Ni�Mo structure. Apart from
the direct influence exerted by P on Mo-containing
particles, breakdown of Al�Ni compounds and forma-
tion of OH groups, which can interact with Mo oxide
structures, can also affect the Mo dispersion. The
released Ni ions can also produce an additional dis-
persion effect on the Mo-containing particles. The
validity of this explanation can be indirectly con-
firmed by the fact that the dependences of � and the
amount of chemisorbed O2 on the P concentration
show opposite trends (Fig. 1b).

CONCLUSIONS

(1) Use of CO2 and O2 as probe molecules re-
vealed that the hydroxy groups interacting with CO2
are nonuniform with respect to activity in exchange
with phosphate and molybdate anions.

(2) The addition of P into Al�Mo and Al�Ni�Mo
catalysts increases the dispersion of Mo-containing
particles.

(3) The extent of the dispersion effect in the above
catalysts is different owing to the different composi-
tions and sequences of introducing the components.
Evidently, the introduction of P into the already
formed Al�Ni�Mo catalyst appreciably affects its
structure and produces a stronger dispersing effect.
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Abstract�The influence exerted by the procedure of introducing indium into high-silica zeolite of the Pen-
tasil type on its acid properties and catalytic activity in transformation of straight-run naphthas into lower
olefins and aromatic hydrocarbons was studied.

Catalytic pyrolysis is one of the most promising
procedures for commercial production of lower ole-
fins. Zeolite-containing catalysts based on high-silica
zeolites (HSZs) of the Pentasil type are widely used
in oil refining and petroleum chemistry. It is known
[1�3] that the activity and selectivity of HSZs of the
Pentasil type in transformations of various classes of
hydrocarbons are determined not only by acid proper-
ties, but also by unique molecular-sieve properties of
these zeolites. It was shown previously [4�8] that the
acid properties of any zeolite-containing catalyst cor-
relate with its catalytic activity in transformation of
hydrocarbon raw materials into definite target prod-
ucts. One of the possible ways of controlling the acid
and catalytic properties, along with appropriate pre-
treatment, is introduction of modifying elements into
the zeolite matrix.

In this work we studied how the procedure of intro-
ducing indium affects the acid properties of HSZs of
the Pentasil type in transformation of straight-run
naphthas into lower olefins and arenes.

EXPERIMENTAL

Experiments were performed with straight-run
naphtha (SRN) from the Surgut Gas-Processing Plant.
This raw material belongs to the paraffin-naphthenic
type (onset of boiling at 131�C, density at 20�C
0.684 cm3 g�1). The hydrocarbon composition of the
SRN is as follows (wt %): n-paraffins 29.7, branched
paraffins 27.2, and naphthenic hydrocarbons 32.8.

High-silica zeollites of the ZSM-5 type with the
silicate ratio SiO2/(Al2O3 + M2O3) = 30 were pre-
pared by hydrothermal synthesis from alkaline alumi-

nosilica gels by the procedure described in [9]. The
substances were identified by IR spectroscopy and
X-ray phase analysis (Mo anode, Ni filter).

The modifier, In(III) (1 wt % in terms of the met-
al), was introduced by the following procedures: im-
pregnation of the zeolite matrix with an indium nitrate
solution (In-HSZ-1), ion exchange of H-HSZ with
In(III) (In-HSZ-2), mechanical mixing of ultradis-
persed indium powder with H-HSZ followed by the
heat treatment (In-HSZ-3), mechanical mixing of
indium nitrate with H-HSZ followed by heat treatment
(In-HSZ-4), and hydrothermal crystallization of a
mixture containing aluminum and indium nitrates.
By the latter method, we prepared Pentasils with the
framework Al atoms isomorphously substituted by
In(III) to 10 (IAS-10 sample) and 20 wt % (IAS-20
sample).

The acid properties of HSZ samples modified with
In(III) were studied by temperature-programmed de-
sorption of ammonia. This method furnishes informa-
tion about the content and strength distribution of
acid centers [10].

The catalytic properties of In(III)-modified HSZs in
transformation of straight-run naphthas were studied
in a flow-through installation with a fixed catalyst bed
(3 cm3) at atmospheric pressure in the temperature
range 500�700�C; the feed space velocity was 3 h�1.
The hydrocarbon composition of the starting SRN and
reaction products was determined by gas chromatog-
raphy. The error in gas-chromatographic determina-
tion of the yield of SRN transformation products and
of the content of acid centers in the catalysts was
�2.5%.

All the HSZ samples synthesized, according to IR
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Table 1. Acid properties of indium-modified zeolite-containing catalysts
������������������������������������������������������������������������������������

Catalyst
� Tmax, �C � Content of acid centers, �mol g�1

����������������������������������������������������������������������
� form I � form II � form I � form II � total

������������������������������������������������������������������������������������
H-HSZ � 203 � 380 � 615 � 343 � 958
In-HSZ-1 � 184 � 330 � 563 � 331 � 894
In-HSZ-2 � 203 � 360 � 605 � 221 � 826
In-HSZ-3 � 194 � 330 � 477 � 258 � 735
In-HSZ-4 � 198 � 330 � 469 � 269 � 738
IAS-10 � 194 � 357 � 524 � 302 � 825
IAS-20 � 194 � Shoulder up to 350 � � � � � 742
������������������������������������������������������������������������������������

spectra and X-ray diffraction patterns, have 90�95%
degree of crystallinity and belong to the ZSM-5 type.

The spectrum of temperature-programmed ammo-
nia desorption from the initial H-HSZ (Fig. 1a) has

(a)I, mV

I, mV (b)

T, �C
Fig. 1. Spectra of temperature-programmed desorption of
ammonia from the surface of zeolites: (I) intensity and
(T) temperature. Sample: (a) (1) H-HSZ, (2) In-HSZ-1,
(3) In-HSZ-2, (4) I-HSZ-3, and (5) I-HSZ-4; (b) (1) IAS-10
and (2) IAS-20.

two peaks. The low-temperature peak in the range
110�220�C (Tmax = 203�C) is due to ammonia de-
sorption from weak Lewis acid centers, and the high-
temperature peak (310�600�C, Tmax = 380�C) charac-
terizes the ammonia desorption from strong Brønsted
and Lewis acid centers [11, 12]. The concentrations
of the weak Lewis acid and strong acid centers in
H-HSZ, determined from the amount of the desorbed
ammonia, are 530 and 420 �mol g�1, respectively
(Table 1).

Modification of H-HSZ with In3+ appreciably af-
fects the strength and concentration of acid centers in
zeolite-containing catalysts. For example, modification
of H-HSZ with 1 wt % In(III) by impregnation of the
zeolite matrix with an indium nitrate solution (In-
HSZ-1) decreases the strength of both weak (low-
temperature) and strong (high-temperature) acid cen-
ters. The Tmax values for the ammonia desorption
peaks are shifted to lower temperatures: from 203 to
184 and from 380 to 330�C (Table 1). Modification of
H-HSZ with 1 wt % In(III) by impregnation decreases
also the concentrations of both weak (from 615 to
563 �mol g�1) and strong (from 343 to 331 �mol g�1)
acid centers. Apparently, the In3+ ions not only appre-
ciably block the strong acid centers but are also loca-
lized in channels and on the external surface of zeolite
crystals, forming Lewis acid centers.

Introduction of In3+ into H-HSZ by ion exchange
(In-HSZ-2) considerably decreases the concentration
of strong acid centers (from 343 to 221 �mol g�1),
whereas the concentration of the weak acid centers
remains virtually unchanged (Table 1). In this catalyst,
the concentration ratio of the weak and strong acid
centers is the highest, 2.7; in the other catalysts, it
varies within a narrow range, 1.7�1.8.

Modification of H-HSZ by mechanical mixing
with ultradispersed indium (In-HSZ-3) decreases the
strengths and concentrations of both weak and strong
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acid centers. For the high-temperature form of ammo-
nia desorption, Tmax decreases to 330�C. Similar
changes in the acid properties are observed upon
modification of H-HSZ by mechanical mixing with
indium nitrate, followed by a heat treatment. Such a
trend in variation of the acid properties of In(III)-
modified HSZ are attributable to the fact that indium
cations, being arranged on the surface of zeolite crys-
tals, block a part of the active centers, so that the
amount of acid centers accessible for the adsorbate
molecules decreases.

In modification by ion exchange, impregnation, or
dry mixing, the zeolite behaves as a salt of a poly
acid in which the macroanion remains unchanged and
only the cations compensating the negative charge of
the framework are substituted. The anionic part of the
Si�O framework can be controlled by adding multi-
charged Mn+ cations, in paticular, In3+, into the start-
ing silica gel before its hydrothermal crystallization.

On the IAS-10 catalyst, ammonia is adsorbed in
two forms. Form I (low-temperature desorption, Tmax
194�C) corresponds to weak acid centers and form
II (Tmax 357�C), to strong acid centers (Fig. 1b).
Incorporation of the In(III) ions in the stage of the
hydrothermal synthesis decreases the total acidity
of the catalyst to 825 �mol g�1 (IAS-10), with the
strength of the weak acid centers remaining virtually
unchanged and that of strong acid centers decreasing,
as judged from the shift of Tmax from 380 to 357�C.
This is due to the fact that the In(III) ions are weaker
acids than the aluminum cations.

As the In(III) concentration in HSZ is increased
(IAS-20), the temperature-programmed desorption
spectrum changes: There is a single maximum with
a high-temperature shoulder, and different types of
acid centers are not clearly resolved. The large peak
width suggests a fairly broad spectrum of the acid
centers, i.e., formation of energetically nonuniform
centers. This may be due to the fact that the state of
the multicharged Mn+ ions in the crystallization prod-
ucts may be different, depending both on the composi-
tion of the starting mixture and on the nature of Mn+,
which will affect the acidity of the catalyst and give
rise to nonuniform distribution of acid centers with
respect to the strength and concentration [3, 13].

Thus, the strength and concentration of acid centers
and their distribution in the catalyst are largely influ-
enced by the zeolite modification procedure, state of
indium cations, and their arrangement in the zeolite.

The results of experiments on transformation of
straight-run naphtha on HSZ samples modified with

In(III) by various procedures are listed in Table 2.

High-silica zeolites (H-HSZs) of the ZSM-5 type
show high activity in transformation of straight-run
naphthas. For example, on the initial H-HSZ sample,
the yield of lower (C2�C4) olefins increases from 8.1
to 23.6%, and the yield of aromatic hydrocarbons,
from 22.3 to 39.9% as the reaction temperature is
increased from 500 to 700�C.

Introduction of In3+ ions by impregnation of the
zeolite matrix (H-HSZ) with an indium nitrate solu-
tion (In-HSZ-1) results in a substantial growth of the
yield of C2�C4 olefins as compared to H-HSZ. The
yield of lower olefins on the initial H-HSZ at 650 and
700�C is 16.0 and 23.6%, and on In-HSZ-1, 32.5 and
41.5%, respectively (Table 2). At relatively low tem-
peratures (550�600�C), the yield of aromatic hydro-
carbons on In-HSZ-1 is considerably higher (50.7%)
than on H-HSZ (22�33%).

Introduction of In3+ ions by ion exchange (In-HSZ-
2) results in a further increase in the yield of lower
olefins as compared to In-HSZ-1. The maximal yield
of C2�C4 olefins is 47.6% at 700�C. Such a trend may
be due to the fact that the ion-exchange procedure
ensures more complete substitution of protons in the
bridging OH groups of the zeolite by the In3+ ions,
as suggested by the temperature-programmed desorp-
tion spectra.

Modification of HSZ by mechanical mixing of
ultradispersed In powder with H-HSZ followed by
heat treatment (In-HSZ-3) results in increased conver-
sion of SRN. As the reaction temperature is increased
from 550 to 700�C, the yield of lower olefins on the
In-HSZ-3 catalyst increases from 4.7 to 33.6 wt %.
It should be noted that, at 600�650�C, the yield of
aromatic hydrocarbons on this catalyst is maximal
(60�61%), especially that of benzene (28�32%) and
toluene (24�26%).

Mechanical mixing of indium nitrate with H-HSZ
followed by the heat treatment (In-HSZ-4) increases
the activity of the catalyst: The yield of aromatic
hydrocarbons at 550�C becomes as high as 56.2%,
and at higher temperatures the yield of lower olefins
increases from 11.7 to 42.5%.

Thus, modification of H-HSZ with indium by dry
mixing enhances the activity of the catalyst and in-
creases the selectivity of formation of aromatic hydro-
carbons, which may be due to formation on the cata-
lyst surface of additional Lewis acid centers capable
of abstracting the hydride ion from a saturated hydro-
carbon molecule, and also to fairly high concentration
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Table 2. Influence of temperature on the composition of products formed by transformation of straight-run naphtha on
indium-modified HSZ
������������������������������������������������������������������������������������

T,
� Content of indicated products of straight-run naphtha transformation, wt %
��������������������������������������������������������������������������������

�C � C2+ �
ethylene

�propyl-� butyl-� C4� � total of � C5+ �C5+ iso- �
benzene

�
toluene

� o-, m-, p-�
arenes�alkanes� � ene � ene �alkenes� C4� � n-alkanes� alkanes � � � xylenes �

������������������������������������������������������������������������������������
H-HSZ

550 � 17.1 � 1.5 � 4.2 � 2.4 � 8.1 � 66.3 � 3.7 � 4.8 � 4.6 � 8.5 � 7.4 � 22.3
600 � 23.2 � 3.6 � 5.7 � 2.6 � 11.9 � 60.1 � 1.7 � 1.5 � 8.1 � 13.9 � 9.3 � 33.6
650 � 24.5 � 6.8 � 6.7 � 2.5 � 16.0 � 52.1 � 1.4 � 4.1 � 10.9 � 15.7 � 9.8 � 38.7
700 � 11.2 � 11.4 � 9.4 � 2.8 � 23.6 � 54.5 � 1.4 � 2.5 � 14.5 � 16.9 � 7.2 � 39.9

In-HSZ-1

550 � 22.6 � 10.1 � 5.1 � 0.5 � 15.7 � 44.2 � 0.9 � 0.9 � 22.9 � 20.8 � 7.0 � 50.7
600 � 18.4 � 13.4 � 6.2 � 0.6 � 20.3 � 42.8 � 1.1 � 1.1 � 24.0 � 20.5 � 6.3 � 50.7
650 � 14.4 � 16.1 � 13.1 � 3.3 � 32.5 � 52.1 � 3.2 � 1.9 � 18.1 � 16.0 � 5.2 � 39.2
700 � 13.9 � 18.1 � 15.6 � 7.8 � 41.5 � 61.7 � 4.0 � 2.4 � 13.1 � 11.8 � 3.6 � 28.6

In-HSZ-2

550 � 27.2 � 12.2 � 8.3 � 1.2 � 21.8 � 64.3 � 1.5 � 1.8 � 12.6 � 16.7 � 1.3 � 30.9
600 � 25.4 � 14.8 � 9.9 � 1.3 � 26.0 � 59.6 � 0.9 � 1.5 � 15.9 � 13.6 � 6.1 � 35.8
650 � 16.8 � 19.1 � 15.1 � 2.5 � 36.7 � 70.1 � 1.4 � 1.1 � 11.1 � 9.7 � 5.1 � 26.1
700 � 16.0 � 21.1 � 21.9 � 4.7 � 47.6 � 70.0 � 1.9 � 1.8 � 9.0 � 9.2 � 4.7 � 24.9

In-HSZ-3

550 � 23.7 � 3.3 � 1.4 � � � 4.7 � 38.0 � 1.5 � 3.0 � 20.2 � 24.4 � 8.9 � 53.5
600 � 23.1 � 4.8 � 1.7 � � � 6.6 � 32.6 � 1.0 � 1.5 � 27.8 � 25.6 � 6.9 � 60.4
650 � 23.8 � 6.4 � 1.9 � � � 8.3 � 33.8 � 0.8 � 0.8 � 31.8 � 23.9 � 5.5 � 61.3
700 � 21.8 � 16.7 � 14.4 � 2.6 � 33.6 � 58.9 � 0.6 � 0.3 � 20.7 � 14.8 � 3.7 � 39.3

In-HSZ-4

550 � 24.6 � 8.7 � 2.8 � 0.2 � 11.7 � 39.3 � 0.7 � 0.6 � 25.3 � 23.6 � 7.1 � 56.2
600 � 21.1 � 13.4 � 4.9 � 0.3 � 18.7 � 43.4 � 0.8 � 0.8 � 24.5 � 20.9 � 5.9 � 51.5
650 � 16.6 � 19.1 � 11.8 � 3.8 � 34.7 � 58.6 � 2.3 � 0.9 � 15.8 � 14.3 � 4.9 � 35.6
700 � 16.4 � 21.9 � 15.9 � 4.7 � 42.5 � 65.6 � 2.2 � 0.8 � 13.5 � 11.6 � 3.6 � 28.9

IAS-10

550 � 20.8 � 8.7 � 7.2 � 1.7 � 17.6 � 51.5 � 1.8 � 2.4 � 13.6 � 19.7 � 9.6 � 42.9
600 � 19.5 � 13.2 � 9.6 � 2.5 � 25.3 � 54.4 � 1.7 � 2.8 � 14.7 � 17.7 � 7.5 � 39.9
650 � 13.6 � 16.9 � 16.4 � 5.3 � 36.6 � 61.3 � 3.5 � 3.4 � 11.3 � 13.3 � 5.9 � 30.6
700 � 14.1 � 15.7 � 16.4 � 9.4 � 41.6 � 61.7 � 6.9 � 4.7 � 6.7 � 7.4 � 3.4 � 17.6

IAS-20

550 � 1.2 � 1.3 � 1.7 � 0.7 � 3.7 � 5.8 � 20.6 � 28.1 � 2.1 � 2.5 � 2.2 � 6.8
600 � 2.2 � 2.4 � 2.8 � 1.3 � 6.5 � 10.1 � 19.7 � 26.9 � 2.0 � 2.4 � 2.2 � 6.6
650 � 4.8 � 5.6 � 7.4 � 5.4 � 18.4 � 26.3 � 17.6 � 19.4 � 2.8 � 2.6 � 2.1 � 7.6
700 � 7.1 � 7.9 � 9.9 � 8.6 � 26.4 � 37.9 � 13.6 � 17.5 � 3.9 � 2.7 � 1.8 � 8.4
������������������������������������������������������������������������������������

of Brønsted acid centers on which the radical cation
can be adsorbed to form aromatic hydrocarbons.

On indioaluminosilicate IAS-10, as the reaction
temperature is increased from 550 to 700�C, the yield
of C2�C4 olefins from SRN increases from 17.6 to

41.6%, whereas the yield of aromatic hydrocarbons
decreases from 42.9 to 17.6% (Table 2). Apparently,
isomorphous substitution of Al(III) by In(III) in the
zeolite gives rise to Lewis acid centers capable of
abstracting hydride ions from the initial hydrocarbons
of SRN to give radical cations. Their subsequent
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transformations occur both on Brønsted acid centers
to give aromatic hydrocarbons or in the bulk to give
lower olefins. The radical centers Si�O*, Si�O*�Al,
and Si�O*�In, as well as the In3+ ions occluded on
the catalyst surface can act as Lewis acid centers [14].

As the degree of aluminum substitution by indium
ions is further increased to 20 wt % (IAS-20 sample),
the activity of the catalyst in SRN transformation
drastically decreases. As the reaction temperature is
increased from 550 to 700�C, the yield of lower ole-
fins from SRN increases from 3.7 to only 26.4%, with
the yield of aromatic hydrocarbons being as low as
7�8%. This may be due to fixation of the In3+ ions in
the framework positions isomorphous with Si4+; ac-
cording to [13], only a certain part of In3+ is fixed in
these positions. When the In3+ content is increased
further, the In3+ ions become occluded (in the form
of salts and oxides) on the crystal surface and inside
the channels and become localized in the vicinity of
groups containing oxygen ions with the noncompen-
sated charge (in cationic positions), blocking the
Brønsted acid centers.

Also, we studied by DTA the coking of the catalyst
surface in the course of SRN transformation. On all
the �coked� catalyst samples, a small endothermic
effect at 110�C is due to removal of physically ad-
sorbed water. The shift of the peak of the coke deposit
combustion in the DTA curve of In(III)-modified HSZ
toward higher temperatures (520�740�C) suggests
formation of more �condensed� coke on the catalyst
surface in the course of SRN transformation (Table 3).

The DTG and DTA curves show that the coke
deposits are removed from the zeolite-containing
catalyst in the range of burn-out of coke formed from
polycondensed aromatic hydrocarbons [15]. In the
DTA curves of coked In-HSZ-3 and In-HSZ-4 sam-
ples, a second strong maximum appears in the range
520�740�C, suggesting formation of a broader spec-
trum of coke deposits. The content of coke deposits
on these samples is the highest, which is well consis-
tent with their higher activity (maximal yield of aro-
matic hydrocarbons in transformation of straight-run
naphtha).

On the IAS-20 sample, the coke deposits burn out
at low temperatures (DTA peak at 420�C), which
suggests their nonaromatic nature. This may be due
to the absence of strong acid centers in this sample,
which results in a low yield of aromatic hydrocarbons
from straight-run naphthas.

It is known [16] that the coking in the course of

Table 3. Differential thermal analysis of coke deposits on
indium-modified zeolite-containing catalysts
����������������������������������������

Catalyst
�T of thermal effect� Tmax �

Coke con-������������������������
� �C � tent, %

����������������������������������������
H-HSZ � 500�580 � 560 � 7.2
In-HSZ-1 � 520�710 � 700 � 11.0
In-HSZ-2 � 520�700 � 680 � 9.8
In-HSZ-3 � 520�740 � 660, 700 � 19.9
In-HSZ-4 � 520�710 � 600, 670 � 17.9
IAS-10 � 520�700 � 670 � 9.6
IAS-20 � 300�500 � 420 � 4.6
����������������������������������������

transformation of hydrocarbons on zeolite-containing
catalysts follows a consecutive scheme involving
polymerization and condensation of alkenes, and also
condensation and dehydrocondensation of aromatic
hydrocarbons. The consecutive scheme of formation
of coke residues from alkenes is as follows [17]: ole-
fins�cycloolefins�benzene�alkylbenzene�condensed
polyaromatic hydrocarbons�coke.

However, the coking may involve, along with poly-
condensation of aromatic hydrocarbons, also radical
polymerization, i.e., a contact of a hydrocarbon with
an active center of the catalyst may result in cleavage
of aromatic hydrocarbons across the C�C bonds and
nonaromatic hydrocarbons across the C�H bonds. The
hydrogen atoms generated in the process can react
with the carbonaceous deposits on the catalyst surface
to give low-molecular-weight hydrocarbon radicals,
which behave as active centers effecting propagation
of the polymeric chain.

Thus, on zeolite-containing catalysts, the coking
can occur by several mechanisms depending on the
composition of the hydrocarbon raw material and on
the type, strength, and concentration of active centers
on the catalyst surface. By varying the procedure for
introducing the modifier, in particular, In(III), it is
possible to control the ratio of strong and weak acid
centers and hence the direction of hydrocarbon trans-
formation toward predominant formation of lower C2�
C4 olefins or aromatic hydrocarbons. For selective
formation of lower olefins, the best procedure for
introducing In3+ into the zeolite matrix is incorpora-
tion of In(III) into the zeolite structure in hydrother-
mal synthesis, whereas for selective formation of aro-
matic hydrocarbons from straight-run naphtha it is
advisable to introduce In by dry mixing of the zeolite-
containing catalyst with an indium salt.
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CONCLUSION

A correlation was revealed between the acid prop-
erties of In(III)-modified Pentasil-type zeolitic cata-
lysts and their catalytic activity in transformation of
straight-run naphtha. For selective production of lower
olefins from straight-run naphtha, it is advisable to
add In(III) in the stage of the hydrothermal synthesis,
whereas for selective production of aromatic hydrocar-
bons dry mixing of an indium salt with the zeolitic
catalyst is preferable.
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Abstract�Treatment of Neva water to remove organic and mineral impurities on an ion-exchange industrial
installation with the resins produced in Russia was studied.

Many of the modern productions use a high-resis-
tivity desalinated water prepared by treatment of
natural water [1�5]. The most urgent problem in water
treatment is removal of organic contaminants. The
reason is that natural waters contain a wide variety of
both organic and mineral impurities in diverse com-
binations and ratios. Therefore, the technique suited
for preparation of deionized water with the minimal
content of organic pollutants must be adapted to fea-
tures of water to be treated [1].

The aim of this work was to analyze the efficiency
of removal of organic pollutants from Neva water
in the course of its pretreatment and ion-exchange
desalination on an industrial ion-exchange installation.

EXPERIMENTAL

Neva water belongs to low-mineralized natural
waters. It has a yellowish color caused by the sig-
nificant amounts of humic (HA) and fulvic (FA) acids
[1�3]. As a rule, the plant facilities use municipal tap
water. This water contains variable amounts of humic
substances and other undesirable impurities. Karmazi-
nov and Gumen [6] believe that this is due to insuf-
ficient efficiency and overload of the head facilities
installation and periodical deterioration of the water
quality in the Neva�Ladoga water system.

Data on seasonal variations of both the permanga-
nate oxidizability (PO) (hereinafter referred to as oxi-
dizability) of Neva water and the content of several
organic compounds averaged throughout three-year
period are listed in Table 1. This table shows that,
among organic impurities, fulvic acids prevail.

It is known that the most efficient procedure for
water treatment [1, 3] is distillation. The laboratory

experiments showed (Table 2) that distillation of Neva
water removes about 95% of humic acids. However,
this power-consuming technique cannot be used for
a large-scale industrial water treatment. As a rule,
before water desalination it is pretreated by reagent
coagulation, sorption, or combination of these tech-
niques [1]. In preparation of desalinated water for
semiconductor production, aluminum sulfate is used
as the most efficient coagulant [1, 7]. Upon such a
treatment, the aluminum content in the purified water
does not exceed 3 �10�7%.

Table 2 shows that HA is removed by coagulation
to a greater extent than FA. Upon coagulation, the
content of oxidizable compounds decreases by 40�
50% only, and the residual water oxidizability ex-
ceeds 5 mg O/l. Thus, Neva water pretreatment by
coagulation only does not decrease its oxidizability to
2.5 mg O/l, which is required for preparation of high-
resistivity water by ion-exchange methods.

In order to increase the degree of removal of organ-
ic impurities, the tap water treated by coagulation was
additionally clarified in a mechanical filter and then
filtered through weakly basic IA-1 (IA-2, IA-3) poly-
condensation anion exchangers derived from m-phen-
ylenediamine [7]. Since natural waters contain a wide
variety of impurities, their ion-exchange decontamina-
tion should be performed with resins containing dif-
ferent functional groups [8]. It was found that anion
exchangers of IA type in a salt form exhibit the maxi-
mal sorption capacity for humic substances and their
sorption increases with increasing temperature and de-
creasing pH [1, 7]. As seen from Table 3, IA-1 resin
exhibits high sorption capacity for all the organic sub-
stances present in water of different rivers: Neva
(Leningrad oblast), Nevezhis and Panevezhis (Lithua-
nia), and Usman (Voronezh oblast). These data show
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Table 1. Content of organic substances in Neva water (St. Petersburg water supply)
������������������������������������������������������������������������������������

Water characteristic
� Sampling time
���������������������������������
� winter � summer � autumn

������������������������������������������������������������������������������������
Color index, Cr�Co scale, degree � 20 � 30 � 25
Permanganate oxidizability (�0.2), mg O l�1 � 9.6 � 7.5 � 6.2

� � �Humic acids (�0.02), mg l�1 � 0.49 � 0.54 � 0.34
Fulvic acids (�0.05), mg l�1 � 10.00 � 13.20 � 9.90
Amino acids (�2), �g N l�1 � 11 � 6 � 8
Protein-like substances (�5), �g N l�1 � 40 � 125 � 40
Sugars* (�20), �g g�1 � 780 � 260 � 570
Esters (�10), �g-equiv l�1 � 75 � 100 � 100
Carboxylic acids (�3), �g-equiv l�1 � 20 � 22 � 21
Total hardness (�0.03), mg-equiv l�1 � 0.5 � 0.5 � 0.5

� � �HCO3
� (�0.03), mg-equiv l�1 � 0.5 � 0.5 � 0.5

Silicic acids (�0.01), mg l�1 � 3.0 � 2.8 � 3.0
Total salt content (�0.03), mg-equiv l�1 � 1.0 � 1.0 � 1.0
������������������������������������������������������������������������������������
* Recalculated to glucose.

Table 2. Effect of Neva water treatment with distillation and coagulation on its characteristics
������������������������������������������������������������������������������������

Water characteristic

� Purification technique
�������������������������������������
� distillation � coagulation
�������������������������������������
� before � after � before � after

������������������������������������������������������������������������������������
Oxidizability (�0.2), mg O l�1 � 7.8 � 0.4 � 9.7 � 5.7
Impurities: � � � �

humic acids (�0.02), mg l�1 � 0.38 � 0.04 � 0.67 � 0.27
fulvic acids (�0.05), mg l�1 � 13.20 � 0.19 � 13.60 � 8.05
amino acids (�2), �g N l�1 � 16 � 7 � � � �

� � � �sugars (�20), �g g�1 � 266 � 56 � � � �

esters (�10), �g-equiv l�1 � 100 � 100 � 85 � 85
carboxylic acids (�3), �g-equiv l�1 � 22 � <3 � 80 � 72

������������������������������������������������������������������������������������

that all the organic substances except esters are ef-
ficiently sorbed on IA resins. Taking into account that
esters are not removed from river water by distillation,
coagulation, and filtration through anion-exchange
resins, a new technique suited for solution of this
problem is required.

To evaluate the contribution of coagulation, sorp-
tion, and desalination steps to the total purification of
Neva water to remove organic impurities, their con-
centrations at the inlet and outlet of the corresponding
units of an industrial ion-exchange installation with
the performance of 6.5 m3 h�1 were monitored dur-
ing 20 labor shifts (160 h). These experiments were
carried out in the spring flood.

In water treatment, the following sequential proce-
dures were performed: heating of the initial water to

20�25�C, coagulation treatment with aluminum sul-
fate (0.5 mg-equiv l�1), clarification with a mechanical
filter packed with quartz sand and anthracite, filtration
through strongly acidic KU-2 cation exchanger in
the H form, decarbonation, filtration through an
adsorber packed with IA-1 anion exchanger in the
Cl form, filtration through AN-31 weakly basic anion
exchanger in the OH form, and filtration through a
combined sorbent (CS) consisting of KU-2-8 strongly
acidic cation exchanger in the H form and AV-17-8
strongly basic anion exchanger in the OH form at their
volume ratio of 1 : 1.4 and the filtration velocity
of 6�7 m h�1.

Under such conditions, one volume of IA-1 resin
purifies up to 900�1000 volumes of Neva water. The
variations of water characteristics at the inlet of the
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Table 3. Effect of river water filtration through porous anion exchanger on the content of organic impurities
������������������������������������������������������������������������������������

Water characteristic

� River
���������������������������������������������������
� Neva � Usman � Nevezhis
���������������������������������������������������
� initial � filtrate � initial � filtrate � initial � filtrate

������������������������������������������������������������������������������������
Oxidizability (�0.2), mg O l�1 � 6.2 � 1.7 � 7.0 � 2.6 � 6.2 � 1.9
Impurities: � � � � � �

humic acids (�0.02), mg l�1 � 0.34 � 0.12 � 0.36 � 0.05 � 0.10 � <0.02
fulvic acids (�0.05), mg l�1 � 9.85 � 1.20 � 3.80 � 1.05 � 2.50 � 0.46
sugars (�20), �g l�1 � � � � � 630 � 360 � � � �

amino acids (�2), �g N l�1 � 8 � 4 � 39 � 29 � � � �

carboxylic acids (�3), �g-equiv l�1 � 21 � 9 � 23 � 19 � � � �

� � � � � �esters (�10), �g-equiv l�1 � 100 � 100 � 90 � 90 � 120 � 120
������������������������������������������������������������������������������������

Table 4. Effect of Neva water treatment on its characteristics
������������������������������������������������������������������������������������

Water characteristic

�

Initial water

� Treatment step
� ������������������������������������
� �

coagulation
�

sorption
� desalination

� � � ������������������
� � � � AN-31 � CS

������������������������������������������������������������������������������������
Oxidizability (�0.2), mg O l�1 � 9.7 � 5.6 � 2.1 � 1.1 � 0.8
Impurities:: � � � � �

humic acids (�0.02), mg l�1 � 0.68 � 0.30 � 0.06 � 0.04 � <0.02
fulvic acids (�0.05), mg l�1 � 10.50 � 7.90 � 1.90 � 1.00 � 0.40

������������������������������������������������������������������������������������

desalinating device were as follows: oxidizability
from 8.6 to 11.2 mg O l�1, HA content from 0.30 to
1.50, and FA content from 8.10 to 11.5 mg l�1. Tak-
ing into account that these variations are appreciable,
we determined not only the mean-shift water composi-

(a)
(b) (c)

cFA, mg l�1

PO, mg O l�1
cHA, mg l�1

Fig. 1. Variation of the (a) permanganate oxidizability, (b) HA content cHA, and (c) FA content cFA (1) in the initial Neva water,
(2) after coagulation treatment, (3) after filtration through IA-1 porous anion exchanger, and (4) after filtration through the
combined sorbent throughout the process period. (V) Volume of purified water (number of IA-1 volumes); the same for Fig. 2.

tion (Table 4) but also water composition in separate
treatment stages (Figs. 1a�1c).

Table 4 shows that the degree of HA removal from
Neva water by coagulation (60%) considerably ex-
ceeds that of FA removal (25%). At the same time,
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(a)

(b)

�, M� cm

PO, mg l�1

Fig. 2. (a) Specific electrical resistivity � and (b) water
oxidizability PO as functions of the water volume filtered
through the ion exchanger. Figures at curves are numbers of
the filtration cycles.

the water oxidizability reflecting the total content of
organics in water decreases by 40% only. Upon filtra-
tion through the porous anion exchanger, the HA and
FA content decreases, on the average, by 90% and
80%, respectively. In the subsequent filtration through
AN-31 and CS anion exchangers, a additional amount
of organic impurities (13�15%) is removed from
water. We found that, after completion of water treat-
ment, humic acids (3�4%) and the organic matter
oxidizable with KMnO4 (about 10%) remain in water.

Figures 1a�1c show variations in the content of
organic substances in Neva water (single samples) at
different stages of its treatment (in the initial water,
after coagulation treatment, and after filtration through
IA-1 and CS ion exchanger). It is seen that, irrespec-
tive of the treatment procedure, the variations in the
oxidizability (Fig. 1a) have similar wave-like shape.
At the same time, the humic acid content remains
virtually constant (Fig. 1b), and the fulvic acid break-
through gradually increases (Fig. 1c). These facts
show that Neva water contains some amount of easily
oxidizable nonhumic impurities which are not re-
moved in the course of water treatment. These im-
purities do not affect the electrical resistivity of
deionized water �, i.e. they are nonelectrolytes.

We found that, during a three-year process period,
the porous anion exchanger retains high sorption

power and levels out the variations in the HA and FA
content in the clarified water (Figs. 1b, 1c). These fig-
ures show also that the FA breakthrough exceeds that
of HA. However, we failed to determine a time when
IA-1 exhausts its sorption capacity for HA and FA by
measuring the filtrate oxidizability, because the oxi-
dizability characterizes the total content of easily oxi-
dizable impurities and is insensitive to a breakthrough
of difficultly oxidizable HA and FA.

This is confirmed by Fig. 2 in which the specific
electrical resistivity and oxidizability of the filtrate
are plotted vs. the water volume sequentially passed
through IA-1 anion exchanger and desalinating filters
containing KU-2-8 cation exchanger and AV-17-8
anion exchanger (total volume of the ion exchangers
1000 cm3, filtration velocity through the adsorber
and ion exchangers 7 and 20 m h�1, respectively,
the performance of the ion-exchange installation
100 l h�1).

Figure 2 shows that a breakthrough of the organic
electrolytes (HA and FA) is detected by the electrical
resistivity at the smaller filtrate volume than it is de-
tected by the oxidizability. Since the quantitative deter-
mination of HA and FA requiring their preconcentra-
tion is a prolonged procedure [9], it is difficult to
unambiguously determine the time when an adsorber
is exhausted and must be replaced by a fresh one.

Based on the fact that HA and FA absorb UV ra-
diation [10], their breakthrough into filtrate was
detected by measuring the optical density at 205 nm
D205. In order to increase the detection sensitivity,
a long optical cell (100 mm) was used. In developing
this technique, we found that there is an inverse corre-
lation between the optical density D205 (i.e., HA and
FA breakthrough into filtrate) and the electrical resis-
tivity of the desalinated filtrate �.

A sharp decrease in the specific electrical resistiv-
ity of a filtrate flowing out of an adsorber packed with
the CS combined deionizing sorbent shows that this
sorbent is saturated with mineral ions. At this point,
the adsorber must be put out of operation and replaced
by a fresh one. However, the electrical resistivity of
the filtrate can decrease owing to breakthrough of not
only mineral but also organic electrolytes. Among
them the FAs contribute maximally into the electrical
conductivity, since fulvic acids of Neva water are
characterized by a fairly high ionization constant,
pKa 4.3 [11]. If this is the case, the porous anion
exchanger rather than the CS combined sorbent must
be replaced or regenerated. In practice, upon replacing
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the adsorber, the electrical resistivity of the filtrate
increased to the initial level.

To meet the growing requirements of certain pro-
ductions to the quality of deionized water, water treat-
ment to remove organic impurities must be more effi-
cient. In order to develop such an efficient technique,
a wide variety of approaches should be tested: sorp-
tion treatment with synthetic sorbents selectively
removing organic contaminants from natural water,
sorption on combined anion�cation exchangers, oxida-
tion under UV irradiation, with ozone, hydrogen per-
oxide, with combination of these, etc. [12].

CONCLUSIONS

(1) The seasonal variations in the content of organ-
ic substances in Neva water were studied. Fulvic acids
were found to prevail in all the seasons.

(2) Long-term operation of an ion-exchange instal-
lation showed that Neva water pretreatment (reagent
coagulation, sorption of organic impurities on porous
polycondensation anion exchangers derived from
m-phenylenediamine in the salt form, preheating of
water to 20�25�C, acidification to pH 3�4) followed
by desalination on a combined sorbent allows prepara-
tion of the deionized water with the specific electrical
resistivity of up to 18 M� cm and the permanganate
oxidizability lower than 1.0 mg O/l.

(3) The combined desalinating sorbent is exhausted
and must be replaced by a fresh one when the optical
absorption of the final filtrate at 205 nm (a 100-mm
cell) caused by breakthrough of the organic impurities
starts to grow.
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Abstract�Centrifugal separation of low-concentration suspension in a biconical rotor of a centrifuge was
modeled numerically. A system of equations describing the motion of solid particles in a fluid flow was
constructed and solved. The effect of geometric parameters of the centrifuge rotor on the separation efficiency
was demonstrated.

Centrifugation is rather frequently used for separat-
ing low-concentration suspensions containing a finely
dispersed solid phase. The choice of the type of a
centrifuge and its design features is governed by
physical characteristics of the media being separated:
size and shape of particles, difference between the
densities of the dispersed and continuous phases, and
viscosity of the continuous phase.

Despite the sufficiently good understanding of
methods used for separating suspensions and wide
variety of centrifuges employed in practice, develop-
ing a theory of settling of the finely dispersed phase
and precise methods for calculating the equipment to
be involved is an important task. The data necessary
for calculating centrifugation of a particular suspen-
sion or emulsion can be obtained from experiments
concerned with separation on an experimental cen-
trifuge modeling the design of the centrifuge to be
calculated. However, this approach is not always
justified.

By now, basic patterns characterizing centrifugal
separation and yielding information about the optimal
conditions of centrifuge operation have been estab-
lished [1]. In view of the wide application of numeri-
cal methods to solution of various technical problems
and simulation of industrial processes, it is possible to
pass from formal approximation of experimental
operation characteristics of equipment and apparatus
for centrifugal separation to mathematical simulation
that takes into account the hydrodynamic and kinetic
characteristics of the process. In settling centrifuga-
tion, two processes occur simultaneously [2]: fluid
flow within the rotor (internal problem) and motion

of settling particles relative to the fluid (external
problem).

Specific features of the distribution of fluid flows
in a centrifuge and type of their motion within the
rotor largely determine the true time of particle resid-
ence in different zones of the field of centrifugal
forces, i.e., the actual output capacity of a centrifuge
at a given sinking velocity of particles to be separated.
In a turbulent flow of a suspension, the settling of
solid particles may be strongly affected by turbulent
pulsations of the fluid. In addition, the particles in
the flow acquire rotatory motion. The transverse
forces arising because of the rotation of particles exert
influence on the nature of their motion and, conse-
quently, on the settling rate. This rate is also affected
by the lagging of the fluid behind the rotor motion.
The factors mentioned above result in that a certain
amount of particles with size exceeding the separation
size is lost with the centrifugate.

The centrifugation of suspensions involves simul-
taneously occurring processes of fluid flow within
the rotor, motion of settling particles relative to the
fluid and to the rotor walls, formation of a sediment
layer, and its densification.

The results obtained in studying the separation of
suspensions in a cylindrical settling centrifuge and
a centrifuge with a biconical rotor demonstrated
a higher efficiency of separation of low-concentration
suspensions in a biconical rotor (Fig. 1) at relatively
high centrifugate output capacity of the centrifuge [3].

When describing the motion of a fluid within the
rotor with account of the complexity of solution of a
system of flow continuity equations and hydrodynam-
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ic equations, the vortex strength � and flow function
� are introduced as main dependent variables:

rw = ��/� r, rv = ���/�z, (1)

� = �v/�z � �w/� r, (2)

where w and v are the fluid velocity components along
the z and r axes, respectively. The following assump-
tions are made: the fluid is incompressible; effective
viscosity is invariable; gravitational, electric, magnet-
ic, and other fields are weak.

Equations for variables (1) and (2) are reduced to
the form [3]

� ��� � � ��� � � �� � � �
a���� ����� � � �� ������ � ���b���(c��)�

�z �r �r �z	 
 	 
 �z �z� � � �

� �� �
� ���b���(c��)� + rd� = 0, (3)

�r �r� �

where � is a dependent variable; a�, b�, c�, and d� are
functions.

The values of a�, b�, c�, and d� were given, de-
pending on the type of a function used, in [4].

The system of equations under study was solved by
the finite-difference method, with a finite number of
points chosen so that they are distributed in accor-
dance with a certain pattern in the flow field; these
points being mesh nodes. The values of the variables
were calculated at the nodes and found by interpola-
tion at intermediate points.

An iteration method of successive shifts was de-
veloped for solving the system of nonlinear algebraic
equations. This method takes into account the spe-
cificity of the following boundary conditions for fluid
flow within the centrifuge rotor.

Boundary conditions at the inlet cross section.
The parameters of the flowing-in fluid are known,
the streamlines are considered to be parallel to the
symmetry axis in this region. This condition also
determines the distribution of the vortex strength.
The processes occurring within the centrifuge affect
the distribution of quantities over the inlet cross
section only slightly.

Boundary conditions at the wall. The wall is
impermeable to the fluid and, consequently, the flow
function is constant all over the wall. The circum-
ferential velocity of the fluid in the immediate vicinity
of the solid wall is equal to the velocity of the wall
at any of its points.

Fig. 1. Schematic of the centrifuge rotor: (1) rotor, (2) disc,
(3) inlet opening, and (4) discharge opening.

Boundary conditions at the outlet cross section.
The boundary conditions at the outlet cross section are
set by extrapolation of the values of the sought-for
variables from the flow.

Boundary conditions at the symmetry axis. The
radial component of velocity at the symmetry axis is
zero.

The calculation algorithm of the chosen solution
method was implemented using the Maple 6 software
package including procedures for data input, mesh
construction, solution of the system of equation, and
output of the information obtained. Numerical simula-
tion of the flow of a fluid containing the solid phase
was done for the example of separation of a suspen-
sion of microcrystalline cellulose (MCC) in water,
with solid phase content of less than 5%. In doing so,
the solid phase was taken to be monodisperse and to
contain spherical particles of a certain size. In simulat-
ing the separation of an aqueous suspension of MCC,
the average particle size dp was chosen, which varies
within the range 1�120 �m in the pulverized product.
The preset parameters in studying the process of cen-
trifugal separation were the solid phase particle diam-
eter and the angular rotational velocity � of the cen-
trifuge rotor.

Differential equations for finding the trajectory of
particle motion in the centrifuge rotor were derived
on the assumption that a low-concentration suspension
is being separated. The particle motion in a field of
centrifugal forces is described by the general law
of the drag force [5]

mp = dwp/dt = Fd, mp = dvp/dt = Fc + Fd, (4)

where Fd is the drag force (N); Fc, centrifugal force
(N); mp, particle mass (kg); wp and vp, horizontal and
vertical components of the particle velocity, re-
spectively (m s�1); and t, time (s).

The z and r components of the drag force Fd are
given by

Fz = 0.5�(�w)2
 (�dp
2 /4), Fy = 0.5�(�v)2
 (�dp

2 /4), (5)
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(a) (b) (c)
Hr

Dd

Dr

Fig. 2. Suspension flow structure in the contour. (a) Schematic of the contour: (1) rotor and (2) disc; (b) streamlines; and
(c) vector filed of velocities. (Dr) Rotor diameter (m), (Dd) disc diameter (m), and (Hr) rotor height.

where � is the fluid density (kg m�3); �w = w � wp,
�v = v � vp, the differences of longitudinal and trans-
verse components of the velocities of the fluid and
dispersed phases (m s�1); and �, the drag coefficient.

The centrifugal force can be found using the for-
mula

Fc = mp�
2 r, (6)

where r is the radius of the particle trajectory (m).

Finally, Eqs. (4) of particle motion, supplemented
with kinetic relations, are represented as

S(dwp /dt) = w � wp, �
�

S[(dvp /dt) � �2r] = v � vp, �
� (7)

dz /dt = wp, �
�

dr /dt = vp, �

where S is the Stokes number, S = �p dp
2 /18� (s); �p,

particle density (kg m�3); and �, fluid viscosity (Pa s).

The system (7) of equations describing the motion
of solid particles in the centrifugal filed of the cen-
trifuge was solved by the single-step Gear method.
The flow velocity of the fluid was determined by find-
ing numerically the velocity profile in the centrifuge
at varied geometric parameters of the centrifuge rotor.
The particle velocity at the entry into the centrifuge
rotor was taken to be equal to the fluid flow velocity,
which is well justified for small particles. In solving
the equations, the maximum rate of rotor rotation
at which all particles reach the rotor wall was deter-
mined.

To study the process in more detail, the separation
was simulated at varied geometric characteristics of

the contour of the centrifuge rotor. The presented
model of the suspension flow in the centrifuge rotor
and its numerical solution were used to obtain data on
the flow structure of the fluid and particles in various
contours of the rotor under consideration.

Figure 2 shows streamlines and vector field of
velocities in a contour with rectangular cross section,
which has parameters close to those of a laboratory
centrifuge with a biconical rotor.

Numerical simulation yielded data on the suspen-
sion flow structure in various contours of the cen-
trifuge in question. These data were analyzed in study-
ing the influence exerted by the main operation pa-
rameters of the centrifuge on the separation efficiency.
In doing so, the extent to which the suspension was
separated, amount of particles contained in the cen-
trifugate, and fraction of particles settling in the cen-
trifuge were evaluated from the trajectories of particle
motion within the rotor. Therefore, to estimate the
data obtained more accurately, the spectrum of par-
ticle motion trajectories was considered.

Analysis of the fluid flow structure and trajectories
of particle motion in contours of different sizes shows
that, at a constant rate of rotor rotation, the structure
of particle motion depends on the radius of particle
entry into the inlet cross section of the rotor. The
influence exerted by the rate of rotor rotation on the
degree of suspension separation was studied for con-
tours with rectangular cross sections. The results ob-
tained are shown in Fig. 3. The rate n of centrifuge
rotor rotation should be noted as the basic parameter
affecting the efficiency of suspension separation. The
content of solid particles in the centrifugate, c�,
markedly decreases when the rate of rotor rotation is
raised at constant initial concentration cin of the sus-
pension and its flow rate Q.
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n, s�1

c�/cin,
%

Fig. 3. Relative fraction of particles in the centrifugate,
c�/cin, vs. rate n of rotor rotation. Q = 9000 l h�1, H =
0.045 m, Dr = 0.16 m. Particle diameter dp (�m): (1) 5,
(2) 10, (3) 15, (4) 20, and (5) 25.

In the next stage of the study, suspension separa-
tion in the rotor of an experimental centrifuge was
simulated numerically. For this purpose, the calcula-
tion algorithm was applied to the biconical rotor of
the centrifuge. The trajectories of motion of solid
particles within the rotor largely depend on the flow
rate of the initial suspension.

The results obtained in the theoretical analysis were
compared with the data furnished by experimental
studies of suspension separation in a centrifuge with
a biconical rotor at the same process and design pa-
rameters. The comparison demonstrated that the
results of numerical and experimental studies at
identical modes of centrifuge operation (flow rate of
the initial suspension, rate of rotor rotation, particle
diameter, concentration of the solid phase) are in
reasonable agreement.

For a contour with dimensions corresponding to
those of the biconical rotor, we examined the influ-
ence exerted by the rate of rotor rotation and suspen-
sion flow velocity at the centrifuge inlet on the maxi-
mum diameter of solid particles in the centrifugate.
In the case of separation of a suspension with poly-
disperse composition of the solid phase, the maximum
size dcr of solid particles in the centrifugate decreases
with increasing rate of centrifuge rotor rotation and
decreasing rate of suspension supply into the rotor
(Fig. 4).

The model of the process, presented here, was also
used to study the efficiency of particle settling at
varied geometric parameters of the centrifuge. The
main variable parameters were rotor height, disc thick-
ness, and rotor and disc diameters.

The influence exerted by the height of the rotor on
the efficiency of suspension separation was considered
with all other design parameters of the centrifuge
fixed. In this case, the optimal height of the centrifuge

n, s�1

dcr, �m

Fig. 4. Maximum particle diameter dcr in the centrifugate
vs. rate n of rotor rotation. Suspension flow rate Q (l h�1):
(1) 300, (2) 150, and (3) 70.

rotor, at which particles of a certain diameter settle
onto the inner surface of the rotor, was determined.
Figure 5a shows the dependence of the degree of
separation 	 = (cin � c�)/cin on the height H of the
centrifuge rotor at different diameters of particles of
the dispersed phase in the suspension at constant sus-
pension flow rate and rate of rotor rotation. As seen
from Fig. 5a, settling of particles with smaller diam-
eters requires that the distance traversed by the fluid
in the field of centrifugal forces should increase sub-

(a)

H, m

(b)

Dr, m

Fig. 5. Degree of suspension separation, �, vs. (a) height
H and (b) diameter Dr of the rotor. n = 50 s�1, Q =
9000 l h�1. (a) Dd = 0.115 and Dr = 0.16 m; (b) Dd /Dr =
0.7 and H = 0.045 m. Particle diameter dp (�m): (1) 25,
(2) 20, (3) 15, (4) 10, and (5) 5.
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stantially, which ensures finer separation of the sus-
pension.

Since the separation is affected not only by the
rotor height, but also, possibly, by other parameters,
their influence was considered with other design
parameters of the centrifuge rotor fixed. The influence
of the rotor diameter on the efficiency of settling of
solid particles was studied. It was found that, when
only the rotor diameter is raised at invariable disc
diameter, the separation is insufficiently efficient.
This may be due to the following: particles move
around an obstacle in those regions where the centri-
fugal force is weak; as a result, they have not enough
time to settle on the rotor and find their way into the
centrifugate. If the disc diameter is changed in propor-
tion to the rotor diameter, the efficiency of the process
increases substantially. Increasing the rotor diameter
at constant disc diameter affects the efficiency of
settling of solid particles to a lesser extent, which
requires that the rotor diameter and, consequently, the
overall dimensions of the centrifuge should be made
much larger.

The plot representing the dependence of the degree
	 of suspension separation on the rotor diameter in
the case of a proportional increase in the rotor and
disc diameters is shown in Fig. 5b.

Simultaneous increase in the rotor and disc diam-
eters at their optimal ratio makes it possible to sub-
stantially improve the efficiency of suspension separa-
tion at small rotor height. Depending on the require-
ments to the quality of isolation of the dispersed phase
from a suspension, the optimal dimensions of the
centrifuge rotor can be found.

To separate suspensions containing finely dispersed
particles less than 5 �m in size, it is necessary to
make larger the geometric dimensions of the centri-

fuge rotor, specifically, its height, and raise the rate of
its rotation, on the basis of the flow rate and concen-
tration of a suspension fed into the centrifuge.

CONCLUSIONS

(1) Centrifugal separation of a low-concentration
aqueous suspension of microcrystalline cellulose in
the biconical rotor of a centrifuge was simulated
numerically on the basis of a mathematical descrip-
tion.

(2) The results of numerical simulation reasonably
agree with experimental data.

(3) The mathematical model was used to study the
influence exerted by the operation modes of the cen-
trifuge and geometric parameters of its rotor on the
efficiency of separation of suspensions containing
particles of microcrystalline cellulose 5 to 25 �m in
size. The efficiency of suspension separation can be
improved by raising the diameter and height of the
rotor.
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Abstract�The influence of surfactants and temperature on the intensity of interphase mass transfer in back
extraction under conditions of forced Marangoni flows was studied.

Spontaneous interphase convection arising at
mobile interfaces in fluid�gas and fluid�fluid systems
is a powerful tool for intensifying absorption and
extraction processes [1, 2]. Several mechanisms of
spontaneous interphase convection are known, but the
principal one is the c�� mechanism, or the Marangoni
effect [3].

This effect is a consequence of the presence at the
phase boundary of places with different concentrations
of surfactants and the resulting different surface ten-
sions �. As a result, there arise surface flows from
places with lower surface tension to those with higher
�. Commonly, this process is sporadic and is difficult
to control without changing the initial properties of
a system. Nevertheless, further intensification of mass
transfer across mobile boundaries is largely associated
with a search for methods to control the surface con-
vection.

Commonly, studies were concerned with funda-
mental aspects of mass transfer in systems agitated by
the �classical� method in which energy is introduced
into the bulk of liquids by stirrers of various types.
In this case, only a negligible fraction of energy dis-
sipated by a stirrer reaches the interfacial region in
which the main resistance to substance transfer from
one phase into another is concentrated.

In [4, 5], another method for energy introduction
was proposed. Energy is fed directly into the inter-
facial region by a flexible band moving across the
phase boundary, which can serve not only as a new,
rather efficient method for controlling the rate of sub-
stance transfer, but also as an effective technique for
detection of surface structures and study of the in-
fluence exerted by surfactants on the process kinetics.

With the use of the method proposed in [4, 5], a
rather interesting type of surface flows, named �ten-
sion� flows, was discovered [6]. These flows could
have also be named the mechanically induced [7] or
forced Marangoni effect. Forced Marangoni flows are
readily controllable. They arise upon adsorption of
surfactants onto mobile boundaries or upon formation
of dynamic dispersed interphase layers [8], across
which solid bodies (bands, plates, threads, discs, etc.)
move.

It was found that even relatively slow motions of
solid bodies may lead to pronounced acceleration of
mass transfer. For example, mass transfer could be
accelerated by a factor of 30�40 in fluid�fluid sys-
tems in the case of formation of dynamic dispersed
interphase layers [4, 5]. Despite that this way to con-
trol the rate of mass transfer is rather promising, the
fundamental aspects of mass transfer under conditions
of forced Marangoni flows are poorly understood. For
example, there is no evidence concerning the influ-
ence exerted by the type and concentration of a sur-
factant and by temperature on the rate of mass transfer
in the case of mechanical perturbation of the phase
boundary.

The aim of this study was to determine the effect
of surfactants and temperature on the intensity of
interphase mass transfer in back extraction under con-
ditions of forced Marangoni flows.

EXPERIMENTAL

We studied the kinetics of nitric acid back extrac-
tion from extracts containing solutions of hydrate
solvates of tri-n-butyl phosphate (TBP) and nitric
acid, TBP(H2O)x �HNO3, in carbon tetrachloride. Tri-
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Fig. 1. Schematic of modified Gordon cell: (1) band,
(2) temperature-controlled cell, (3) stirrer, (4) electrical
conductivity pickup, (5) conductometer, (6) analog-to-
digital converter, (7) band reciprocating gear, (8) computer,
(9) tachometer, (10) dc electric motor.

n-butyl phosphate was preliminarily vacuum-distilled
and contained more than 99% main substance. Carbon
tetrachloride was of chemically pure grade. The sur-
factants used: sodium dodecyl sulfate (SDDS, an
anionic surfactant) and cetyltrimethylammonium
bromide (CTMAB, a cationic surfactant) were of
analytically pure grade.

Back extraction of nitric acid from an organic into
an aqueous phase is accompanied, as established in
[8], by an instantaneous diffusion-controlled reac-
tion (1) and a physical process (2) of phase formation:

TBP(H2O)x �HNO3org
� TBPaq + xH2O + H+(H2O)y

+ NO�

3, (1)

TBPsoln � TBPdisp. (2)

Reaction (1) occurs in aqueous phase layers adjacent
to the phase boundary. The reaction ends in the for-
mation of an oil-in-water emulsion from dissolved
TBP [8]. This gives reason to suggest that the forced
Marangoni effect may strongly affect the kinetics of
back extraction, and addition of the surfactants men-
tioned above must markedly weaken or enhance the
effect.

The installation for kinetic studies has been de-
scribed previously [5]. Its modified design is shown in
Fig. 1. The phase boundary is perturbed using a poly-
ethylene band 1 which reciprocates perpendicularly
to the phase boundary in the temperature-controlled

cell 2 of diameter 50 mm. The fluid at phase cores
was agitated with propeller stirrers 3. The acid con-
centration in the aqueous (top) phase was determined
using an electrical conductivity pickup 4, conductom-
eter 5, analog-to-digital converter 6, and Pentium
PC-AT. The band was reciprocated perpendicularly to
the phase boundary by a camshaft gear 7.

The use of the reciprocal motion has certain meth-
odological advantages: here, there is no need to take
into account changes in the interface area or complica-
tions associated with loss of the bottom phase toward
the interface with air, as it would be in the case of
a continuous unidirectional motion of an �infinite�
band or rotation of discs in the direction perpendicular
to the phase boundary.

The kinetics of back extraction of nitric acid was
studied under the following conditions: TBP concen-
tration in the organic phase 10 vol %, nitric acid con-
centration 0.06 M, fixed rate of rotation (1.7 s�1) of
propeller stirrers, two fixed frequencies of band
motion (0 and 0.8 s�1), band width 2 cm, and fluid
temperature in the cell varied in the range 287�308 K.

The experiments were done as follows. A 100 cm3

portion of a 10% TBP solution in CCl4 and the same
volume of distilled water were placed in cell 2. The
stirrers were switched on, and 1 cm3 of a solvate (10%
TBP �HNO3 in CCl4, cHNO3

= 0.06 mol dm�3) was
introduced into the organic phase under stirring. It
was established preliminarily that 8�10 s is necessary
for complete agitation of the solvate in the bulk of
the organic phase. Therefore, the first 50 s were ex-
cluded from consideration, which determined the
lower limit of integration in expression (4). Since
there existed a one-to-one correspondence between the
electrical conductivity of the aqueous solution and
the amount of acid transferred from the organic into
the aqueous phase (linear relation), calculating the
variation of the concentration was rather a simple task.

The experimental data obtained were processed as
follows. Kinetic curves c = f (t) are well approximated
by the dependence

n
ct = �ai t

i + A ln t (l = �2, �1, 0; n = 0, 1, 2, �), (3)
i = l

where ai and A are constants, and ci is the HNO3 con-
centration in the aqueous phase at ith instant of time t.

Differentiation of expression (1) gives

n
dct /dt = i�ai t

i� 1 + A/t. (4)
i = l
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The differential mass-transfer coefficient at instant
of time t was calculated using the formula

dct /dt
kt = ����������, (5)

(ceq � ct)(s /v)

where ceq is the acid concentration in the aqueous
phase in equilibrium (since the process is irreversible
and the volumes of the organic and aqueous phases
are the same and equal to v, ceq is equal to the initial
concentration of the acid in the organic phase), and
s is the interface area.

Since the mass-transfer coefficients ki are generally
time dependent, the integral, averaged over a period of
time equal to 20�200 s, mass-transfer coefficient k
was calculated by the formula

1000

�k = �
� kt dt /950, (6)
50

and the factor Fa of mass transfer acceleration (de-
celeration) upon introduction of a surfactant, by the
formula

Fa = �k /k. (7)

The coefficients of mass transfer of nitric acid from
organic into aqueous phase and errors in determining
these coefficients are listed in the table.

It can be seen that relative errors are, on the aver-
age, 6% in the case of a perturbed boundary and 11%
without perturbation, which well confirms the previ-
ous conclusion [3, 4] that random errors in determin-
ing the mass-transfer coefficients decrease in the
case of agitation of the interfacial layer. The data
in the table also confirm the conclusion that the
mass-transfer process is strongly (by a factor of 2�3)
intensified under agitation of the interfacial layer
because of the appearing surface flows [3�6].

Processing a large array of mass-transfer coef-
ficients obtained without perturbation of the phase
boundary with a band and in the absence of inten-
tionally introduced surfactants yields the following
value of the mass-transfer coefficient averaged over
time and over the array itself:

�
k = (0.760�0.084)�

10�5 m s�1. Introduction of 10�4 M of a cationic sur-
factant, CTMAB, into the system leads to a twofold
decrease in this value to

�
k = (0.390�0.043) �

10�5 m s�1. Almost the same is the effect of an anion-
ic surfactant, SDDS, added in the same molar amount
[
�
k = (0.366�0.040) �10�5 m s�1]. In other words,

Averaged mass-transfer coefficients and errors in deter-
mining these coefficients with and without phase boundary
perturbation
����������������������������������������

Without perturbation � With perturbation
�����������������������������������������k � 105, m s�1 � �, % � �k � 105, m s�1 � �, %
����������������������������������������

0.72 � 9 � 2.0 � 9
0.69 � 13 � 1.8 � 2
0.84 � 6 � 1.9 � 3
0.91 � 15 � 1.6 � 10

����������������������������������������

the classical case of suppression of the turbulence
that comes to the phase boundary from phase cores
because of the appearance of Gibbs elasticity of inter-
facial layers (suppression of capillary waves) is ob-
served in the presence of �strong� surfactants.

If the boundary is perturbed not only by propeller
stirrers, but also by band movements ( f = 0.8 s�1,
A = 2 cm), the pattern changes fundamentally (Fig. 2).
Introduction of a surfactant into the system under the
same conditions leads not to deceleration, but even
to a 2�3-fold acceleration of the mass transfer of nitric
acid. The mass-transfer coefficients averaged over a
period of 950 s are the following: (1.67�0.100)�10�5

without surfactant, (4.04�0.242)�10�5 in the pres-
ence of 10�3 M of CTMAB, and (2.63�0.159)�10�5

in the presence of the same amount of SDDS. Thus,
introduction of CTMAB into the system accelerates
back extraction by a factor of approximately 2.8,
whereas in the case of SDDS introduction, the ac-
celeration factor is about 1.6, which much exceeds
the experimental error.

The table shows that boundary perturbation ac-
celerates the mass transfer even in the absence of
special surfactant additives. However, it should be

ki � 105, m s�1

t, s

Fig. 2. Effect of surfactants on the differential mass-
transfer coefficients ki of nitric acid in the case of a phase
boundary perturbed with a band ( f = 0.8 s�1, A = 2 cm).
Surfactant concentration 10�3 M. (t) Process duration.
(1) CTMAB, (2) SDDS, and (3) without surfactant.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 7 2003

1102 TARASOV et al.

(a) (b) (c)

Fig. 3. Schematic of flows in the core and at the surface
in band reciprocation.

csur � 105, M

Fig. 4. Effect of surfactant concentration csur on the mass
transfer acceleration factor Fa: (1) CTMAB and (2) SDDS.

kept in mind that extraction systems actually always
contain surfactants. For example, surfactant properties
are exhibited in the case in question by the extracting
agent (TBP) itself.

The presence of special surfactants gives rise to the
already mentioned Marangoni effect, i.e., surface
tension flows accelerating the mass transfer, induced
by band movements. The effect of a surfactant in the
case of a perturbed boundary should be regarded as
nonspecific. Characteristic features of these flows
were described in [6, 7]. We believe that additional in-
formation is necessary for understanding of the pattern
observed.

Let us consider only a single part of an infinite
band. Here are meant movements induced by such
a band in the case of its reciprocal motion. Landau
and Lifshits [9] demonstrated that movements of
entrained fluid decay fast within the hydrodynamic
layer adjacent to the band. In this case, no flows are
observed far away from the band (Fig. 3a). If, how-
ever, two phases are present with a phase boundary
across which a band moves, the theory developed is
insufficient for understanding of the arising flows.
Experiment shows that two types of flows, which are
different not only in nature and intensity, but also in

direction (Fig. 3), can arise [5, 7]. These flows cover
the entire phase boundary area between the ascending
and descending parts of the band and layers adjacent
to the phase boundary, in which the main resistance to
mass transfer is concentrated. Therefore, even sluggish
movements of the band lead to substantial effects.
Movements in the bulk of the phases are the most
pronounced at places of triple contact (two phases and
a solid).

Figure 3b considers the case of a �clean� boundary
in the form of a meniscus. Surface flows are of iner-
tial nature: the fluid adhering to the band surface is
detached from it when the band is lifted to a certain
height and moves by inertia and under the action of
gravity forces, spreading at the phase boundary. Thus,
there appears a flow directed away from the ascending
band.

In Fig. 3c, the surface is contaminated with a sur-
factant. In view of surfactant adsorption on the band,
its motion shifts the entire surface layer of the sur-
factant. The reason is that there appears a gradient
of surfactant concentration and a gradient of inter-
phase tension. The phase boundary and the adjacent
fluid layers move toward an ascending band, since its
ascending motion is accompanied by simultaneous
adsorption of the surfactant onto the band. This leads
to a decrease in the surfactant concentration directly
at the place where the band traverses the boundary and
to an increase in surface tension at this place. This
gives rise to a surface flow of molecules toward the
band, and just this effect is the forced Marangoni
flow.

Forced Marangoni flows can be readily observed
visually. Indeed, fine particles of aluminum dust
(	1�10 
m) move synchronously with the band along
the phase boundary. The amplitude of these move-
ments decreases away from the band, as if the phase
boundary possessed both viscosity and mechanical
elasticity simultaneously. The velocity of surfactant
motion over the surface near the band in almost equal
to the velocity of band motion. Moreover, intense vor-
tices appear near the triple contact perimeter even in
the case of sluggish motion of the band. Therefore,
pronounced intensification of mass transfer occurs
upon introduction of soluble surfactants, and even
upon deposition of thick insoluble films on the phase
boundary, as shown for the case of carbon dioxide
absorption by water [6, 7].

One more reason for intensification of mass trans-
fer is settling of microparticles from a dispersed layer
onto the moving phase boundary. A mechanism of
this kind was considered in [10]. Particles settling
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from the dispersed layers onto the phase boundary
entrain the substance under study, thus intensifying
its transfer. The acceleration upon introduction of
a surfactant into a system with perturbed boundary
depends on the type of surfactants and their concen-
tration.

Figure 4 shows the dependence of the mass-transfer
acceleration factor on the concentration of a surfactant
introduced into the system. Even though a wide
scatter of experimental data is observed in the case of
CTMAB, the tendency toward a rise in the accelera-
tion factor with increasing concentration is clearly
pronounced (at least at low surfactant concentrations).

A study of the influence of temperature on the ki-
netics of HNO3 back extraction yielded additional in-
formation about the mechanism of forced Marangoni
flows. The apparent activation energy was 40 kJ mol�1

with only propeller stirrers in the absence of surfac-
tants. Perturbation of the phase boundary with a mov-
ing band leads to a twofold decrease in the activation
energy (Ea = 20 kJ mol�1). If 10�4 M of CTMAB is
introduced into the system under these conditions, the
apparent activation energy becomes negative (Ea =
�23 kJ mol�1), i.e., the back extraction rate decreases,
rather than grows (as usual), with increasing tempera-
ture. A reasonable explanation of this fact is as fol-
lows. When the temperature is raised, the surfactant
adsorption both at the phase boundary and on the
band decreases. Consequently, the conditions of sur-
factant adhesion to the band and the entrainment of
the surface layer by the band must be adversely af-
fected by increasing temperature. This is equivalent to
deterioration of the conditions of agitation of the
interfacial layer and leads to a decrease in the mass-
transfer coefficients with increasing temperature.

CONCLUSIONS

(1) The previous conclusion that introduction of
surfactants into a system leads to acceleration, rather
than to deceleration (as it commonly occurs), of mass
transfer in the case of mechanical perturbation of the
phase boundary with solid bodies moving across it is
confirmed.

(2) The influence exerted by perturbation of the
phase boundary with a solid body on the rate of mass
transfer becomes more pronounced with increasing
concentration of surfactants.

(3) Raising the temperature may lead, in the pres-
ence of surfactants, to deceleration of the mass trans-
fer because of the deteriorating conditions of mixing
of interphase layers.
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Abstract�Ultrafiltration of solutions of Bromocresol Purple on a UFM-50M membrane in the presence
of dispersed carbon was studied. The variation of the flow rate through unit surface area of the membrane and
of the dye retention factor with time was traced. The influence exerted on the ultrafiltration by dye adsorption
on dispersed carbon and by formation of a dynamic membrane was determined. For the initial stage of filtra-
tion, the dependence of the retention factor on the dye concentration in solution was found and accounted for.

Ultrafiltration is an effective method for concen-
trating solutions of synthetic dyes. Ultrafiltration
of solutions of this kind has been studied previously
[1�3]. The influence exeted by the dye concentration
and electrolyte additives on retention of azo dyes on
cellulose acetate membranes has been analyzed [1]. In
ultrafiltration separation of aqueous and aqueous�salt
solutions of Acid Black S, it was found that the reten-
tion factor is affected by orientation of anisodiametric
dye molecules in a convergent flow at membrane pore
mouths [2].

This study is concerned with ultrafiltration of aque-
ous solutions of Bromocresol Purple in the presence
of dispersed carbon. In the absence of the dispersion,
the retention of the dye is very low.

EXPERIMENTAL

Bromocresol Purple C21H19BrNO5S is a water-
soluble dye. The concentrations of the dye of analyt-
ically pure grade, determined by photometry (� =
400 nm), were 0.065 to 0.4 g l�1. Dispersed carbon
(5 g l�1) was added to a solution 90 min before filtra-
tion. This time was sufficient for the adsorption equi-
librium of the dye to be established at carbon par-
ticles. According to electron microscopy, the average
size of carbon dispersion particles was 200 nm.
A UFM-50M membrane based on aromatic polyamide
with average pore diameter of 30 nm was used in ex-
periments. Different UFM-50M membranes were used
in studying the influence exerted by the dye concen-
tration.

Ultrafiltration was carried out on a non-flow-
through DKRI-021 installation without agitation, with

pressure created by compressed air. The surface area
of the membrane was 0.0117 m2. The ultrafiltration
was done at 298 K. The scatter of the experimental
data obtained was 6%, and the variance, 0.7%.

In the course of filtration, the dye is adsorbed on
the surface and pore walls of the ultrafilter; carbon
particles with adsorbed dye are accumulated on the
ultrafilter and form a dynamic membrane layer. In the
course of time, the thickness of the dynamic mem-
brane layer grows, which leads to a decrease in the
flow rate through unit surface area of the membrane.
The variation of this parameter is determined by the
formula [4]

1 (Rm�)2 2acs�R(1 � K)
�� = ������ + �����������t, (1)
J2 (�P)2 �P

where J is the flow rate through unit surface area of
the membrane; Rm, hydrodynamic resistance of the
ultrafilter; �P, pressure difference; �, filtrate vis-
cosity; a, specific resistance of filtration; cs, substance
concentration in solution; R, retention factor; K, frac-
tion of substance transferred from the membrane sur-
face into solution as a result of back diffusion; and
t, time.

The hydrodynamic resistance of the membrane was
found using the formula

Rd = [2acsVR(1 � K)]A�1, (2)

where V is the filtrate volume, and F is the membrane
area.

According to formula (1), the slope of the linear
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dependence 1/J2 � t is

q = [2acs�R(1 � K)]�P�1. (3)

From formulas (2) and (3) follows that

V�P
Rd = ����q. (4)

2A�

Figure 1 shows dependences of the flow rate
through unit surface area of the membrane and of the
retention factor on the filtration time at dye concentra-
tion of 0.25 g l�1 and pressure of 0.05 MPa on a
UFM-50M membrane. The retention factor was calcu-
lated using the initial concentration of the dye. The
flow rate and the retention factor decrease with time.
The decrease in the flow rate is accounted for by an
increase in the thickness of the dynamic membrane
layer composed of carbon particles having adsorbed
dye on their surface. The high retention factor of the
dye is determined by its adsorption on carbon par-
ticles in solution and on the surface of the dynamic
membrane and walls of its pores. Without dispersed
carbon, the retention factor is 3.8% at dye concentra-
tion of 0.25 g l�1 and pressure of 0.05 MPa.

Figure 2 shows the time dependence of 1/J2. This
plot is a straight line which intercepts on the ordinate
axis a portion equal to 5.65 �108 s2 m�2. At � =
0.894 �10�3 N cm�2 and �P = 5�104 N m�2, for-
mula (1) gives the hydrodynamic resistance of the
ultrafilter, Rm = 1.33 �1012 m�1.

Figure 3 shows the time dependence of the hydro-
dynamic resistance of the dynamic membrane at dye
concentration of 0.25 g l�1 and pressure of 0.05 MPa.
The quantity q and the volume of the filtrate obtained
in a given time were used to determine, using for-
mula (2), the hydrodynamic resistance of the dynamic
membrane, which increases linearly with time.

Figure 4 shows the isotherm of dye adsorption
on dispersed activated carbon at carbon concentration
of 5 g l�1. The initial dye concentrations were in the
range from 0.05 to 0.4 g l�1. With increasing equi-
librium concentration, the mass of adsorbed dye grows
first steeply and then only slightly.

Figure 5 shows the dependence of the retention
factor on the initial concentration of the dye in solu-
tion at a pressure of 0.05 MPa on the UFM-50M
membrane at instant of time t = 60 s (curve 1). With
increasing concentration, the retention of the dye de-
creases. This is attributed to saturation of the surface
of carbon particles with adsorbed dye with its increas-
ing concentration. Previously, a decrease in the reten-

R, %J � 105, m s�1

t � 10�2, s

Fig. 1. (1) Flow rate through unit surface area of the mem-
brane J and (2) dye retention factor R vs. time t on a
UFM-50M membrane. Dye concentration 0.25 g l�1, pres-
sure 0.05 MPa; the same for Figs. 2 and 3.

t � 10�2, s

10�8/J2, s2 m�2

Fig. 2. 1/J2 vs. time t on a UFM-50M membrane.

t � 10�2, s

Rd � 10�11, m�1

Fig. 3. Hydrodynamic resistance of dynamic membrane,
Rd, vs. time t.

c, g l�1

ma/mc � 102

Fig. 4. Adsorbed dye to carbon mass ratio ma /mc vs. equi-
librium dye concentration c.

tion of azo dyes on cellulose acetate membranes with
increasing dye concentration in solution was observed
in [1].

Figure 5 also shows the dependence of the reten-
tion factor on the dye concentration, which was deter-
mined from the adsorption isotherm (curve 2). Com-
parison of curves 1 and 2 in Fig. 5 indicates that a
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R, %

c, g l�1

Fig. 5. Dependences of the retention factor R on the dye
concentration c, obtained (1) in ultrafiltration and (2) from
adsorption isotherm.

pronounced adsorption of the dye in the dynamic
membrane layer occurs in the course of filtration. The
enhanced adsorption of the dye on the dynamic mem-
brane, compared with that on the surface of carbon
particles, is due to an increase in the adsorption capac-
ity in the narrow pores of the carbon layer because
of the additivity of dispersion forces.

CONCLUSIONS

(1) In the presence of dispersed carbon, the reten-
tion factor of Bromocresol Purple increases manyfold.

(2) The dye retention factor decreases with in-
creasing dye concentration.

(3) The high retention factor is due to dye adsorp-
tion on carbon particles in solution and in filtration
through a carbon layer formed on the ultrafilter.
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Abstract�Branched water-soluble N-(2-hydroxypropyl)methacrylamide homopolymers containing interchain
urethane links were prepared. The hydrodynamic and molecular-weight characteristics of the branched homo-
polymers and the rate of their hydrolysis under the conditions close to those of a living body (saline, pH 7.0,
37�C) were determined.

Much attention is given today to synthesis and
study of biologically active polymers (BAPs) for their
use as medicinals. Biologically active polymers, as
compared to low-molecular-weight drugs, ensure pro-
longed effect of a drug and alter its biodistribution,
reducing sometimes its toxicity and giving other posi-
tive effects. Synthetic BAPs are prepared by radical
copolymerization of unsaturated derivatives of exist-
ing drugs with hydrophilic copolymers and by binding
drugs to a reactive hydrophilic polymeric carrier to
form polymer�drug links of various types. The second
route to BAPs is the most widely applied, since it
allows the use of commercially available drugs; in this
case, the major problem is development of a suitable
polymeric carrier.

Copolymers of N-(2-hydroxypropyl)methacryl-
amide (HPMA) are widely used as polymeric carriers
for drugs and biologically active substances [1�6].
It should be noted that the HPMA homopolymer con-
tains a reactive hydroxy group via which it is possible
to link various drugs and biologically active sub-
stances. This approach, however, is used relatively
seldom [7].

However, since poly-HPMA as a carbon-chain
polymer is not biodegradable, its molecular weight M
and molecular-weight distribution (MWD) should be
strictly limited to ensure easy elimination of BAPs
derived from this polymer. With nonfractionated 14C-
poly-HPMA as example, it was shown [8] that the
radioactivity level originating form this polymer (M =
28 000) at single intravenous administration in rabbits
decreases by half in 8 h, and in 17 days the circulatory
system gets free of the polymer. Accumulation of

14C-poly-HPMA with M = 33 000 is temporary: After
6 months, the polymer is detected in none of the eight
examined organs. It can be expected that the polymer
with M � 100 000 will be retained in the living body
for several years, and its deposition can cause diseases.
One of the ways to overcome these undesirable side
effects is synthesis of high-molecular-weight (M =
70 000�100 000) branched copolymers containing
chemically labile covalent bonds between short back-
bone chains. These bonds undergo gradual chemical
(hydrolysis) or biological cleavage to give low-molec-
ular-weight fragments (M � 40 000) which can be
readily eliminated from the living body with kidneys.
Preliminary binding of a drug to such chemodegrad-
able polymers will ensure its prolonged effect.

The goal of this study was to prepare and study as
drug carriers new branched chemodegradable HPMA
homopolymers containing interchain chemically labile
urethane links.

N-(2-Hydroxypropyl)methacrylamide is an active
monomer. Therefore, the initial linear HPMA homo-
polymers were prepared by polymerization of HPMA
in isopropanol, which is an active transfer agent for
the propagating polymeric chain [9] and decreases M
of the forming polymer, and in the presence of p-nitro-
phenol (p-NP), which is the polymerization inhibitor
and chain-terminating agent. The results are listed in
Table 1.

It is seen that, under these conditions, we were able
to prepare HPMA homopolymers with

�
Mv = 7000�

30 000. The higher was the p-nitrophenol content in
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Table 1. Polymerization of HPMA in isopropanol at 65�C in the presence of p-nitrophenol ([AIBN] = 4.5 wt %)
������������������������������������������������������������������������������������

Polymerization conditions �
Poly-HPMA

�
Yield in 24 h, %

�
[�],* dl g�1

�
�

Mv������������������������ � � �
[M], wt % � [ p-NP], wt % � � � �

������������������������������������������������������������������������������������
10 � � � Ia � 99.2 � 0.10 � 26 000**
15 � 4.25 � Ib � 63.4 � 0.09 � 22 000
15 � 4.75 � Ic � 65.6 � 0.08 � 19 000
15 � 5.50 � Id � 61.3 � 0.07 � 14 000
15 � 6.90 � Ie � 54.3 � 0.04 � 7000
15 � 5.00*** � If � 70.2 � 0.07 � 14 000
15 � 3.50 � Ig � 68.7 � 0.11 � 30 000

������������������������������������������������������������������������������������
* Determined in 0.1 M aqueous KCl at 25�C; the same for Tables 2 and 3.

** MSD = 27 000.
*** p-Nitrophenoxyacetic acid was used as chain-terminating agent.

Table 2. Reaction of poly-HPMA with HMDIC
������������������������������������������������������������������������������������

Initial poly-HPMA � Conditions of the reaction with HMDIC � Chemodegradable poly-HPMA
������������������������������������������������������������������������������������

no. � [�], dl g�1 �
�

Mv �ccop, wt %�[HMDIC]/[OH], mol/mol � �, h � no. � yield, %� [�], dl g�1 � MSD
������������������������������������������������������������������������������������

Id � 0.07 � 14 000 � 12 � 0.09 : 1 � 1 � IIa � 70.4 � 0.11 � 26 000
� � � 12 � 0.095 : 1 � 1 � IIb � 58.2 � 0.13 � �
� � � 10 � 0.115 : 1 � 7 � IIc � 71.0 � 0.16 � �
� � � 12 � 0.10 : 1 � 7 � � � Gelation

Ic � 0.08 � 19 000 � 12 � 0.01 : 1 � 6 � IId � 90.3 � 0.11 � �
� � � 12 � 0.04 : 1 � 6 � IIe � 66.7 � 0.19 � �
� � � 12 � 0.08 : 1 � 2 � � � Gelation

Ib � 0.09 � 22 000 � 12 � 0.075 : 1 � 3 � IIf � 68.6 � 0.12 � �
� � � 12 � 0.075 : 1 � 10 � IIe � 55.2 � 0.17 � �

Ia � 0.10 � 26 000 � 10 � 0.04 : 1 � 24 � IIh � 71.3 � 0.15 � 53 000
� � � 12 � 0.065 : 1 � 7 � IIi � 80.9 � 0.17 � �

Ig � 0.11 � 30 000 � 12 � 0.045 : 1 � 6.5 � IIj � 79.8 � 0.18 � 71 000
������������������������������������������������������������������������������������

the initial monomeric mixture, the lower was M of the
forming poly-HPMA.

Figure 1 shows the UV spectrum of poly-HPMA Ib
in DMSO. The absorption band at �max = 322 nm
belongs to the product of the reaction of p-nitrophenol
with the propagating macroradical under the condi-
tions of HPMA polymerization. As in the case of
polymerization of vinyl monomers in the presence of
nitrobenzene, this process leads to the chain termina-

�, nm
Fig. 1. UV spectrum of poly-HPMA Ib in DMSO, c =
815 �g ml�1: (D) optical density and (�) wavelength.

tion [10]. The lack of absorption at 427 nm proves the
absence of free p-nitrophenol in the polymers.

The results of the experiment on the synthesis of If
show that p-nitrophenoxyacetic acid, like nitrobenzene
and p-nitrophenol, can also be used as inhibitor of
HPMA polymerization and chain-terminating agent.

It is known [5, 6] that copolymers of HPMA with
p-nitrophenyl esters of oligopeptide N-methacryloyl
derivatives and unsaturated phenoxyacetic acids have
low M and narrow MWD (

�
Mw /

�
Mn = 1.3�1.8) owing to

the fact that the polymerizing system always contains
p-nitrophenol impurities originating from hydrolysis
of activated p-nitrophenoxy groups. Therefore, it can
be expected that HPMA homopolymers prepared in
isopropanol in the presence of p-nitrophenol will also
have narrow MWD.

Branched HPMA homopolymers were prepared by
reaction of linear poly-HPMA with a bifunctional
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agent, hexamethylene diisocyanate (HMDIC), in DMF
at 130�C in an argon atmosphere, i.e., under the con-
ditions of synthesis of linear polyurethanes [11]. The
results of the experiments on the reaction of the initial
HPMA homopolymers with HMDIC are given in
Table 2. It is seen that [�] and MSD of the branched
polymers are by a factor of 1.5�2 higher than those of
the initial linear polymers I. This result suggests for-
mation of urethane links between the polymeric chains
of the initial poly-HPMA in the course of the reaction
with HMDIC. The reaction conditions were deter-
mined under which the gelation is avoided and water-
soluble polymers are obtained. The reaction of linear
HPMA homopolymers with HMDIC is characterized
by the following trends. An increase in the [HMDIC] :
[OH] molar ratio at a constant initial concentration of
the polymer results in increased [�] of the reaction
product (polymers IId and IIe). Longer reaction, at
equal other conditions, also results in increased [�] of
the reaction products (polymers IIf and IIg). The hy-
drodynamic characteristics ([�], diffusion and sedi-
mentation coefficients) of branched HPMA homo-
polymers IIa, IIh, and IIj are given in Table 3.

The presumed scheme of the reaction of linear
poly-HPMA with HMDIC to give interchain (struc-
ture A) and intrachain (structure B) urethane links is
shown below.

The presence of urethane links in the resulting
branched HPMA homopolymer IIb was proved by 1H
NMR spectroscopy. Figures 2a and 2b show, respec-
tively, the upfield and downfield parts of the spectrum
of poly-HPMA IIb in dimethylacetamide-d9. In the
range 0.8�2.2 ppm, there are signals of the methylene
protons of the backbone, four methylene protons of
the cross-linking chain, and two methyl groups (one
in the backbone and another in the cross-linking
chain). The signal at 3.0�3.3 ppm can be assigned to
the CH2NHC(O) fragment.

The richest information is apparently furnished by
the signal at about 4.8 ppm. It can be assigned to the
methine proton of the urethane group, �CH(CH3)�
OC(O)NH. Comparison of its relative intensity (0.11)
with that of the sum of upfield signals (8.63) allows
estimation of the content of the �CH(CH3)�OC(O)NH
fragments in IIb at 8.9 mol %. This value includes
both interchain and intrachain urethane links. The
content of intrachain links is apparently higher, since
the initial homopolymer brought into the reaction with
the bifunctional reagent contained a large amount of
reactive hydroxy groups. According to [12], the prob-
ability of formation of intrachain cross-links is the

Table 3. Hydrodynamic characteristics of branched HPMA
homopolymers
����������������������������������������

Polymer
� [�], � S �1013, � D �107, �

MSD� dl g�1 � Sv � cm2 s�1 �
����������������������������������������

IIa � 0.11 � 1.6 � 6.6 � 26 000
IIh � 0.15 � 2.3 � 4.9 � 53 000
IIj � 0.18 � 3.1 � 4.8 � 71 000

����������������������������������������

lower, the smaller the content of reactive groups in the
copolymer.

The hydrolysis of branched poly-HPMA IIj (MSD =
71 000) in saline (pH 7.0) at 37�C was monitored vis-
cometrically. Figure 3 shows that, under these mild
conditions, hydrolysis of the interchain urethane links
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(a)

�, ppm

�, ppm

(b)

Fig. 2. (a) Upfield and (b) downfield parts of the 1H NMR
spectrum of poly-HPMA IIb in dimethylacetamide-d9.
The solvent signal is marked with an asterisk. (�) Chemical
shift.

Q, %

�, days
Fig. 3. Hydrolysis of branched poly-HPMA IIj (MSD =
71 000) in saline (pH 7.0) at 37�C. (Q) Degree of hydrolysis
and (�) hydrolysis time.

in IIj is fairly fast. The degree of hydrolysis Q is 53%
in two weeks and 68% in a month. Such a hydrolysis
rate can ensure elimination of IIj from a living body.
On the basis of chemodegradable (IIj) and, for com-
parison, initial (Ig) poly-HPMA, we prepared poly-
meric esters of a �-lactam antibiotic oxacillin.

EXPERIMENTAL

N-(2-Hydroxypropyl)methacrylamide was pre-
pared by acylation of 1-amino-2-propanol with meth-
acrylic anhydride [13]. The elemental analysis of the
monomer was consistent; mp 67�C.

AIBN was recrystallized three times from chloro-
form�methanol (1 : 3) at a temperature no higher than
40�C; mp 103�C.

Hexamethylene diisocyanate was purified by dou-
ble vacuum distillation. The fraction boiling at 111�C
(2 mm Hg) was collected. Found: nD

20 = 1.4535, d4
20 =

1.0472 g cm	3; published data [14]: bp 127�C (10 mm
Hg), nD

20 = 1.4530, d4
20 = 1.0460 g cm	3. Calculated

MRD = 43.40; found MRD = 42.65.

p-Nitrophenol (Fisher Biotech. N.Y.) for peptide
synthesis was used without additional purification.

Linear low-molecular-weight poly-HPMA Id.
A glass ampule was charged with 0.09 g (4.5 wt %) of
AIBN. Then a mixture of 2 g of HPMA and 0.1131 g
of p-nitrophenol (5.5 wt %) was dissolved in 14 ml of
2-propanol in a 50-ml flat-bottomed flask. The result-
ing solution was added to the ampule through a fun-
nel. The ampule was purged with argon, sealed, and
placed in a thermostat maintained at 65	0.5�C. After
24 h, the ampule was cooled and opened; the viscous
solution from the ampule was poured dropwise with
stirring into 250 ml of dry acetone. The precipitated
polymer was collected on a glass frit and vacuum-
dried. Yield of poly-HPMA 1.39 g (69.5%), [�] =
0.07 dl g	1,

�
Mv = 14 000. The intrinsic viscosity of the

polymer was measured in 0.1 M aqueous KCl at 25�C.
The viscosity-average molecular weight

�
Mv was deter-

mined by the Mark�Kuhn�Houwink equation for
poly-HPMA [15]. Other poly-HPMA samples were
prepared similarly.

Branched poly-HPMA IIg. In a 20-ml conical
flask, we dissolved 0.50 g of poly-HPMA ([�] =
0.09 dl g	1,

�
Mv = 22 000) in 3.88 ml of DMF, and to

the resulting solution we added 42.12 
l of HMDIC,
[HMDIC]/[OH] = 0.075 : 1. The reaction mixture was
transferred into a glass ampule, which was purged
with argon, sealed, and placed in an oil bath heated
to 130�C. After 10 h, the ampule was cooled and
opened; 0.5 ml of ethanol was added, and the mixture
was poured into 200 ml of diethyl ether. The precip-
itated polymer was filtered off and dried to constant
weight. We obtained 0.276 g (55.2%) of a water-
soluble product; intrinsic viscosity 0.17 dl g	1.

The 1H NMR spectrum of branched homopolymer
IIb was recorded on a Bruker AC-200 spectrometer
in dimethylacetamide-d9 (5% solution). The diffusion
and sedimentation coefficients and the sedimentation-
average molecular weight MSD of branched poly-
HPMA samples were determined as described in [16].
The floatability factor (1 � v�0) fot poly-HPMA, re-
quired for determining MSD by the Svedberg formula,
was taken from [17]. Hydrolysis of branched HPMA
homopolymer IIj was studied as described in [18].
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CONCLUSIONS

(1) Low-molecular-weight (
�
Mv = 7000�30 000)

N-(2-hydroxypropyl)methacrylamide homopolymers
were prepared by radical polymerization in isopropan-
ol in the presence of p-nitrophenol.

(2) The reaction of the linear homopolymers pre-
pared with hexamethylene diisocyanate in dimethyl-
formamide at 130�C under argon yielded branched
homopolymers, MSD = 53 000�71 000, containing
interchain urethane links. These links are hydrolyzed
at a fairly high rate in saline (pH 7.0) at 37�C.
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Abstract�A study was made of spontaneous polymerization of (meth)acrylamides of different structures
in concentrated aqueous acid solutions, in particular, as influenced by the monomer association.

(Co)polymerization in concentrated aqueous solu-
tions is widely used for preparing polymers from
(meth)acrylamides. It was found earlier that, in such
solutions, acrylamide [1, 2] and 2-acrylamido-2-meth-
ylpropanesulfonic acid (AMPSA) [3] can undergo
spontaneous polymerization. Kurlyankina et al. [2]
demonstrated the radical mechanism of this process,
with monomer molecules acting as radical sources.
The detailed mechanism is, however, unknown. In
this connection, it was of theoretical and practical
interest to study the capability of (meth)acrylamides
with different structures for spontaneous polymeriza-
tion in aqueous solutions and to elucidate how the
structure of the amide groups affects this process.

The choice of the monomers for the study was
determined by their high solubility in water (we
studied solutions with concentrations of 50 wt %) and
resistance to hydrolysis. Under the experimental con-
ditions (70�C, 3.5 h), the hydrolysis proceeds to no
more than 3%.

First, we found that spontaneous polymerization in
concentrated aqueous acid solutions is typical not only
for acrylamide and AMPSA but also for methacryl-
amide and a number of N- and N,N-substituted (meth)-
acrylamides with alkyl, amine, and carboxy substit-
uents at the amide nitrogen atom. The resulting poly-
meric products differed in solubility, but in all the
kinetic runs the mixtures were homogeneous, at least
up to 15�20% conversion.

The process was run both in the presence of oxy-
gen and in a nitrogen atmosphere. There were no per-
oxy compounds in the initial purified reactants, i.e.,
initiation of the process was not connected with de-

gradation of the accumulated peroxides. This was
emphasized by Kurlyankina et al. [2] who studied
spontaneous polymerization of acrylamide in an argon
atmosphere. The process was suppressed by introduc-
ing a sufficient amount of radical polymerization
inhibitors.

Figures 1a and 1b illustrate how the structure of
(meth)acrylamides affects their spontaneous polymeri-
zation in water. Comparative study of the kinetics of
homogeneous polymerization of acrylic and meth-
acrylic compounds was difficalt: With methacryl-
amide, the resulting polymer was insoluble in water,
and the process was heterophase even at low conver-
sions; methacrylamides disubstituted at the nitrogen
atom (e.g., N,N-dimethylmethacrylamide) did not
polymerize under the chosen conditions. In the case of
monosubstituted amide monomers, we succeeded in
comparing the data for N-methylacrylamide and
N-methylmethacrylamide (Fig. 1a, curves 2, 4). As in
polymerization in the presence of initiators [4], the
methacrylic monomer is less active than its acrylic
analog.

We analyzed how the structure of the amide group
affects polymerization of a series of acrylamide deriv-
atives. As seen from the table, the acrylamides
studied are characterized by similar initial rates and
effective rate constants of polymerization keff. The
calculations of the constants took account of the reac-
tion orders with respect to the monomer, which varied
with the amide from 1.8 to 3.6. It should be noted that
the orders differed also in a study of spontaneous
polymerization of N,N-dimethylaminoethyl methacry-
lates in concentrated aqueous solutions [5].
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Influence of the structure of acrylamides CH2=CHCONR1R2 on the initial rate v0 and the effective rate constant keff
of spontaneous polymerization in water* ([M]0 = 50 wt %, 70�C, [H2SO4]0 = 0.4 mg-equiv g�1)
������������������������������������������������������������������������������������

Monomer no. � NR1R2 � �log v0 � �log keff � �* � �Rs
������������������������������������������������������������������������������������

1 � NH2 � 3.80 � 3.78 � 0.870 � 0.985
2 � NHCH3 � 3.77 � 3.72 � 0.870 � 1.329
3 � NHC2H5 � 3.79 � 3.80 � 0.870 � 1.615
4 � NHCH2COOH � 3.97 � 3.86 � 0.696 � 1.727
5 � NHC(CH3)2CH2SO3H � 4.20 � 4.08 � 0.953 � 2.337
6 � NH(CH2)3N(CH3)2 � 3.95 � 4.00 � 1.055 � 2.171
7 � NHC(CH3)2CH2CH2N(C2H5)2 � 4.13 � 4.06 � 0.985 � 2.434
8 � N(CH3)2 � 3.52 � 3.48 � 0.835 � 1.719
9 � N(C2H5)2 � 3.86 � 3.79 � 0.883 � 2.199

� � � � �
� � � � �10

� �
N O

�
3.75

�
3.70

�
0.992

�
2.070

������������������������������������������������������������������������������������
* �* and Rs are the induction and steric constants of the NR1R2 groups, respectively.

** For monomer no. 5, [H2SO4]0 = 0, [NaOH]0 = 1.95; no. 6, [H2SO4]0 = 3.52; and no. 7, [H2SO4]0 = 2.73 mg-equiv g�1.

The acrylamides studied can be ranked in the fol-
lowing order in accordance with their activities in
spontaneous polymerization as characterized by keff
(we show only the amide nitrogen atoms with the
substituents):

N(CH3)2 >�N O � NHCH3 > NH2 � N(C2H5)2

� NHC2H5 > NHCH2COOH > NH(CH2)3N(CH3)2
> NHC(CH3)2CH2CH2N(C2H5)2 > NHC(CH3)2CH2SO3H.

(A)

The structure of acrylamides exerts a much stronger
influence on the rate of the previously studied homo-
polymerization of these compounds in water (at the
initial concentration of 1 M) in the presence of an azo
initiator [4]. According to their effective rate con-
stants, the acrylamides studied were ranked in the fol-
lowing order:

NHCH3 > N(CH3)2 > NH2 > �N > NHC2H5

> NH(CH2)5COOH > N(C2H5) > �N O . (B)

The succession of the amides in series A and B is
different. To analyze how the activity of the acryl-
amides in initiated and spontaneous polymerization is
influenced by the structure of the amide groups, we
initially used the modified Taft correlation equation

log keff = log k0 + ��* + �Rs, (1)

where �* are the induction constants of the NR1R2

groups; Rs, steric constants of the same groups; and

A, % (a)

�, h

A, % (b)

�, h

Fig. 1. Degree of conversion A of (a) CH2=CR1CONR2R3

and (b) CH2=CHCONR1R2 monomers as a function of the
time � of spontaneous polymerization in water. [M]0 =
50 wt %, 70�C. (a) R1: (1�3) H and (4) CH3; NR2R3:
(1) NH2, (2, 4) NHCH3, and (3) N(CH3)2. (b) Figures at
curves correspond to the monomer nos. in the table.
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�sp �sp

c, wt %

Fig. 2. Specific viscosity �sp of aqueous solutions as
a function of the concentration c of (meth)acrylamides
CH2=CR1CONR2R3 at 25�C. R1: (1�5) H and (6�
7) CH3; NR2R3: (1, 6) NH2, (7) NHCH3, (2) N(CH3)2,
(3) NHCH2CH2CH2N(CH3)2, (4) NHCH2COONa, and
(5) NHC(CH3)2CH2SO3Na.

� and �, parameters characterizing the sensitivity of
the reaction to the corresponding effects of the amide
groups.

In our calculations of the induction and steric con-
stants of the substituents, we took the carbon atom of
the carbonyl groups as the reaction center; the �*
parameters were calculated by the procedures from [6,
7] (for nonionic and ionic monomers, respectively);
the Rs parameters, by the procedure form [8]; and the
bond lengths, using the HyperChem program by the
MNDO method.

Using the experimental data from [4] (for initiated
polymerization of the series B acrylamides), we ob-
tained an unsatisfactory correlation with Eq. (1) (the
correlation coefficient r = 0.86). It was shown in [9]
that, for many nonradical reactions of (meth)acryl-
amides in aqueous media, a significant role is played
by the hydrogen-bonding capability of the monomers.
We introduced into Eq. (1) an additional parameter
n corresponding to the number of the hydrogen atoms
at the amide nitrogen atom and obtained an equation
with a good correlation coefficient:

log keff = 3.100 � 2.009�* + 1.465Rs � 0.508n, (2)

r = 0.990, s = 0.006.

Thus, the rate of initiated polymerization of acryl-
amides in relatively dilute solutions tends to decrease
with increasing n, increasing size of the amide groups,
and strengthening accepting power of the substituents
at the amide nitrogen atom. The first two factors are

probably associated with decreases in the molecular
mobility and in the accessibility of the reaction
centers, respectively, and the third factor, with a de-
crease in the activity of the radicals due to stronger
delocalization of the unpaired electrons and to an ad-
ditional decrease in the electron density of the C=C
bond (which strengthens the electrostatic repulsion of
the monomer and propagating radicals having the par-
tial charges of the same sign).

In the case of spontaneous polymerization of acryl-
amides, such correlation analysis also yielded a poor
correlation coefficient with a two-parameter equation
of the type (1) (r = 0.682) and a good, with the three-
parameter equation

log keff = �2.950 + 0.045�* + 0.375Rs � 0.286n, (3)

r = 0.980, s = 0.002.

Appreciably smaller coefficients at all the three
parameters in Eq. (3) compared to Eq. (2) confirmed
that, in the monomer series studied, the influence of
the structure of the amide on spontaneous polymeriza-
tion is substantially smoothened compared to poly-
merization in the presence of initiators. The steric and
hydrogen-bonding factors for both processes are uni-
directional, and the inductive effect of the amide
substituents is not essential for spontaneous polymeri-
zation.

Our results suggest the following mechanism of
spontaneous polymerization of arcylamides. Egorov
and Zubov [10] showed that initiated or spontaneous
polymerization of a number of ionic vinyl monomers
(salts of vinylpyridines and aminoethyl methacrylates
and dimethyldiallylammonium chloride) in concen-
trated aqueous solutions is affected by their associa-
tion. This yields precursor structures with the C=C
bonds oriented in a favorable for polymerization way.

The association can be verified by a nonlinear plot
of the viscosity of solution vs. monomer concentra-
tion. Indeed, the viscometric data for (meth)acryl-
amides of different structures confirmed association at
concentrations characteristic for spontaneous polariza-
tion (the characteristic plots of viscosity vs. concen-
tration are shown in Fig. 2).

Initiated polymerization of acrylamides was carried
out at a moderate concentration of the monomers,
which makes association of much smaller importance
in this case. This can be responsible for a decrease in
the corresponding coefficients in Eq. (3) compared to
Eq. (2). For example, increased size of the alkyl sub-
stituents at the amide nitrogen atom complicated poly-
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merization at moderate concentrations of the mono-
mers, though favors association in concentrated solu-
tions (Fig. 2, curves 3, 5). Introduction of charged
accepting groups into amides has a similar effect
(strengthening of the association in such molecules is
consistent with aggregation of organic ions in water
[11]). Replacement of the hydrogen atoms at the
amide nitrogen atom by alkyl groups, on the one
hand, decreases the capability of the monomers for
association by hydrogen bonding and, on the other,
increases the hydrophobicity of the molecules and
strengthens their aggregation.

The kinetic curves in Figs. 1a and 1b show that, in
the initial stage of the process (series A), the order of
the monomer activities significantly differs from the
order based on data on conversion in 3.5 h (series C):

NH2 � �N O > NHC(CH3)2CH2SO3H > N(C2H5)2

> N(CH3)2 > NHC2H5 > NH(CH2)3N(CH3)2
> NHCH2COOH > NHCH3. (C)

This may be due to the fact that, upon accumula-
tion of a large quantity of products, the polymeriza-
tion rate also depends on other factors (excluding
those governing the process at low conversions). For
example, a nonuniform growth of viscosity of the
reaction mixtures affects the mobility of the macro-
radicals and the chain termination reaction in different
ways. In polymerization of ionic monomers, an essen-
tial role is played by a change in the ionic strength of
solutions due to decrease in the concentration of free
ions in the system on changing from the monomer to
polymer molecules [12]. Lastly, an important role is
played by different solubilities of the products in
water: Some systems remain homogeneous during the
process and other become heterogeneous. For exam-
ple, polymers based on disubstituted acrylamides,
aminoalkylacrylamides, and AMPSA are well soluble
in water, and those based on acrylamides and N-meth-
ylacrylamides have very limited solubilities.

EXPERIMENTAL

The initial acrylamide, methacrylamide, and
AMPSA were recrystallized before use from benzene,
1 : 1 benzene�isopropanol, and acetic acid, respec-
tively. N-(1,1-Dimethyl-3-diethylaminopropyl)acryl-
amide was synthesized by the Ritter reaction [13]; the
other monomers were prepared by the Schotten�
Baumann reaction [9]. 2-Acrylamidoacetic acid was
recrystallized from ethyl acetate, and the other (meth)-
acrylamides were double-distilled in a vacuum.

The kinetics of polymerization of N- and N,N-sub-
stituted (meth)acrylamides in the presence of protic
acids were studied in water at 70�C, at the initial con-
centrations of the reactants of 50 wt %. The polymeri-
zation was monitored by determining the concentra-
tion of the C=C bonds during the process and by iso-
lating the products formed. The products were isolated
by precipitation in acetone or by vacuum distillation
of water (followed by separation of the unchanged ini-
tial substances by repeated washing with acetone).
After purification, the polymers were dried in a vacu-
um (20�C, 2 mm Hg) to constant weight.

The concentration of the C=C bonds was deter-
mined by bromide�bromate titration. The 13C NMR
spectra were taken at a frequency of 75 MHz on a
Varian Gemini-300 Fourier spectrometer (solvent
D2O, reference DMSO).

Poly-N,N-dimethylacrylamide. To 10.0 g
(0.101 mol) of N,N-dimethylacrylamide in 8.0 ml
of water, 1.96 g of 20% aqueous sulfuric acid
(0.008 mol) was added. The resulting solution was
kept for 4 h at 70�C, whereupon water was vacuum-
distilled; the resulting polymer was washed with ace-
tone to remove the unchanged initial monomer and
sulfuric acid; the precipitate was filtered off and dried
in a vacuum (20�C, 2 mm Hg). Yield 8.2 g (82%).
The isolated product contained no double bonds.
13C NMR spectrum, �, ppm: 175.7�176.1 (�CON),
36.1 (CH3�), 37.3�37.7 (�CH2�), 34.4�35.4 (�CH�).

CONCLUSIONS

(1) (Meth)acrylamides with different structures
(unsubstituted, N-, and N,N-substituted, nonionic,
anionic, and cationic) undergo spontaneous poly-
merization in concentrated weakly acidic aqueous
solutions.

(2) Correlation analysis demonstrated that the
amide groups affect spontaneous and azo-initiated
polymerization of acrylamides in different ways.

(3) A weak dependence of the spontaneous poly-
merization rate on the structure of the amide groups is
presumably due to association of the monomers. The
latter was confirmed by nonlinear concentration
dependences of the viscosity of aqueous solutions of
(meth)acrylamides.
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Abstract�The influence exerted by the structure of the ammonium group and anion, pH, and surfactant and
polymeric additives on hydrolysis of N, N-dimethylaminoethyl methacrylate and its salts in concentrated
aqueous solutions was studied.

N, N-Dimethylaminoethyl methacrylate (DMAEM)
is the most widely used amine-containing (meth)acryl-
ic monomer; polymers derived from its salts are used
for wastewater treatment, in oil extraction, and in
paper production [1]. Many industrial processes in-
volve preparation of DMAEM salts in aqueous solu-
tion, followed by their (co)polymerization. Therefore,
the resistance of DMAEM and its salts to hydrolysis
is an important parameter which should be taken into
account when choosing conditions for processes in-
volving these monomers.

Hydrolysis of DMAEM and its acrylic analog,
N, N-dimethylaminoethyl acrylate, was studied previ-
ously in relatively dilute aqueous solutions [2�4]. It
was shown that, at concentrations of 0.5�2.0 M, hy-
drolysis of amino (meth)acrylates readily occurs at
pH > 7 and sharpy accelerates upon quaternization of
ammonium groups. Hydrolysis of DMAEM and its
salts in more concentrated solutions was not studied,
although these monomers are often used as highly
concentrated solutions. The goal of this study was to
reveal and explain the features of DMAEM hydrolysis
in concentrated aqueous solutions.

Hydrolysis of esters can be catalyzed with both
bases (the reaction in most cases occurs by the BAC2
mechanism) and acids (in most cases, by the AAC2
mechanism) [5]. In the absence of added acids or
bases, hydrolysis of DMAEM is catalyzed by the
amino group present in the molecule. As the DMAEM
concentration is increased, the degree of ionization of
the amino groups decreases, which should affect the
hydrolysis. Furthermore, the hydrolysis yields meth-
acrylic acid:

CH2=C(CH3)COOCH2CH2N(CH3)2 + H2O

� CH2=C(CH3)COOH + HOCH2CH2N(CH3)2, (1)

which makes lower the solution pH and thus affects
the hydrolysis rate also. In base hydrolysis, the cata-
lyst concentration decreases in the course of the reac-
tion, and in acid hydrolysis it grows. Solutions of
DMAEM quaternary salts in the absence of added
acids or alkalis are neutral and do not undergo notice-
able hydrolysis.

When considering the features of DMAEM hydrol-
ysis in concentrated solutions, it should be borne in
mind that the free amino ester, in contrast to its ter-
tiary and quaternary ammonium salts, has a substan-
tial range of phase separation in the system with water
above 20�C (Fig. 1). Therefore, experiments with free
DMAEM were performed at 15�20�C, so as to cover
a wider concentration range. As seen from Fig. 2, at
this temperature the hydrolysis is fairly slow, and its
rate noticeably decreases as the initial concentration
of the monomer is made higher. In 90% solutions in
10 days, no hydrolysis was observed at all (at 70%

R, wt %

T, �C

Fig. 1. Solubility diagram of the DMAEM�water system:
(R) DMAEM content and (T) temperature. The phase sep-
aration region is cross-hatched.
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�, h

X, %

Fig. 2. Degree of DMAEM hydrolysis X as a function of
time �. 20�C. Initial DMAEM concentration, wt %: (1, 8�
13) 10, (2) 20, (3) 30, (4) 40, (5) 50, (6) 70, and (7) 90.
Polymer added (5.0 wt % relative to DMAEM): (8) sodi-
um 2-acrylamido-2-methylpropanesulfonate polymer and
(9) DMAEM �0.5H2SO4 polymer. Surfactant added, M:
(10) 5 � 10�5 cetyltrimethylammonium bromide, (11) 3 �

10�3 tetrabutylammonium bromide, (12) 5.3 � 10�4 Emul’-
sit 100, and (13) 3.13 � 10�4 M Neogen R.

concentration, the degree of hydrolysis in 10 days
was 13%).

Hydrolysis of ammonium salts derived from
DMAEM (N, N, N-trimethylammonioethyl methacry-
late methyl sulfate, DMAEM �DMS; N, N, N-trimeth-
ylammonioethyl methacrylate chloride, DMAEM �

MC; N-benzyl-N, N-dimethylammonioethyl methacry-
late chloride, DMAEM �BC) was fast in alkaline me-
dium (with NaOH added) and stopped on reaching the

�, h

X, %

Fig. 3. Degree of hydrolysis X of DMAEM �0.5H2SO4
(40 wt %) in acid solution as a function of time �. 70�C;
the same for Figs. 4 and 5. H2SO4 concentration, wt %:
(1) 2.5, (2) 7.4, and (3�5) 1.3. Polymer added (5.0 wt %
relative to DMAEM): (4) sodium 2-acrylamido-2-methyl-
propanesulfonate polymer and (5) DMAEM �0.5H2SO4
polymer.

neutral medium. Therefore, the maximal degree of
hydrolysis in these experiments corresponded to the
amount of the initially added alkali. In particular, even
at a high concentration of DMAEM �MC (70 wt %)
at 20�C and NaOH concentration of 2 wt %, the solu-
tion became neutral within several minutes.

In acid solutions, the pattern changed. No hydrol-
ysis of tertiary and quaternary salts of DMAEM, both
in moderately (30 wt %) and highly (80 wt %) con-
centrated solutions, was detected at 20�C in several
days even at pH 1�2. At 70�C, the hydrolysis became
noticeable (Figs. 3, 4). As expected, the hydrolysis
accelerated with decreasing initial pH. As in alkaline
solutions, the hydrolysis was noticeably slower at
higher initial concentrations of the monomer, and
quaternary DMAEM salts were more active than the
tertiary salts. Also, the consumption of ester groups
in the presence of HCl was noticeably faster than in
the presence of H2SO4 (Fig. 4, curves 7, 9). The de-
gree of hydrolysis was also influenced by the structure
of the ammonium group (Fig. 4, curves 3, 4, 6). The
quaternary salts can be ranked in the following order
with respect to activity: DMAEM �MC > DMAEM �

BC > DMAEM �DMS. It should be noted that, in
DMAEM �DMS, both the carboxylate and sulfate ester
groups undergo hydrolysis [reactions (2), (3)], and
data are given for the sum of these processes:

CH2=C(CH3)COOCH2CH2
+
N(CH3)3 + H2O

� CH2=C(CH3)COOH + HOCH2CH2
+
N(CH3)3, (2)

�, h

X, %

Fig. 4. Degree of hydrolysis X of (1, 2, 5, 6�9) DMAEM �

MX, (3) DMAEM �DMS, and (4) DMAEM �BC in acid
solution as a function of time �. Monomer concentration,
wt %: (1, 3�6) 70, (2) 85, (7, 9) 40, and (8) 20. Acid: (1�6,
8, 9) HCl and (7) H2SO4. Acid concentration, M: (1) 0.01,
(2, 5, 8) 0.4, (3, 4, 6) 0.5, and (7, 9) 2.5.
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CH3SO�

4 + H2O � CH3OH + HSO�

4. (3)

However, this does not affect the above-given order
of activities of monomeric quaternary ammonium
salts. For example, in 2.5 h the total degree of hydrol-
ysis of DMAEM �DMS was 8.75% (12.3% of ammo-
nioethyl methacrylate and 5.2% of methyl sulfate
groups were hydrolyzed), compared to 27.2% for
DMAEM �MC and 23.1% for DMAEM �BC.

It is known [6] that, in concentrated aqueous acidic
solutions, DMAEM salts tend to spontaneous radical
polymerization. To suppress this process, we added
inhibitors. We revealed an interesting feature: When
the amount of the inhibitor added was insufficient and
spontaneous polymerization started, it accelerated the
hydrolysis. Special experiments were made to evalu-
ate the activating effect of polymerization (Fig. 3).
It was shown that addition of polymers (cationic,
DMAEM �0.5H2SO4 polymer; or anionic, sodium
2-acrylamido-2-methylpropanesulfonate polymer) to
the solutions of DMAEM salts acidified with H2SO4
leads to faster consumption of the monomers (Fig. 3,
curves 4, 5). It should be noted that the effect of addi-
tions of the anionic or cationic polymers on the base
hydrolysis of DMAEM was insignificant (Fig. 2,
curves 8, 9).

Thus, hydrolysis of DMAEM and its salts in highly
concentrated aqueous solutions has certain features
manifested in specific dependences of the reaction rate
on the structure and concentration of the monomer,
pH of solution, and additions of polymers. Our results
can be explained using concepts of the behavior of
monomers associating in aqueous solution.

It was assumed [7] that the influence of the concen-
tration of amino methacrylate salts on features of their
radical polymerization in aqueous solutions is due to
association of the monomers.

Shibalovich et al. [8] measured the surface tension
of aqueous solutions of DMAEM and its tertiary salts
(monomer concentration �10 wt %) and concluded
that these compounds exhibit surface activity.

To evaluate the influence exerted by association of
DMAEM and its salts on their hydrolysis in concen-
trated solutions, we measured the concentration de-
pendences of the viscosity (Fig. 6). As certain con-
centrations of all the DMAEM salts are exceeded, the
plots start to strongly deviate from linearity, which is
indicative of association. The capability of the mono-
mers for association can be evaluated by the minimal
concentration at which the viscosity starts to steeply
grow.

c, %

�, h

X, %

Fig. 5. Degree of (1, 2) hydrolysis X and (3, 4) consump-
tion of C=C bonds c in DMAEM �0.5H2SO4 (40 wt %) in
acid solution as a function of time �. H2SO4 concentration,
wt %: (1, 3) 11.3 and (2, 4) 8.3.

c, wt %
Fig. 6. Specific viscosity � of aqueous solutions of the
monomers as a function of concentration c. 25�C. Monomer:
(1) DMAEM �0.5H2SO4, (2) DMAEM �MC, (3) DMAEM �

BC, (4) DMAEM �HCl, (5) DMAEM �DMS, and (6) free
DMAEM.

Formation of associates should result in the steric
shielding of the reaction centers and deceleration of
the hydrolysis. Another important factor is the size of
the ammonium groups and anions present in the sys-
tem; apparently, the anions are mainly located on the
external surface of the associates, preventing approach
of the water molecules to the reaction centers. These
factors may be responsible for the difference between
the activities of DMAEM salts of different structures.

Polymeric molecules appearing in the system may
�loosen� the monomeric associates. This was noted in
experiments on addition of poly-2,5-nonene to a solu-
tion of a monomeric cationic surfactant [9]. As the
molecular �packing� in the associate becomes less
dense, the carbonyl carbon atom becomes more ac-
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cessible, and hydrolysis should accelerate. This is
apparently the case in acid solutions of DMAEM in
which the monomer salts are strongly associated. In
alkaline solutions, DMAEM is associated to a lesser
extent (Fig. 6), and the effect of adding polymers is
insignificant.

The presumed role of association of DMAEM and
its salts was confirmed by experiments with addition
of surfactants (Fig. 2). Cationic surfactants added to
10% DMAEM solutions noticeably decelerated (tetra-
butylammonium bromide) or fully suppressed (cetyl-
trimethylammonium bromide) the hydrolysis. Anionic
and nonionic surfactants did not noticeably affect the
reaction rate. Thus, cationic micelles appearing in
solutions prevent the hydrolysis, which is probably
due to the capability of the cationic monomer to be
�incorporated� into such micelles. In the case of ani-
onic and nonionic micelles, penetration of the mono-
mer inside the micelles is hindered, and, therefore,
these surfactants do not affect the hydrolysis of
DMAEM and its salts.

EXPERIMENTAL

Tertiary salts of DMAEM were prepared by addi-
tion of equivalent amounts of appropriate acids to
aqueous solutions of the monomer. Quaternary salts
were prepared in acetone or benzene by alkylation of
DMAEM with dimethyl sulfate, methyl chloride, or
benzyl chloride.

The hydrolytic stability of the monomers was
studied at 15�70�C at a monomer concentration of
10�90 wt %. The spontaneous polymerization was
excluded by adding hydroquinone (0.5 wt % relative
to the monomer). The progress of hydrolysis was
monitored by alkali titration, and the content of C=C
bonds was determined by bromide�bromate titration.
The specific viscosity of aqueous solutions of the
monomers was determined with an Ubbelohde vis-
cometer (dc 0.56, 0.73, or 0.99 mm depending on the
viscosity of the initial solution) at 25�C. When study-
ing the hydrolysis of DMAEM �DMS, the methanol
concentration was estimated by gas�liquid chromatog-
raphy (Tsvet-100 device, flame-ionization detector,
2000 � 3-mm steel column, stationary phase 10%
PEGA on Chromaton N-AW, carrier gas nitrogen,
flow rate 2 � 10�3 m3 h�1, vaporizer temperature
200�C, column temperature 100�C).

CONCLUSIONS

(1) An increase in the monomer concentration and
addition of cationic surfactants result in sharp decel-
eration of the base hydrolysis of N, N-dimethylamino-
ethyl methacrylate.

(2) Acid hydrolysis of N, N-dimethylaminoethyl
methacrylate salts is decelerated with increasing solu-
tion concentration and accelerated on adding anionic
and cationic polymers; quaternary salts are hydrolyzed
more readily than tertiary salts, and their activity
decreases in the order N, N, N-trimethylammonioethyl
methacrylate chloride > N-benzyl-N, N-dimethylam-
monioethyl methacrylate chloride > N, N, N-trimethyl-
ammonioethyl methacrylate methyl sulfate.

(3) The hydrolysis data and concentration depen-
dences of the viscosity of N, N-dimethylaminoethyl
methacrylate salt solutions suggest that association of
the monomers exerts a passivating effect on the hy-
drolysis.
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Abstract�Radical copolymerization of N-vinylsuccinimide with n-butyl acrylate in pyridine and the in-
fluence of donor characteristics of the solvent on the reaction kinetics were studied. The kinetics of copoly-
merization in various solvents (dichloroethane, dimethyl sulfoxide, and pyridine) were studied.

It is well known that the reaction medium can sig-
nificantly affect the kinetics of radical (co)polymeriza-
tion [1�3] and characteristics of the resulting (co)poly-
mers. The presence in monomer molecules of atomic
groups capable to interact with medium components
provides conditions for control of the reactivity of
monomers and for directed synthesis of polymers.
Variation of the relative activity of monomers in co-
polymerization allows production of copolymers of
definite structure, which is of great importance in syn-
thesis of polymers for medical purposes.

Copolymers of N-vinylsuccinimide (VSI) with
n-butyl acrylate (BA) are of interest for production of
flexible films for medical and biological purposes [4,
5]. With the aim to obtain soluble VSI�BA copoly-
mers suitable for production of films, the copolymeri-
zation is carried out in organic solvents.

It was found [6] that the reactivity of monomers
can be affected by using solvents with variable elec-
tron-donor power. According to data obtained in
studying the kinetics of copolymerization in electron-
donor solvent, dimethyl sulfoxide (DMSO), this
solvent {Gutmann donor number (DN) 124.7 kJ mol�1

[7]} decreases the relative activity of VSI. Varia-
tion of the reactivity of VSI is caused by complexa-
tion of monomer molecules and solvent, which was
confirmed by IR spectroscopy [8] and X-ray diffrac-
tion [9].

The results of studying the kinetics of copolymeri-
zation of VSI with BA in DMSO [10] suggest the
possibility of controlling the relative activity of VSI
in copolymerization with acrylic monomers. In view
of the fact that the interaction of monomer with the
solvent is considerably stronger with VSI than with
an acrylic monomer [8, 9], it was suggested that the

use of electron-donor solvents will increase the elec-
tron density on the double bond of the vinyl group
of the VSI molecule, enhance the activity of radicals,
and decrease the relative activity of the VSI monomer.
To confirm experimentally this suggestion, we studied
copolymerization of VSI with BA in pyridine (DN =
138.49 kJ mol�1 [7]). Here we report the results of
this study.

Monomers and azobis(isobutyronitrile) (AIBN)
were prepared by the procedure similar to that de-
scribed in [10]. We used double-distilled pyridine of
analytically pure grade. Copolymerization of mono-
mers was carried out in ampules under argon at 60�C.
The total concentration of monomers in pyridine was
0.7, and the concentration of AIBN, 0.0165 M. The
reaction kinetics were monitored gravimetrically.
After completion of the process, the contents of
ampules were poured into distilled water; the precipi-
tated copolymer was filterred off and dried to constant
weight at 20�C (660 Pa). The composition of copoly-
mers (Table 1) was determined from IR spectra, name-
ly, from the ratio of the optical density of the band at
1700 cm�1, DVSI, to that of the band at 1735 cm�1,
DBA, using the calibrating plot [10].

Copolymerization in pyridine proceeds to high
degrees of conversion. The kinetic curves (Fig. 1)
show no gel effect characteristic of copolymerization
in the bulk. The synthesized copolymers are soluble in
organic solvents, which allows production of films
from these copolymers by casting from a solution.

Owing to higher reactivity of BA monomer, its
concentration in the reaction mixture decreases more
rapidly than the VSI concentration (Fig. 2, curves 1,
2). The curves in Fig. 2 are similar to those describing
copolymerization in DMSO [10], but the ratio of
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Table 1. Composition of copolymers VSI (M1)�BA
obtained in pyridine at 60�C
����������������������������������������

M1,* mole � Degree of � Mole fraction of VSI
fraction � conversion, %� in copolymer

����������������������������������������
0.25 � 6 � 0.13

� 21 � 0.15
� 56 � 0.17
� 67 � 0.19

0.50 � 7 � 0.28
� 34 � 0.32
� 44 � 0.41
� 85 � 0.45

0.75 � 8 � 0.50
� 30 � 0.52
� 36 � 0.57
� 98 � 0.74

����������������������������������������
* M1 is the content of VSI in the mixture of monomers.

Table 2. Ratio of rates of BA and VSI consumption in the
reaction mixture A as influenced by the solvent and by
the content of VSI in the mixture of monomers M1
����������������������������������������

M1, mole
� A in copolymerization
�������������������������������fraction
� in DMSO � in pyridine

����������������������������������������
0.25 � 43.5 � 19.1
0.50 � 10.8 � 8.1
0.75 � 1.4 � 1.3

����������������������������������������

the rates of BA and VSI consumption depends on the
nature of the solvent. Table 2 shows that, in pyridine,
this ratio is lower in all the cases than that in DMSO;
therefore, the copolymers prepared in pyridine should
be more uniform in composition than those prepared
in DMSO.

The ratio of the rates of BA and VSI consumption
in the reaction mixture also depends on the ratio of

K, %

�, h
Fig. 1. Degree of conversion of monomers K as a function
of duration � of copolymerization of VSI with BA. Solvent
pyridine; concentration (M): total of monomers 0.7, AIBN
0.0165; 60�C; the same for Fig. 2. Mole fraction of VSI in
the mixture of monomers: (1) 0.25, (2) 0.50, and (3) 0.75.

the monomers: it decreases with increasing mole frac-
tion of VSI in the mixture of the monomers from 0.25
to 0.75, and at the VSI mole fraction of 0.75 the rates
of entering of VSI and BA monomers into copoly-
merization are very close and almost independent of
the solvent (Table 2, A = 1.3�1.4). This suggests that,
at the molar ratio VSI : BA = 3 : 1, the probability of
formation of copolymers with regular alternation of
units is the highest.

To estimate the reactivity of VSI and BA mono-
mers as influenced by the solvent, we evaluated the
constants of copolymerization of VSI with BA using
the modified Ezrielev�Brokhina�Roskin (EBR) [11]
and Kelen�T�ud�os (KT) methods [12], considering
conversion of monomers, and also computer treatment
of experimental data [13]. The calculated values were
compared with the results obtained in studying co-

(a)c, M

(b)c, M

(c)c, M

K, %

Fig. 2. Dependences of the concentration c of (1) VSI and
(2) BA in the reaction mixture and (3) of the mole fraction
of VSI units in copolymer m1 on the degree of conversion
of monomers K. Mole fraction of VSI in the mixture of
monomers: (a) 0.25, (b) 0.50, and (c) 0.75.
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Table 3. Constants of copolymerization of VSI (M1) with BA (M2). Initiator AIBN, 60�C
������������������������������������������������������������������������������������

Solvent � r1 � r2 � 1/r1 � 1/r2 � r2/r1 � r1/r2 � Calculation procedure
������������������������������������������������������������������������������������
Dichloroethane � 0.15�0.02 � 1.55�0.08 � 6.67 � 0.645 � 10.3 � 0.232 � UM
Pyridine � 0.26�0.05 � 1.86�0.11 � 3.85 � 0.538 � 7.15 � 0.484 � EBR

� 0.29�0.05 � 1.86�0.11 � 3.45 � 0.538 � 6.41 � 0.539 � KT
DMSO � 0.18�0.08 � 3.68�0.79 � 5.55 � 0.272 � 20.4 � 0.662 � EBR

� 0.20�0.08 � 3.79�0.80 � 5.00 � 0.264 � 18.9 � 0.758 � KT
������������������������������������������������������������������������������������

Table 4. Probability of formation of diads f and average length of blocks L in chains of VSI�BA copolymers in copoly-
merization in various solvents. Initiator AIBN, 60�C
������������������������������������������������������������������������������������

Solvent � M1, mole fraction � f11 � f22 � f12 = f21 � L1 � L2
������������������������������������������������������������������������������������
Dichloroethane � 0.1 � 0.001 � 0.874 � 0.063 � 1.02 � 15.0

� 0.2 � 0.005 � 0.753 � 0.121 � 1.04 � 7.20
� 0.3 � 0.011 � 0.637 � 0.176 � 1.06 � 4.62
� 0.5 � 0.041 � 0.419 � 0.270 � 1.15 � 2.55
� 0.7 � 0.116 � 0.220 � 0.332 � 1.35 � 1.66
� 0.9 � 0.383 � 0.049 � 0.284 � 2.35 � 1.17

DMSO � 0.1 � 0.0006 � 0.943 � 0.028 � 1.02 � 34.1
� 0.2 � 0.003 � 0.878 � 0.060 � 1.05 � 15.7
� 0.3 � 0.007 � 0.805 � 0.094 � 1.08 � 9.59
� 0.5 � 0.031 � 0.628 � 0.171 � 1.18 � 4.68
� 0.7 � 0.105 � 0.395 � 0.250 � 1.42 � 2.58
� 0.9 � 0.402 � 0.101 � 0.248 � 2.62 � 1.41

Pyridine � 0.1 � 0.002 � 0.892 � 0.053 � 1.03 � 17.7
� 0.2 � 0.007 � 0.782 � 0.105 � 1.07 � 8.44
� 0.3 � 0.019 � 0.672 � 0.155 � 1.12 � 5.34
� 0.5 � 0.068 � 0.449 � 0.242 � 1.28 � 2.86
� 0.7 � 0.189 � 0.231 � 0.290 � 1.65 � 1.80
� 0.9 � 0.533 � 0.044 � 0.212 � 3.52 � 1.21

������������������������������������������������������������������������������������

polymerization of VSI with BA in DMSO [10] and
also with copolymerization constants in an inert
solvent, dichloroethane [14], determined using the
universal method (UM) [15]. It can be noted that the
solvents used differ dramatically in their influence
on the relative activity of the monomers (Table 3),
probability of formation of diads, and average length
of blocks in copolymer chains (Table 4).

Comparison of the copolymerization constants in
an inert solvent, dichloroethane, and in an electron-
donor solvent, DMSO, shows that the relative activity
of VSI in DMSO decreases. This is caused by the
interaction of VSI molecules with DMSO molecules
via carbonyl groups of VSI and sulfoxide groups of
DMSO, resulting in redistribution of the electron
density in VSI molecule, increase in the electron
density on the double bond, enhancement of the activ-
ity of macroradicals with terminal VSI unit, and de-
crease in the activity of VSI monomer.

The electron-donor power of pyridine is higher
than that of DMSO [7]. Therefore, it can be expected
that, in copolymerization of VSI with BA in pyridine,
the relative activity of VSI should be decreased fur-
ther. However, the copolymerization constants in
pyridine, on the contrary, are closer to each other
than those in DMSO. This is caused by steric factors
hampering access of bulky pyridine molecule to the
electrophilic centers of VSI molecule.

The evaluated copolymerization constants show
that the rate constant of the reaction of the macroradi-
cal having the BA terminal unit with BA monomer
exceeds the rate constant of the reaction of VSI
macroradical with VSI monomer in all of the solvents
used (Table 3). Evaluation of the relative activities of
monomers in the reaction with macroradicals (1/r)
shows that VSI monomer reacts with the radical hav-
ing terminal BA unit more rapidly than with the own
radical. In this case, the r2 /r1 values increase in the
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Table 5. Mole fraction of VSI M1 in a mixture of mono-
mers in copolymerization with BA in various solvents
����������������������������������������

Solvent
� M1, at indicated degree of conversion, %
������������������������������
� 0 � 10 � 20 � 40 � 50

����������������������������������������
DMSO � 0.25 � 0.28 � 0.31 � 0.39 � 0.46

� 0.50 � 0.54 � 0.59 � 0.71 � 0.75
� 0.75 � 0.76 � 0.77 � 0.79 � 0.83

Pyridine � 0.25 � 0.27 � 0.29 � 0.32 � 0.34
� 0.50 � 0.52 � 0.55 � 0.59 � 0.62
� 0.75 � 0.77 � 0.79 � 0.81 � 0.83

����������������������������������������

series of solvents pyridine < dichloroethane < DMSO,
and the 1/r1 values increase in the series pyridine <
DMSO < dichloroethane, i.e., when the reaction is
carried out in pyridine, the rate constants K11 and K12
become close. Hence, in synthesis of VSI�BA copoly-
mers in pyridine, the probability f11 of addition of

Table 6. Probability of formation of diads f and average length of blocks L in the chains of VSI�BA copolymers in
copolymerization in various solvents at various degrees of conversion of the monomers
������������������������������������������������������������������������������������

Solvent �M1, mole fraction�Degree of conversion, %� f11 � f22 � f12 = f21 � L1 � L2
������������������������������������������������������������������������������������
DMSO � 0.25 � 0 � 0.005 � 0.843 � 0.076 � 1.06 � 12.0

� � 10 � 0.006 � 0.821 � 0.087 � 1.07 � 10.5
� � 20 � 0.008 � 0.797 � 0.097 � 1.08 � 9.19
� � 40 � 0.015 � 0.731 � 0.127 � 1.12 � 6.76
� � 50 � 0.024 � 0.667 � 0.154 � 1.15 � 5.32

DMSO � 0.50 � 0 � 0.031 � 0.628 � 0.171 � 1.18 � 4.68
� � 10 � 0.040 � 0.586 � 0.187 � 1.21 � 4.14
� � 20 � 0.054 � 0.531 � 0.208 � 1.26 � 3.56
� � 40 � 0.112 � 0.381 � 0.254 � 1.44 � 2.50
� � 50 � 0.143 � 0.326 � 0.265 � 1.54 � 2.23

DMSO � 0.75 � 0 � 0.143 � 0.326 � 0.265 � 1.54 � 2.23
� � 10 � 0.153 � 0.311 � 0.268 � 1.57 � 2.16
� � 20 � 0.163 � 0.297 � 0.270 � 1.60 � 2.10
� � 40 � 0.185 � 0.268 � 0.274 � 1.68 � 1.98
� � 50 � 0.242 � 0.207 � 0.275 � 1.88 � 1.75

Pyridine � 0.25 � 0 � 0.012 � 0.727 � 0.130 � 1.09 � 6.58
� � 10 � 0.015 � 0.705 � 0.140 � 1.10 � 6.02
� � 20 � 0.017 � 0.683 � 0.150 � 1.11 � 5.55
� � 40 � 0.022 � 0.650 � 0.164 � 1.13 � 4.95
� � 50 � 0.025 � 0.627 � 0.174 � 1.14 � 4.61

Pyridine � 0.50 � 0 � 0.068 � 0.449 � 0.242 � 1.28 � 2.86
� � 10 � 0.075 � 0.427 � 0.249 � 1.30 � 2.72
� � 20 � 0.089 � 0.394 � 0.259 � 1.34 � 2.52
� � 40 � 0.109 � 0.350 � 0.271 � 1.40 � 2.29
� � 50 � 0.134 � 0.306 � 0.280 � 1.48 � 2.09

Pyridine � 0.75 � 0 � 0.243 � 0.179 � 0.289 � 1.84 � 1.62
� � 10 � 0.268 � 0.159 � 0.286 � 1.94 � 1.56
� � 20 � 0.297 � 0.139 � 0.282 � 2.05 � 1.49
� � 40 � 0.329 � 0.120 � 0.275 � 2.19 � 1.44
� � 50 � 0.365 � 0.110 � 0.267 � 2.37 � 1.38

������������������������������������������������������������������������������������

VSI monomer to the radical with VSI terminal unit to
form diads M1M1 is higher than that in the reactions
in the other solvents (Table 4).

The value of r1r2 < 1 suggests the possibility of
alternation of units in the copolymer, but the effect of
cross addition of monomers to macroradicals is insig-
nificant. The tendency for formation of alternating
copolymers is pronounced only at VSI mole fraction
in a mixture of monomers of 0.70�0.75 (Table 4),
which is in good agreement with the conclusion made
from Table 2.

The influence of an electron-donor solvent, pyri-
dine, on the cross addition and probability of forma-
tion of diads M1M2 and M2M1 is similar to the in-
fluence of another electron-donor solvent, DMSO, on
these processes. The probability f12 = f21 increases in
the order DMSO < pyridine < dichloroethane. This
confirms validity of the hypothesis that electron-donor
solvents (DMSO, pyridine) decrease the relative activ-
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Table 7. Relative variation of the probability of diad formation and average length of blocks in the chains of VSI�BA
copolymers with increasing degree of conversion from 0 to 50%
������������������������������������������������������������������������������������

Solvent
�

M1, mole fraction
� Relative variation of indicated parameter*

� ������������������������������������������������������
� � f11 � f22 � f21 � L1 � L2

������������������������������������������������������������������������������������
DMSO � 0.25 � �4.8 � �1.3 � �2.0 � �1.08 � �2.3

� 0.50 � �4.6 � �1.9 � �1.5 � �1.3 � �2.1
� 0.75 � �1.7 � �1.6 � �1.03 � �1.2 � �1.3

Pyridine � 0.25 � �2.1 � �1.2 � �1.3 � �1.04 � �1.4
� 0.50 � �2.0 � �1.5 � �1.2 � �1.2 � �1.4
� 0.75 � �1.5 � �1.6 � �1.02 � �1.3 � �1.1

������������������������������������������������������������������������������������
* (�) Increase and (�) decrease.

ity of VSI in copolymerization with BA as compared
to an inert solvent. However, as compared to DMSO,
pyridine is favorable for preparing copolymers more
uniform in composition.

Taking into account variation of the VSI content in
the mixture of monomers with increasing conversion
(Table 5), we determined the probability of formation
of diads and the average length of blocks in the co-
polymer chains in various solvents (Table 6). Calcula-
tion was carried out by the formulas from [16, 17]
using computer software [18].

Tables 5 and 6 show that the high reactivity of BA,
responsible for the higher rate of its consumption in
the reaction mixture, results in enrichment of the
monomer mixture in less active VSI. Therefore, with
increasing conversion, the probability of formation of
diads M1M2 and M2M1 increases and the probability
of formation of diads containing BA units (M2M2) de-
creases. To estimate the composition uniformity of the
copolymers, it is also important to know how the
probability of formation of these structures will
change with increasing degree of conversion. Table 7
shows that the weaker changes are observed in co-
polymerization in pyridine: as the degree of conver-
sion of the monomers increases from 0 to 50% (at
VSI mole fraction in the monomer mixture of 0.50),
the probability of formation of diads M1M1 increases
by a factor of only 2, that of diads M1M2 and M2M1,
by a factor of 1.2, and that of diads M2M2 decreases
by a factor of 1.5. When the reaction is carried out
in DMSO, these changes are significantly stronger
(Table 7).

Therefore, performing the reaction in pyridine
allows synthesis of compound whose microstructure
depends on conversion of monomers to the least
extent, i.e., of copolymers more uniform in com-
position.

CONCLUSIONS

(1) Experiments on copolymerization of N-vinyl-
succinimide with n-butyl acrylate confirm the influ-
ence of the electron-donor power of solvents on the
relative activity of monomers and show that elec-
tron-donor solvents decrease the relative activity of
N-vinylsuccinimide.

(2) When the reaction is carried out in pyridine,
the relative variations of the probability of diad forma-
tion and of the average length of blocks with increas-
ing conversion are the weakest. This allows synthesis
of copolymers more uniform in composition, whose
microstructure varies less significantly with conver-
sation.
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Abstract�The structural parameters of the aggregates of macromolecules of linear flexible-chain poly{N, N �-
bis[4,4�-sulfonylbis(4,4�-phenoxyphenyl)][4,4�-(1,3-phenylenedioxy)bis(phthalimide)} in N-methyl-2-pyrroli-
done solution and of the clusters of macromolecules on the surface of polyetherimide films formed from the
solution were calculated from the capillary-viscometric and electron-microscopic data using the cluster model.

Substantiated choice of the concentration regimes
of preparing films and coatings from solutions of
polymers is topical for polymer processing technol-
ogy. Of special interest are aromatic polyetherimides
suitable for preparing high-strength and heat-resistant
materials [1]. It is known that solution or melts of
meltable polyetherimides can be processed directly,
yielding thin and ultrathin films and coatings [2].
However, the factors governing the polyetherimide
structure in solids at varied concentration c of the
polymer in solution are studied inadequately.

As known [3], the structure of the physical network
of macromolecules in films and coatings prepared
from polymer solutions depends on the macromole-
cule concentration. The physical network sites are the
aggregates or clusters of macromolecules forming in
solution [4]. Such clusters have a fractal nature [4]
and are characterized by enhanced density of packing
of the macromolecules compared to the average den-
sity of the polymer. The cluster density and the vol-
ume fraction of the polymer occupied by the clusters
are governed, in turn, by the parameters of the physi-
cal network of intermolecular contacts of the macro-
molecules [5]. Formation of aggregates of macromol-
ecules in solution and in the course of film formation
can be revealed experimentally. By introducing spin
markers into a polymer and studying the behavior of
the solution in an alternate magnetic field, it is possi-
ble to reveal the resonance absorption at low frequen-
cies due to specific convective movements of the
macromolecular aggregates. This resonance absorption
is lacking in dilute solutions; it appears when a supra-
molecular structure (aggregates or clusters of macro-

molecules) arises and persists until complete solvent
evaporation [4].

Importantly, during formation of films and coatings
from polymer solutions, the mobility of the macro-
molecular aggregates sharply decreases as the solvent
is removed from the system, and the fundamental time
of relaxation of the macromolecules and their aggre-
gates increases exponentially in concentrated solutions
of polymers with increasing [�]c ([�] is the intrinsic
viscosity) [6]. In this case, the time of the structural
relaxation of the clusters, owing to their large size,
should substantially exceed the characteristic film
formation time [7]. This suggests that the topology of
the cluster structure of the polymer films is predeter-
mined by the hydrodynamic parameters of the macro-
molecular aggregates in solution.

Correlations between the hydrodynamic parameters
of the macromolecular aggregates in solutions and the
structural parameters of the clusters in a solid can be
studied using the fractal cluster model [8]. This model
predicts how the cluster density will vary depending
on the polymer concentration in solution n [9], which
is essential for the substantiated choice of the optimal
concentrations for forming polymer films and coatings
from solutions.

In terms of the cluster model, formation of a con-
tinuous network of intermolecular contacts of macro-
molecules in solution (an infinite cluster) involves
successive formation of finite aggregates (clusters)
and cluster�cluster aggregation of macromolecules.
The relative density � of the sites of the fractal cluster
for the Euclidean space with the dimensionality E = 3
varies [8] as
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� = sV / �V� � (�V� / V)D/3 � 1. (1)

Here, V is the effective hydrodynamic volume of
the macromolecule; �V�, volume of the aggregate of
macromolecules; D, fractal dimension; and s, degree
of aggregation.

A transition from finite clusters to infinite cluster
or to a continuous fluctuation network of intermolec-
ular contacts of macromolecules near the threshold
concentration of the polymer in solution cthr is accom-
panied by a change in the fractal dimension D of the
particles [3, 9].

In [10], we studied the hydrodynamic behavior
and aggregation of the macromolecules of amorphous
poly{N, N �-bis[4,4�-sulfonylbis(4,4�-phenoxyphenyl)]-
[4,4�-(1,3-phenylenedioxy)bis(phthalimide)} (PEI) in
an N-methyl-2-pyrrolidone (MP) solution. Interpreta-
tion of the viscometric data in terms of the cluster
model showed that the density of the macromolecular
aggregates in solution decreases with increasing [�]c.
We showed that a transition from a moderately con-
centrated ([�]c = 3�7) to concentrated ([�]c > 7)
PEI solution corresponds to the threshold concen-
tration cthr of 13.5�0.5 g dl�1 for linear PEI. At c >
13.5 g dl�1 or [�]c > 7, the degree of aggregation of
the macromolecules unlimitedly grows and the con-
centration of the clusters decreases. This suggests
formation of a continuous fluctuation network of inter-
molecular contacts of the macromolecules in solution
[9]. In [10], we also predicted a relatively higher den-
sity of the macromolecular clusters in the PEI films
obtained at c < cthr; the most uniform distribution of
the cluster density in the PEI films should be achieved
at cthr.

According to the cluster model, the correlation ra-
dius � of the macromolecular clusters in films should
be of the same order of magnitude as the radius �R�
of the aggregates in solution near cthr; on the scale of
������������

the correlation radius �, the fractal dimension D and
the lattice density �f of the macromolecular clusters in
the film should coincide, respectively, with the param-
eters D and � of the aggregates in solution [3, 10, 11].

In our previous works [12, 13], we studied the rela-
tionships between the structure of the macromolecular
clusters in polymer films and the concentrations of
polymers in solution during film preparation. Taking
the films obtained from solutions of gelatin [12] and
epoxy�4,4�-isopropylidenediphenol oligomers [13] as
examples, we found that the density of the physical
network of macromolecules on the surface of films
and coatings depends on the polymer concentration in
solution, and the correlation radius � of the clusters
is close to the hydrodynamic radius �R� of the macro-
molecular aggregates in solution near the threshold
concentration cthr.

In this work we continue our previous studies [10]
with an electron-microscopic examination of the sur-
face of the PEI films formed from solutions of differ-
ent concentrations. We applied the cluster model for
interpreting the viscometric and electron-microscopic
data and calculated the hydrodynamic characteristics
of the macromolecular aggregates in solution and the
parameters of the cluster structure of the polymer on
the film surface.

The aim of this work was to reveal correlations
between the hydrodynamic characteristics of the mac-
romolecular aggregates in solution and the parameters
of the cluster structure of the film surface at varied
polymer concentration.

EXPERIMENTAL

The subject of our study was a sample of amor-
phous [14] linear flexible-chain aromatic PEI contain-
ing in the diamine fragment of the backbone a four-
ring 4,4�-sulfonylbis(4,4�-phenoxyphenyl) moiety
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PEI was synthesized in two steps by polycondensa-
tion of the aromatic diamine and dianhydride in an MP
solution, yielding polyamido acid (PAA) in the first
stage. The second stage at 120�180�C involved dehy-
drocyclization of PAA in solution and distillation of
the water released in imidization (as a toluene�water

��������������
azeotrope) [2, 14]. According to the light-scattering and
viscometric data [15], the molecular weight of PEI was
ca. 5 	 104 Da.

The initial PEI and MP solutions had a concentra-
tion of 20.5 g dl�1. The polymer solutions with con-
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centrations from 0.1 to 15 g dl�1 were prepared by
diluting the initial solution.

Films with a thickness of 10�15 
m were prepared
from the PEI solutions in MP of the concentrations of
6, 14, 18, and 20.5 g dl�1 by casting onto glass sub-
strates followed by vacuum drying at 80�C for 24 h.
The degree of imidization of the PEI films was esti-
mated by IR spectroscopy at 93�95% [10].

In the electron-microscopic study of the topological
structure of the PEI film surface, we used the tech-
nique of gold decoration with bromine preactivation
of the surface [14]. The molecular complexes of bro-
mine with electron-donating functional groups of the
polymer [16] on the film surface served as active cen-
ters for formation of gold particles in decoration [14].
The segments of the surface with enhanced local den-
sity of distribution of the decorating particles corre-
spond topologically to the clusters of macromolecules
[13, 14]. We proposed this technique in [14] for
studying the cluster structure of the surface of PAA
and polyimide films.

We studied the PEI film surface formed at the
film�air interface. The bromine-activated film surface
was subjected to vacuum (0.00133 Pa) sputtering of
gold at the flux density of 1015�1016 cm�2 s�1 to an
effective layer thickness of 4 �. The gold particles
were separated from the polymer film with a support-
ing carbon replica and examined on an EMV 100L
electron microscope at a 	30 000 magnification.

The topography of distribution of individual gold
particles was analyzed using the radial distribution
function g(R) obtained by a step-by-step (with a step
of � = 3 nm) scanning of the density �s of distribution
of the particles in the micrographs [14]. The scanning
area of the micrographs with a 	150 000 magnifica-
tion during processing on a PC was 2�2.5 
m2.

The accumulations of the decorating gold particles
on the film surface were represented as lattice clusters
on the 2D lattice with the intersite distance corre-
sponding to the most probable distance r between the
particles and with the coordination number ms deter-
mined using the average number m of the particles in
the 
coordination� sphere limited by the first mini-
mum of the g(R) function [14].

The average lattice density �f (R) of the clusters on
the scale of radius R was calculated by the formula
[14] �f (R) = �(R)/��, where �(R) is the average density
of distribution of the particles in a circumference with
radius R and the center in an arbitrarily chosen par-
ticle, and ��, density of the lattice sites determined by

the formulas [17] �� = 0.77/r 2 for ms = 3 and �� = 1/r 2

for ms = 4.

The degree of the surface filling with the clusters
�f was calculated by the relation [14] �f = �s/�� and
also as the fraction � of the surface covered with cir-
cumferences with the radius R = r/2 and centers in
the decorating particles. It should be noted that the
parameter � is a more precise approximation for �f, as
it does not require knowledge of the lattice type.

The correlation radius of the clusters � was esti-
mated from the position of the inflection point in the
�f (R) plot constructed in the logarithmic coordinates
[14]. The fractal dimension of the clusters D on the
R � � scale was calculated from the slope of this plot
using the relation �f (R) � RD�2 valid for E = 2 [8].

The order in the spatial distribution of the clusters
was studied using the g (R) function obtained by
scanning the distribution density of the decorating
particle with a step of � > r [14].

The degree of spatial nonuniformity of the cluster
density distribution was assessed using the relative
fluctuation of the density �� = (��2 /�)1/2, which
was calculated by the relationship

�


�2/�2 = 1 + 2��s
�
� [g(R) � 1)]R dR, (2)
0

where g(R) is the radial distribution function of the
cluster density.

The g(R) function was approximated on the R < �
scale by the power dependence g(R) � RD�2 valid
for fractal clusters [8].

The density � of the aggregates and the degree of
aggregation s of the macromolecules in solution were
calculated using the concentration dependence of the
relative viscosity �rel of PEI in MP solution [10] and
also the relations from [18]:

� = (a[
]/[
]c)
a/(a � 1) = (x/ln
rel)

a/(a � 1), (3)

s = (a[
] / [
]c)
a/(1 � a), (4)

where [�]c is the running intrinsic viscosity [6] cal-
culated from the relationship [�]c = a[�]([�]c)1�a

[18]; a, exponent in the expression ln�rel = ([�]c)a,
which is equal to (3 � D)/D (D is the fractal dimen-
sion of the macromolecule [6]); and x � [�]c.

For PEI in MP solution, the slope of the three lin-
ear portions in the f (x) plot constructed in the ln f�ln x
coordinates (Fig. 1), where f (x) = [�]c/ln�rel =
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Table 1. Parameters of the macromolecular aggregates in PEI solutions in MP at 298 K
������������������������������������������������������������������������������������

c, g dl�1 � [
]c�0.1 � cs, g dl�1 � s�0.2 � D�0.05 � ��0.02, E = 3 (E = 2) � �R�,* nm
������������������������������������������������������������������������������������

1.0 � 0.5 � 0.78 � 1.31 � 1.60 � 0.78 � 26.9
2.5 � 1.3 � 1.37 � 1.83 � 1.60 � 0.59 � 39.7
4.1 � 2.1 � 1.83 � 2.24 � 1.60 � 0.51 (0.85) � 43.9
6.1 � 3.2 � 2.16** � 2.83 � 1.75 � 0.48 (073) � 48.0

13.5*** � 7.0 � 1.07 � 12.6 � 1.75 � 0.15 (0.51) � 126
14.7 � 7.6 � 0.58 � 25.3 � 1.45 � 0.06 (0.46) � 155

������������������������������������������������������������������������������������
* The �R� parameters were calculated by the expression �R� = Rw� 1/D([
]c/ln�rel)

1/(2D � 3), where w = 0.673 is the packing
coefficient, and R = 20.4 nm, the macromolecule radius.

** Maximum of the concentration of the aggregates cs.
*** Threshold concentration cthr of PEI in solution.

([�]c)1�a, varies in a such way that, in the first por-
tion, D1 = 1.60 ([�]c < 3), in the second, D2 = 1.75
([�]c = 3�7), and in the third, D3 = 1.45 ([�]c > 7).

To a first approximation, the �([�]c) plot for PEI
in solution can be divided into two portions (Table 1)
corresponding to the moderately concentrated and
concentrated solutions of the polymer, respectively.
A transition from the former ([�]c = 3�7) to the latter
([�]c > 7) corresponds to the threshold concentration
cthr = 13.5�0.5 g dl�1 (Table 1) with D = 1.75 in the
6 < c < 13.5 g dl�1 region.

Two stages can be distinguished in the growth of
aggregates in the PEI solutions. At [�]c = 3�7, the
degree of aggregation s of the macromolecules tends
to slowly increase with increasing concentration c
(Table 1), since the probability of formation of the
aggregates is primarily determined by pair collisions
of the macromolecules. A rapid growth of s at [�]c >
7 is probably due to the cluster�cluster mechanism of
aggregation [9].

The concentration of the aggregates cs = c /s is at
a maximum below the point of transition from finite

ln ([
]c)

Fig. 1. Plot of f = [�]c/ln�rel vs. [�]c for PEI in MP solu-
tion in the logarithmic coordinates.

clusters to infinite cluster at c < cthr [8]. Our data
suggest that the plot of the concentration cs of the
macromolecular aggregates vs. the concentration c of
PEI in solution passes through a maximum at c �
6 g dl�1 (Table 1). At c > 13.5 g dl�1 (or [�]c > 7),
the degree of aggregation s increases unlimitedly and
cs decreases, which suggests formation of a continu-
ous network of intermolecular contacts of the macro-
molecules in solution [9].

Figure 2 presents the electron micrographs of the
carbon replicas with gold particles taken from the PEI
film surface. The spatial distribution of the decorating
particles is nonuniform; the film surface comprises
areas characterized by enhanced local density of the
particles, which correspond to clusters of macromole-
cules [14] separated by larger gold particles that are
formed by coalescence of the 
point� particles [17].
The predominant coalescence of the particles in the
space separating the macromolecular clusters is known
to be due to intensive chemisorption of bromine in
looser areas of the polymer matrix.

The distribution of the cluster density is the most
uniform in the case of the film obtained from the PEI
solution of the concentration c = 14 g dl�1 (Fig. 2b).
The films obtained from the solutions with c = 6 and
c = 20.5 g dl�1 are characterized by major spatial fluc-
tuations of the density (Figs. 2a, 2c).

The computer analysis of the micrographs showed
that the decorating gold particles on the surface of the
studied PEI films form a continuous spatial network
corresponding to the infinite cluster of the PEI macro-
molecules [14].

Table 2 lists the spatial distribution parameters
for the decorating gold particles on the surface of the
PEI films. The parameters r and m were derived from
analysis [14] of the radial distribution functions g(R)
of individual decorating particles on the surface of
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Fig. 2. Electron micrographs of the decorating gold particles on the surface of the PEI films obtained from the MP solution
with the concentration c (a) 6, (b) 14, and (c) 20.5 g dl�1. Magnification �20 000.

the films formed from solutions of different concentra-
tions. Our experimental data suggest that the densest
packing of the macromolecular clusters is achieved at
the maximal m value corresponding to c = 6 g dl�1

(Table 2).

Figure 3 shows the logarithmic plots of the lattice
density �f (R) of the clusters of the decorating particles
(or PEI macromolecules) vs. the R scale. The param-
eters �f for the clusters were calculated using a hexag-
onal lattice with ms = 3. This choice was correct, as
evidenced by good agreement between the degrees of
filling of the lattice with gold particles �f and the frac-
tion w of the surface covered by the circumferences
representing the particles (Table 2).

For the PEI films formed from the solutions with
concentrations c of 14, 18, and 20.5 g dl�1, these plots
consist of two linear portions (Fig. 3, curves 2 and 3).
The inflection point in the ln�f vs. ln R plots, corre-
sponding to a transition to the portion with a fractal
dimension D � 2, determines the correlation radius �
of the clusters. The lattice density of the clusters �f (�)
at R = � corresponds to the degree of the surface fil-
ling with the clusters �f.

For the PEI film obtained from the solution at c =
6 g dl�1, the plot of ln�f vs. ln R consists of three por-

Table 2. Parameters of the spatial distribution of the decorating gold particles and the cluster structure of the PEI film
surface
������������������������������������������������������������������������������������

c, g dl�1 � r, nm � m � �p(R = �)�0.03 � � � �, nm, �10% � L, nm, �10% � D(R � �)�0.03� ���0.05
������������������������������������������������������������������������������������

6 � 21 � 3.2 � 0.62 � 0.66 � 130 � � � 1.84 � 0.62
� � � 0.51 � � 270 � � 1.72 �

14 � 21 � 1.7 � 0.47 � 0.42 � 130 � 260 � 1.70 � 0.47
18 � 21 � 1.2 � 0.37 � 0.32 � 130 � 250 � 1.70 � 0.57
20.5 � 23 � 1.4 � 0.30 � 0.28 � 130 � 250 � 1.73 � 0.68

������������������������������������������������������������������������������������

tions (Fig. 3, curve 1). The first portion (R � �1) cor-
responds to the fractal dimension of the clusters D =
1.84�0.03, the second (�1 < R < �2), to D = 1.7, and
R = �2 is the point of transition to the portion with
D � 2. Such a run of the �f (R) plot suggests a nonuni-
form structure of the percolation cluster network. It
can be assumed that the skeleton of such a cluster is
composed by macromolecular aggregates with the cor-
relation radius �1 � 130 nm. These aggregates are
characterized by a higher local density and D = 1.84
(Table 2).

The lattice density �f of the clusters in the films
tends to decrease with increasing concentration c of
PEI in solution (Table 2). Importantly, near the thresh-
old concentration cthr the density � of the aggregates
of the PEI macromolecules in solution as calculated
from the viscosity data for E = 2 is virtually identical
to the lattice density �f of the clusters on the film sur-
face. Notably, the fractal dimension and the effective
size �R� of the macromolecular aggregates in solution
are close to the parameters D (at R � �) and � for the
cluster in the film (Tables 1, 2).

Figure 4 presents the density distribution functions
g(R) for the clusters on the surface of the PEI films.
On the R < � scale, the g(R) plots obey the power law
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ln R [nm]

ln �f

Fig. 3. Logarithmic plot of the lattice density �f of the
cluster distribution vs. the scale of radius R on the surface
of the PEI films obtained from the MP solutions of the
concentration c (1) 6, (2) 14, and (3) 20.5 g dl�1.

(a)

R, nm
(b)

ln R [nm]
Fig. 4. (a) Density distribution function g(R) for the clusters
on the surface of the PEI films obtained from the MP
solution of the concentration c of (1) 6, (2) 14, and
(3) 20.5 g dl�1, and (b) the same, plotted in logarithmic
coordinates. (a) Step of scanning the density of distribution
of the decorating gold particles 	 = 40 nm; the func-
tion values were determined accurately to within 0.02.
(R) Radius scale, nm.

g(R) � RD�2 valid for fractal clusters, and in the log-
arithmic coordinates they are linear (Fig. 4b). These
plots suggest that, near the threshold concentration
cthr of the polymer in solution, the fluctuations of the
spatial distribution of the cluster density in the film
are at a minimum. This is also evidenced by the rela-
tive fluctuation of the density �� (Table 2) calculated
by formula (2).

In the case of the PEI film obtained from the con-
centrated solution of the polymer (c > cthr), the g(R)
function is characterized by a local maximum near
R � 250 nm corresponding to the period L of the spa-
tial alternation of the cluster density or of the network
structure of the film surface (Fig. 4a, curve 3). The
parameter L (Table 2) is related to the correlation
radius of the clusters � as L � 2� for a hexagonal net-
work (ms = 3) [14]. Such an order of the topological
structure of the film surface may be due to phase
segregation in concentrated solutions of polymers,
responsible for formation of microdomains differing
in the local density of packing of the macromolecules.

CONCLUSIONS

(1) The lattice density � of the macromolecular
clusters in films tends to decrease with increasing
concentration c of the polymer in solution. A spatially
uniform network of the percolation cluster charac-
terized by the smallest density fluctuations is formed
in the films obtained from solutions near the threshold
concentration cthr corresponding to formation of a
continuous fluctuation network of intermolecular con-
tacts of macromolecules. Formation of the continuous
network of intermolecular contacts in solutions of
poly{N, N �-bis[4,4�-sulfonylbis(4,4�-phenoxyphenyl)]-
[4,4�-(1,3-phenylenedioxy)bis(phthalimide} near [�]c =
7 is due to unlimited growth of the degree of aggrega-
tion s of the macromolecules.

(2) Discrete aggregates of the macromolecules
in solutions of poly{N, N �-bis[4,4�-sulfonylbis(4,4�-
phenoxyphenyl)][4,4�-(1,3-phenylenedioxy)bis(phthal-
imide} at [�]c = 3�7 (c < cthr) correspond to a non-
uniform network of the percolation cluster in the film.
The sites of such network are macromolecular ag-
gregates with a relatively higher local density. The
network of the percolation cluster in films formed
from solutions at c > cthr is characterized by major
spatial fluctuations of the density and a decrease in
the density due to phase segregation in concentrated
polymer solutions.

(3) The established trends in evolution of the
cluster structure of the films allow a substantiated
choice of the optimal concentrations of the polymer in
solution for formation of polymer films and coatings.
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Abstract�Chemical and structural transformations in heating of extrusion and porous polyethylene films
in air and an inert atmosphere are studied by thermal analysis and differential scanning calorimetry.

In recent years, microporous polymeric films have
found wide application for filtration and separation of
liquid mixtures and also as separation membranes in
chemical power sources. The process for preparation
of microporous polyethylene (PE) films by melt extru-
sion was reported in [1, 2]. The resulting porous films
contain through-flow channels, being permeable to
fluids and gases. Polyethylene is resistant to organic
solvents, acids, and alkalis. Therefore, such films can
be used in various media as filters and separators for
chemical power sources.

Preparation of porous films involves the extrusion,
annealing, and uniaxial extension stages. It is the last
stage that provides formation of pores and through
channels. The pore structure is stabilized by thermal
fixation of samples at elevated temperature, which
provides removal of stresses formed in extension of
samples in the pore formation stage at room tempera-
ture. As a result of the indicated deformation and
thermal treatment, porous samples are formed, having
an oriented structure and highly developed relief-like
surface.

The oriented structure of the films provides good
mechanical characteristics, and the relief-like surface,
high adhesion to deposited layers and coatings (both
polymeric and nonpolymeric), allowing their use as
porous supports in composite membrane systems. For
example, composite membranes were obtained by
polymerization of conducting polymers (polyaniline,
polypyrrole) on the surface of porous PE films [3, 4].
Such systems can be used as ion-exchange and gas-
separation membranes, and also as gas sensors and
active elements in various electrochemical processes.

Wide potentialities of practical use of porous poly-

meric films initiate the need in comprehensive study
of their thermal and deformation behavior. We have
performed thermomechanical tests of composite
membranes representing polypyrrole layers on a por-
ous PE support [5]. The results showed that, when
heated, these systems seem to be mechanically stable
at temperatures much above the melting point of PE.
To interpret this strange result, it appeared advisable
to analyze in detail the behavior of PE supports on
heating.

In this work, we studied the chemical and structural
transformations occurring in porous PE films on heat-
ing in various atmospheres. We used as initial sam-
ples extruded PE films which were made porous by
appropriate treatment.

EXPERIMENTAL

Extruded PE films were prepared by molding com-
mercial HDPE (Mw = 1.4�105 and Mw/Mn = 6�8).
The extruded PE films and porous films obtained
from them were studied by thermal analysis with a
Netzsch STA 429 differential thermoanalyzer. Sam-
ples were heated in air or an inert atmosphere (CO2)
from room temperature to 400�C at a heating rate of
1 and 5 deg min�1.

Structural transformations in cyclic heating were
studied by differential scanning calorimetry (DSC)
with a DSM-2 microcalorimeter at a heating rate of
16 deg min�1.

Photographs of the samples after heating were ob-
tained with an MPB-2 optical microscope at a mag-
nification of 24.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 7 2003

THERMAL TRANSFORMATIONS OF POLYETHYLENE FILM 1135

Thermal behavior of the extruded PE films was
studied by heating in the dynamic mode in the static
air atmosphere (sample weight about 10 mg, heating
rate 1 and 5 deg min�1) (Fig. 1, curves 1 and 2).

The thermal effects over the temperature range 20�
300�C reflect melting of the polymer (endothermic
peaks with the maxima at 127.7 and 130.5�C at a
heating rate of 1 and 5 deg min�1, respectively). With
further heating of the melt from 183.6 and 193.1�C
(respectively to the indicated heating rates), structural
transformations in the polymer start, accompanied by
a considerable exo effect but with no weight loss.
Moreover, even some weight gain is observed at the
temperature corresponding to the onset of the exo
peak. Only in the next stage, on reaching 206.9 or
231.3�C (maxima of the exo peaks at a heating rate
of 1 and 5 deg min�1, respectively), the first signs of
degradation are observed, accompanied by liberation
of volatile products, as demonstrated by the TG data.

Experiments on programmed cooling of the sample
from 300 to 70�C revealed the lack of weight loss and
a distinctly pronounced exo effect of crystallization
with the maximum at 113.9�C (Fig. 1, curve 3).

The observed small weight gain at the onset tem-
perature of the exothermic process can be attributed to
thermal oxidation, which was observed previously in
the TG curves [6]. Based on general knowledge [7], a
quite substantiated hypothesis was put forward that
solid oxidation products are formed via hydroper-
oxides. However, this phenomenon has not been
analyzed in the literature yet. The TG curve obtained
at a heating rate of 1 deg min�1 (Fig. 2, curve 1)
shows 0.5�0.8% weight gain over the temperature
range 180�205�C, which is probably due to surface
oxidation of the melt with formation of unstable solid
products of thermal oxidation in the initial stage of
cross-linking. It was demonstrated in the subsequent
experiments that the value of this effect is in propor-
tion to the sample weight and in inverse proportion
to the heating rate.

These results suggest that the first section of the
exothermic peak in the DSC curve is associated with
oxidation and formation of hydroperoxides, whereas
the second section, most likely, with subsequent
cross-linking, since, as known [8], organic peroxides
can initiate this process. This conclusion is also sup-
ported by the microscopic data obtained in the course
of melting of the PE film. In this case, we observed
loss in the melt fluidity above 240�C.

It is quite clear that oxidation and cross-linking are

T, �C

Exo

Fig. 1. DSC curves of extruded PE films in (1�3) air and
(4) CO2. Heating rate (deg min�1): (1) 1 and (2, 4) 5.
(3) Cooling at a rate of 5 deg min�1. Netzsch STA 429
thermoanalyzer, sample weight about 10 mg; the same
for Figs. 2 and 3. (T) Temperature; the same for Figs. 3
and 4.

T, �C

�m/m, %

Fig. 2. TG curves in air at a heating rate of 1 deg min�1:
(1) extruded PE film and (2) membrane. (�m /m) Weight
loss and (T) temperature.

irreversible processes. They are completed after the
first heating, so that no transformations accompanied
by some thermal effects, other than melting and crys-
tallization, are observed in the DSC curves on cooling
and repeated heating of the samples.

The sample heated to 300�C and then cooled to
room temperature represents a quite regular drop with-
out appreciable signs of surface degradation. Its
density is comparable with that of the initial PE
granules.

When the experiment was carried out under similar
conditions but in the inert CO2 atmosphere, the endo-
thermic peak caused by melting is identical to that
observed in the oxidative atmosphere (Fig. 1, curve 4).
However, in this case, we observed no oxidation and
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Exo

T, �C

Fig. 3. DSC curves of PE membranes in (1, 2) air and
(3) CO2. Heating rate (deg min�1): (1) 1 and (2, 3) 5.

cross-linking effects in the DSC curve over the above-
indicated temperature range. Our thought is that this
result supports the interpretation offered above for the
thermal transformations in the extruded PE samples
on heating in air.

On heating of a PE film membrane, we observed
the effects similar to those found in studying the
extruded films. However, analysis of the results ob-
tained reveals a considerable contribution of the pore
structure.

A distinctive feature of the porous samples is the
change in their heat capacity at low rates of heating to
the melting point. Characteristics knees in the DSC
curve of the PE membranes at 101.2, 106.2, and
116.2�C (Fig. 3, curve 1) can be attributed to chang-
ing ordering of particular domains whose relaxation
time is comparable with the experimental heating
rates. It is known that, above 100�C, the motion of
chains in PE crystallites starts, resulting in partial
disordering. At a heating rate of 5 deg min�1 and
higher, these effects are not observed (Fig. 3, curve 2).
It may be suggested that these effects become more
pronounced in heating of porous films in which the
degree of orientation, size, and structural perfection of
crystallites are much higher than in the extruded films,
where an ordering loss is not reflected in remarkable
thermal effects at temperatures below the melting
point.

Figure 2 shows irregular 0.5�1% changes in the
sample weight, suggesting thermal oxidation of the
sample in the presence of oxygen adsorbed in pores of
the membrane. In this case, the amount of adsorbed
oxygen is considerably higher as compared to the
extruded (nonporous) sample, since the specific sur-
face area of the porous membrane is higher by four
orders of magnitude than that of the initial PE film.

Correspondingly, the increase in the sample weight
caused by oxidation is higher in the membrane too.
This is especially pronounced over the temperature
range 70�150�C, and, initially, the oxidation is ac-
companied by increasing weight by virtue of tem-
porary adsorption of primary products of PE oxidation
in the membrane pores.

As the melt homogenizes in the course of heating,
oxidation is extinguished, and the major changes in
the weight are caused by liberation of volatile prod-
ucts of thermal degradation. As for the initial extruded
film, in heating of the membrane, the onset of de-
gradation with a remarkable weight loss at 250�
300�C is also preceded by PE oxidation and cross-
linking starting at 170�180�C. This is supported
by the exo effect with the maximum at 206.6 and
221�C at a heating rate of 1 and 5 deg min�1, respec-
tively. It is clearly seen in the curve obtained at a
heating rate of 5 deg min�1 that the exothermic peak
splits into two components with maxima at 221 and
233.7�C.

Structural transformations in PE melt in melting of
both films and membranes depend also on the thermal
treatment conditions. Figure 4 shows the DSC curves
of the extruded film (Fig. 4a) and membrane (Fig. 4b),
which were heated in the cycling mode (heating�cool-
ing�reheating). It is clearly seen that no exothermic
effects typical of the initial oxidation and cross-link-
ing stages are observed in reheating, and the repeated
endo effect of melting is noticeably lower as com-
pared to the initial sample (205 and 175 J g�1 in the
film and 180 and 150 J g�1 in the membrane). De-
creasing heat of melting in the second cycle is as-
sociated with the orientation loss in the sample in the
first heating and also with decrease in its crystallinity,
since crystallization conditions in cooling after the
first heating differ from those under which the initial
samples were obtained, including the lack of orienta-
tion. The lack or at least abrupt decrease in the exo-
thermic effects, associated with the oxidation and
cross-linking, in the repeated heating cycle suggests
that these irreversible processes were practically com-
pleted in the first heating cycle.

In heating the membranes in CO2, we observed no
signs of oxidation in the melt as well as no con-
comitant exothermic effects and weight change
(Fig. 2, curve 3).

The results obtained allow interpretation of the
thermodeformation behavior of composite systems
based on microporous PE films in which a coating of
rigid-chain polypyrrole provides preservation of the
sample shape upon heating. In these systems, we
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Endo Exo

(a)

(b)

T, �C

T, �C

T, �C

T, �C

T, �C

Fig. 4. DSC curves at a heating rate of 16 deg min�1 (DSM-2 thermoanalyzer; heating�cooling�heating cycling): (a) extruded PE
film and (b) PE membrane. �H (J g�1): (1) 205, (2) 175, (3) 180, and (4) 150.

observed maintained orientation and good mechanical
characteristics of the PE support after heating in air to
200�C [5, 6]. However, irreversible transformations
caused by oxidation and cross-linking result in con-
siderable increase in the brittleness after heating to
higher temperatures.

In the thermomechanical testing, we monitored
evolution of the geometrical size of composite sam-
ples in the course of heating under stress in a vacuum
(anaerobic conditions). Because of the lack of
oxidative degradation in PE melt under these condi-
tions, the systems maintain their dimensions, take
a load upon heating, and even preserve their elasticity
after heating above 300�C [5].

Above 300�C, degradation and subsequent carboni-
zation proceed similarly in both extruded films and
membranes. As demonstrated previously [4, 6] and
confirmed in this work, heating above 300�C results
in starting degradation with formation of volatile prod-
ucts. Above 400�C, the process becomes avalanche-
like, coming to nearly total removal of the polymer
chain residues at 500�C and burning out of the 5%
solid carbonized residue at 700�C.

The optical micrograph of the PE membrane after
heating in air to 400�C demonstrates a strongly car-
bonized material with an anthracite luster, suggesting
high degree of thermal degradation. However, the
typical relief-like surface and porous structure of the
membrane are still clearly seen.

CONCLUSIONS

(1) Thermal analysis of PE films and porous mem-
branes on their basis in air and inert CO2 atmosphere
showed that their structural characteristics and thermal
behavior are controlled by the thermal treatment
history.

(2) The surface carbonization effect was observed,
controlling some performance characteristics of PE
materials.
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Abstract�Cross-linking of hydrolyzed Nitron D polyacrylonitrile fiber on exposure to ionizing radiation
was studied as influenced by its concentration in the solution, dose rate, and the presence of oxygen in the
system. Preparation conditions of polyelectrolyte hydrogel with maximal water absorption by radiochemical
cross-linking at the minimal dose were determined.

Polyelectrolyte hydrogels (PEHGs), which can ab-
sorb water in amounts hundreds times higher than
their weight, are widely used in medicine and in vari-
ous branches of industry and agriculture [1�3]. Water-
soluble acrylamide�sodium acrylate copolymer pre-
pared by radiation cross-linking of base hydrolysis
product of polyacrylonitrile fibers can be used as ionic
hydrophilic polymer for preparing PEHG [4]. Previ-
ously we studied the influence of foreign ions, their
concentration, and pH of the solution on synthesis of
PEHG by irradiation of the hydrolysis product. The
influence of other factors (dose rate, concentration of
the hydrolysis product in the solution, and the pres-
ence of oxygen) on radiochemical cross-linking of
hydrolyzed polyacrylonitrile fiber was not examined.

The aim of this work was to determine the condi-
tions for radiochemical cross-linking of base hydroly-
sis product of Nitron D polyacrylonitrile fiber to form
PEHG with the maximal water absorption at the mini-
mal radiation dose.

EXPERIMENTAL

The main factors affecting radiation cross-linking
of polymers in solutions are as follows: the nature of
the solvent and polymer (thermodynamic parameters
of the solvent as compared to those of the polymer,
chemical composition and molecular weight of the
polymer, the presence of impurities), solution proper-
ties (viscosity, polymer concentration, pH), and ir-
radiation conditions (dose rate, the presence of oxygen
in the system) [6]. It is known [7] that water absorp-
tion by a polymer depends on its chemical composi-

tion, in particular, on the content of ionized groups
[7]. When the content of acrylate groups in acryl-
amide�sodium acrylate copolymer prepared by hy-
drolysis of polyacrylamide increases, the water ab-
sorption by the copolymer and the dose required for
its cross-linking increase.

In this work we studied acrylamide�sodium acry-
late copolymer with 33 : 67 molar ratio of the units.
This is the maximal content of acrylamide units in the
copolymer prepared by hydrolysis [8]. Taking our
previous results [7] into account, we suggested that
this copolymer should be cross-linked at the minimal
dose.

The copolymer was prepared by base hydrolysis of
Nitron D polyacrylonitrile fiber [9]. The alkali to dry
fiber and water to dry fiber ratios in the reaction mix-
ture were 0.55 and 5.5, respectively. The molecular
weight of the copolymer was about 105 [10]. The
reaction mixture was neutralized with acetic acid.

Oxygen was removed by purging solutions with
argon. Deoxygenated solutions were irradiated in
sealed glass ampules. The polymers were cross-linked
by exposure to 137Cs �-radiation on an LMB-�-1M
unit at the dose rate P = 0.33 Gy s�1. The influence
of the dose rate was studied on an RKhM-�-20 unit
with a 60Co source at the dose rates P 0.056 and
0.58 Gy s�1. The absorbed dose was varied from 15 to
120 kGy. The gel fraction content and the water ab-
sorption were determined gravimetrically by the
procedure in [5]. The results were calculated as aver-
age of three measurements.

The dependences of the (a) gel fraction content �
in cross-linked hydrolyzate of Nitron D fiber and
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(a)�, %

D, kGy

D, kGy

(b)
�, g g�1

Fig. 1. (a) Gel fraction content � and (b) water absorption
� for Nitron D fiber hydrolyzate cross-linked by irradia-
tion of its 20% aqueous solutions (1) in the presence of
(2) in the absence of atmospheric oxygen as a function
of absorbed dose D.

(b) water absorption by this sample on the absorbed
dose D are shown in Fig. 1. The polymer concentra-
tion in these solutions was 20 wt %. As seen from
Fig. 1, radiochemical cross-linking of the polymer in
a solution in the presence of atmospheric oxygen
(Fig. 1a, curve 1) is more efficient (higher yield of the
gel fraction at lower doses) than in a deoxygenated
solution of the same concentration (Fig. 1a, curve 2).
The water absorption by 1 g of the polymer cross-
linked in the presence of oxygen at a 30 kGy dose is
about 1000 g (Fig. 1b, curve 1), whereas, to reach
the same water absorption for the sample prepared
in a deoxygenated solution, no less than 40 kGy dose
is required (Fig. 1b, curve 2).

In deoxygenated aqueous solutions, the gel fraction
is formed by recombination of macromolecular radi-
cals generated by irradiation of these solutions. The
copolymer exposed to radiation contains mainly car-
boxylate units. In the absence of oxygen, sodium poly-
acrylate is cross-linked by recombination of macro-
molecular radicals 1 (�-radicals) and 2 (�-radicals)
formed by reaction of water radiolysis products with
the polymer [11]:

C��CH2
�

COONa

� �

�
COONa

�CHHC �
. .

1 2

C��CH2
�

COONa

� �

�
COONa

�CHHC �
. .

1 2

In the presence of oxygen, �- and �-radicals are
converted into peroxy radicals. The rate constant of
this reaction (108 mol ml�1 s�1) is close to that of
reaction of sodium polyacrylate with hydroxy radical,
the most reactive product of water radiolysis. Libe-
rated peroxy radicals are unstable and transform into
carbon-centered radicals by the reaction [10]
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More efficient cross-linking of the polymer in the
presence of oxygen is likely due to an increase in the
current concentration of the carbon-centered macro-
molecular radicals, since their generation on irradia-
tion of the polymer in a deoxygenated solution is
faster than that of �- and �-radicals.

Since the gelation in the presence of oxygen is
more efficient than in deoxygenated solutions, the
subsequent experiments were performed in the pres-
ence of atmospheric oxygen.

Another factor affecting formation and properties
of PEHG is the dose rate. The dependence of (a) � and
(b) � on the absorbed dose for a solution of hydroly-
zate of polyacrylonitrile fiber cross-linked at various
dose rates is shown in Fig. 2. As seen from Fig. 2,
the dose rate does not affect the shape of these depen-
dences but changes the minimal absorbed dose caus-
ing gelation. When the dose rate increases from 0.056
to 0.58 Gy s�1, the absorbed dose required for forma-
tion of the gel fraction increases (28 kGy at P =
0.056 Gy s�1 and 38 kGy at P = 0.58 Gy s�1, all other
conditions being the same). The samples with the
maximal water absorption (750�1100 g of water per
gram of cross-linked polymer) were prepared at the
absorbed doses close to the doses of gelation onset
(Fig. 2b).

As in [11], an increase in the dose of gelation onset
with increasing dose rate is due to the fact that bi-
molecular recombination of macromolecular radicals
is accelerated to a lesser extent than side mono-
molecular chain termination by reaction of the macro-
molecular radicals with low-molecular-weight radioly-
sis products. Hence, for the degree of cross-linking at
a higher dose rate to be equal to that at a lower dose
rate, higher absorbed doses are required. Another
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(a)

D, kGy

�, %
(b)�, g g�1

D, kGy
Fig. 2. (a) Gel fraction content � and (b) water absorption � for Nitron D fiber hydrolyzate cross-linked by irradiation of its 20%
aqueous solutions at the dose rate of (1) 0.056 and (2) 0.58 Gy s�1 as a function of the absorbed dose D.

factor decreasing the efficiency of radiation cross-
linking of the hydrolyzate in a solution at higher dose
rates may be degradation of the macromolecule, which
is initiated by OH� radicals formed by radiolysis of
water.

The depedences of the gel fraction content � on the
dose absorbed by solutions with various concentra-
tions of hydrolyzate of Nitron fiber are shown in
Fig. 3. As seen from Fig. 3, the gel fraction is formed
on exposure of solutions with 5�30% hydrolyzate
content to �-radiation of the 137Cs source to doses of
18�35 kGy. Solutions with the concentration of 1�2%
are not cross-linked up to the dose of 120 kGy. In
the whole dose rate range, the gel fraction content and
hence the efficiency of radiation cross-linking increase
with increasing the hydrolyzate concentration in the
solution.

More efficient radiation cross-linking of concen-

�, %

D, kGy
Fig. 3. (a) Gel fraction content � in Nitron D fiber hydroly-
zate cross-linked by irradiation of its (1) 30, (2) 20, (3) 10,
(4) 5, (5) 2, and (6) 1% aqueous solutions as a function
of the absorbed dose D.

trated aqueous solutions of the copolymer can be due
to high probability of recombination of the macro-
molecular radicals, which, in turn, increases with
shortening of the intermolecular distance in more
concentrated solutions.

Data on water absorption of PEHG prepared by ir-
radiation of hydrolyzate solutions with different con-
centrations are presented in the table. As seen from
the table, the maximum of water absorption is vir-
tually independent of the hydrolyzate concentrations
and is reached at the dose of gelation onset.

CONCLUSIONS

(1) The efficiency of radiation cross-linking in an
aqueous solution of acrylamide�sodium acrylate co-
polymer prepared by base hydrolysis of Nitron D
polyacrylonitrile fiber increases in the presence of

Water absorption by Nitron D fiber hydrolyzate cross-
linked by irradiation of its aqueous solutions of various
concentrations
����������������������������������������

Dose,
� Water absorption, g g�1, at indicated
� concentration, wt %
�����������������������������������kGy
� 30 � 20 � 10 � 5

����������������������������������������
20 � 850 � s* � s � s
25 � 650 � s � s � s
30 � � � 960 � s � s
35 � � � 713 � 1200 � 820
40 � 470 � 610 � 830 � 650
50 � 380 � 390 � 480 � 230
75 � 205 � 180 � 230 � 290

100 � � � 175 � 200 � 260
����������������������������������������
* (s) The sample dissolved.
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oxygen, with increase in the copolymer concentration,
and with decrease in the dose rate.

(2) The water absorption by polyelectrolyte hy-
drogels prepared from hydrolyzate of Nitron D fiber
at the dose of gelation onset is maximal (1000 g of
water per gram of dry polymer).
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Abstract�The properties of photographic gelatins in the aqueous phase were studied as influenced by
hardeners of various types. The effect of molecular-weight distribution of gelatins, reagent ratios, and tem-
perature on hardening was analyzed.

Gelatin plays various functions in production and
operation of light-sensitive materials; in particular, it
acts as an active medium in generation of photograph-
ic and physicochemical properties of emulsion layers.

In various stages of generation of a photographic
material, it is often necessary to change colloidal and
chemical properties of gelatin by its chemical modifi-
cation with hardeners [1]. Therefore, it is urgent to
study the effect of various hardeners on the properties
of gelatin macromolecules in the bulk [2, 3] and at
the phase boundary [4, 5].

In this work we continued our studies of the mech-
anism of gelatin interaction with hardeners in aqueous
medium. We analyzed the relative reactivity of some
gelatin fractions with respect to hardeners of various
types using high-performance liquid chromatography
(HPLC), the molecular mechanism of interaction of
gelatin with hardener (high-resolution 1H NMR spec-
troscopy), the size of gelatin macromolecules chemi-
cally modified with hardeners (photon-correlation
spectroscopy), and hydrodynamic parameters of
macromolecules (capillary viscometry).

Gelatin is a product of thermal, acidic, alkaline, or
enzymatic denaturation of collagens. Non-fractionated
gelatin is a mixture of �-, �, and �-chains; two last
components are the fragments linked with chemical
bonds, double and triple �-chains, or their fragments.
These fractions are different in their molecular weight,
colloidal, chemical, physicochemical, conformation,
and configuration parameters, and reactivity [6].

In [7], the molecular-weight distribution (MWD) of
a series of domestic and imported photographic gela-
tins was studied by gel electrophoresis in polyacryl-
amide gel and HPLC. Based on these results, a data-
base on the gelatin MWD as influenced by raw mate-
rials and treatment procedures was developed.

Using HPLC, we studied the selectivity of interac-
tion of various type of hardeners with separate gelatin
fractions as influenced by the contact time, tempera-
ture, and reagent concentration. We used a PL gel
103 nm Mixed-B column (Hewlett�Packard) with the
corresponding precolumn, a PUMP P-500 pump
(Pharmacia), and an HP (� = 630 nm) differential
flow refractometer as detector (Hewlett�Packard) [3].
The column was calibrated with respect to water-
soluble collagen. The molecular weight M of the
gelatin fractions was determined from the following
expression:

log M = 3 � 0.057�, (1)

where � is the retention time.

In our work we studied polydisperse bone gelatin
prepared by alkaline denaturation (sample no. 1) and
low-molecular-weight gelatin obtained by acidic treat-
ment of pigskin (sample no. 2); the molecular-weight
distribution of the gelatins studied is illustrated in
Fig. 1 and Table 1.

In our study we used the hardeners of various
types: protected formaldehyde [tetra(hydroxymethyl)-
urea (LIKI-1) and N, N, N, N-tetra(hydroxymethyl)-
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Table 1. Molecular-weight distribution of gelatin
������������������������������������������������������������������������������������

Sample
�

Characteristics of gelatin samples
� Content of fraction, %

� ����������������������������������������no. � � >� (>285) � � (285) � � (190) � � (95) � <� (<95)
������������������������������������������������������������������������������������

1 �Bone, alkaline treatment, Kazan, Tatarstan, Russia � 3.4 � 16 � 16 � 60.4 � 4.2
2 �Leather, acidic treatment, Kazan, Tatarstan, Russia � � � � � � � 16 � 84
3 �Bone, alkaline treatment, Kazan, Tatarstan, Russia � � � � � 47.17 � 32.5 � 20.49
4 �K-13 016 leather, acidic treatment, the United States � 2 � 23 � 33 � 22 � 20
5 �Pigskin, sorption, Svema Research and Production � 2.5 � 15 � 16 � 54 � 12.5

�Association, Ukraine � � � � �
6 �For color negative materials, Belgium � 5 � 18 � 19 � 53 � 5

������������������������������������������������������������������������������������

malondiamide (LIKI-19)]; epoxy [triglycidylamine
(LIKI-9, TGA) and diglycidyl mono(propylene chloro-
hydrin) ether of glycerol (DU-652)]; acid chloride
[4,6-dichloro-2-hydroxy-1,3,5-triazine (DU-679)];
acryloyl [1,3,5-triacryloylhexahydro-1,3,5-triazine
(DU-801)]; and polymeric with hydroxymethyl groups
[copolymer of vinylpyrrolidone and N,N-di(hydroxy-
methyl)vinylamine (SPF-1)].

The tests were performed as follows. First, a 2%
aqueous solution of gelatins was prepared by the stan-
dard procedure; then the hardeners were added [0.01
and 0.001 mol per 100 g of air-dry gelatin (ADG)],
and the mixture was heated at 40�C for 1 or 3 h.

�, min

Fig. 1. Chromatogram of bone gelatin prepared by alkaline
denaturation (Table 1, sample no. 1). (�) Retention time
(correlates with the molecular weight of the fraction); the
same for Fig. 2.

The quantitative changes in the gelatin composition
were studied by chromatography. The chromatograms
of gelatin (sample no. 1) of alkaline treatment chemi-
cally modified with LIKI-19 and TGA hardeners are
shown as examples in Fig. 2.

It should be noted that, in all the cases, after hard-
ening the content of gelatin �-fraction decreases, and
the greatest consumption of �-fraction is observed in
reaction of gelatin with SPF-1 hardener. At the same
time, consumption of �-fraction in reaction with
LIKI-19 and DU-679 is similar. The trends in the de-
crease of the content of the �-fraction at hardening
with DU-679 and LIKI-9 oxirane compounds are simi-
lar. Thus, the trends in variation of the content of the
�-fraction clearly depend on the type of the hardener.

In many systems in the course of hardening, a new
macromolecular fraction with the molecular weight
greater than that of the �-fraction is formed, and its
content in gelatin often increases. The system cross-
linking as influenced by the hardener nature, i.e., the
total content of the gelatin fractions with molecular
weights equal to or greater than that of �-fraction (%),
decreases in the following order: LIKI-19 (45) >
SPF-1 (36) > DU-652 = LIKI-9 (30) > DU-679 (22).

Simultaneously with cross-linking, low-molecular-
weight fragments of polypeptide chain with molecular
weights smaller than that of the �-fraction are formed
in all the systems studied. This effect is especially
pronounced with DU-679 hardener. The results are
summarized in Table 2.

The data on the interaction of hardeners with low-
molecular-weight acidic gelatin are shown in Table 3.
As seen from the data listed in Tables 2 and 3, hard-
ening depends on the initial fraction composition of
gelatins. For low-molecular-weight acidic gelatins, the
selectivity of hardeners is more profound, and the
most efficient cross-linking agents for the gelatin
samples studied are SPF-1, DU-679, and LIKI-19.
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(a)

�, min

(b)

�, min

Fig. 2. Chromatograms of bone gelatin (Table 1, sample no. 1) modified with hardeners of various types; contact time with
gelatin 3 h, hardener content 0.01 mol per 100 g of ADG, 40�C. Hardener: (a) LIKI-19 and (b) TGA.

Table 2. Changes in gelatin MWD (sample no. 1) at hardening
������������������������������������������������������������������������������������

Hardener, mol per 100 g
�

�, h
� Content of fractions, %

� ����������������������������������������������������
of ADG � � >� (>285) � � (285) � � (190) � � (95) � <� (<95)

������������������������������������������������������������������������������������
� � � � 3.4 � 16 � 16 � 60.4 � 4.2

LIKI-19: � � � � � �
0.001 � 3 � 4.53 � � � 33.26 � 57.56 � 4.64
0.01 � 1 � 4.24 � � � 32.51 � 55.7 � 7.55

� 3 � 31.3 � 14.6 � � � 22.51 � 32.07
TGA: � � � � � �

0.001 � 3 � 5.77 � � � 33.06 � 57.27 � 3.9
0.01 � 1 � 4.59 � 34.12 � � � 57.54 � 3.75

� 3 � 12.92 � 19.96 � � � 45.59 � 16.03
DU-679: � � � � � �

0.001 � 3 � 4.5 � � � 32.85 � 58.2 � 4.41
0.01 � 1 � 4.03 � � � 33.67 � 57.28 � 5.4

� 3 � 5.24 � 21.09 � 17.7 � 32.9 � 19.54
SPF-1: � � � � � �

0.001 � 3 � 4.01 � � � 33.7 � 58.2 � 4.09
0.01 � 1 � 4.3 � � � 36.8 � 49.27 � 4.01

� 3 � 35.74 � � � 17 � 22.92 � 22.61
DU-652: � � � � � �

0.001 � 3 � 4.98 � � � 34.12 � 57.03 � 3.87
0.01 � 1 � 4.08 � � � 32.08 � 58.85 � 5

� 3 � 11.68 � 18.98 � � � 50.03 � 19.05
DU-801, 0.01 � 3 � 2.27 � 16 � � � 15.5 � 66.23

������������������������������������������������������������������������������������
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Table 3. Changes in gelatin MWD (sample no. 2) at hardening; hardener content 0.01 mol per 100 g of ADG, contact
time 3 h
������������������������������������������������������������������������������������

Hardener
� Gelatin MWD, %
�������������������������������������������������������������������������
� >� (>285) � � (285) � � (190) � � (95) � <� (<95) � <5000

������������������������������������������������������������������������������������
� � � � � � � � 16 � 84 � �

LIKI-19 � 4.56 � 15.86 � 13.06 � � � 50.13 � 16.39
LIKI-9 � 3.52 � � � � � 33.41 � 63.08 � �
DU-652 � 0.76 � 18.08 � � � 15.58 � 65.6 � �
DU-679 � 30.77 � 14.75 � � � � � � � 53.94
SPF-1 � 36.51 � 12.93 � � � � � � � 49.57
DU-801 � 2.27 � 16 � � � 15.5 � 66.23 � �
������������������������������������������������������������������������������������

The temperature also appreciable affects hardening.
Gelatin macromolecules in solution can occur in two
conformations: globule and collagen-like spiral. At
temperatures �35�C, gelatin occurs in a globule con-
formation, and on cooling to temperatures lower than
35�C a collagen-like spiral structure appears.

Hardeners, when added into the gelatin solution, fix
the macromolecular conformation typical for the given
temperature. Hardening of gelatin at temperatures
above 35�C fixes the globule conformation, which re-
mains unchanged at subsequent cooling [8, 9].

To evaluate the temperature dependences of hard-
ening, we studied the interaction of gelatin with hard-
eners at room temperature by polyacrylamide gel elec-
trophoresis (PAAGE). The fraction composition of
gelatin begins to change only on the fifth day after
the reagent mixing [3]. The hardening is probably
hindered by the partial restoration of the collagen-like
spirals and shielding of the reaction centers.

The interaction of various compounds with amino
acid groups in the gelatin polypeptide chain can be
studied by high-resolution NMR spectroscopy. Inter-

Table 4. Amino acid composition of gelatin
����������������������������������������

Amino acid
� �am, �

Amino acid
� �am,

� mol %� �mol %
����������������������	�����������������
Aspartic (Asp) � 4.6 �Threonine (Thr) � 1.5
Glutamic (Glu) � 7.2 �Proline (Pro) � 12.4
Lysine (Lys) � 2.8 �Glycine (Gly) � 32.0
Arginine (Arg) � 4.8 �Alanine (Ala) � 11.7
Histidine (His) � 0.4 �Valine (Val) � 1.2
Tyrosine (Tyr) � 0.1 �Isoleucine (Ile) � 1.1
Hydroxylysine (H-Lys)� 0.4 �Leucine (Leu) � 2.4
Hydroxyproline � 9.3 �Phenylalanine � 1.4
(H-Pro) � �(Phe) � 1.4
Serine (Ser) � 3.3 �Methionine (Met)� 3.9
����������������������
�����������������

action of gelatin at 40�45�C in aqueous (D2O) solu-
tion with ionic and nonionic surfactants at wide varia-
tion of the component ratio (physical modification)
was studied by this method in [10]. Chemical modi-
fication of gelatin with LIKI-19 and DU-679 in the
globule and spiral conformations was analyzed in [11].

In this work we continued our studies initiated in
[10, 11] and, using high-resolution 1H NMR spec-
troscopy, analyzed the features of interaction of the
LIKI-1 protected formaldehyde hardener with amino
acid fragments of the gelatin polypeptide chains at
40�C, when the gelatin macromolecules occur in the
globule conformation. The effect of the degree of link-
ing between the gelatin and LIKI-1 hardener was also
evaluated.

In these tests, we used the gelatin prepared by alka-
line treatment of cattle bones (Kazan Gelatin Plant,
Tasma Production Association, Kazan, Tatarstan,
Russia). The MWD of the gelatin sample was studied
by HPLC (Table 1, sample no. 3).

The 0.3% gelatin solutions in D2O were prepared
by the standard procedure; hardening of the gelatin
with LIKI-1 reagent was performed at 60�C for 3 h,
the hardener : gelatin ratio was from 10�2 to 10�4 mol
per 100 g of ADG.

The high-resolution 1H NMR spectra were re-
corded on a Bruker AC-200 spectrometer (200 MHz)
with sodium 2,2-dimethyl-2-silapentane-5-sulfonate
[(CH3)3SiCH2CH2CH2SO3Na, CSS] as internal refer-
ence. The spectra we recorded in a single-pulse mode
with suppression of the water signal; sufficiently high
signal/noise ratio was obtained after 100�300 scans.

The NMR spectra were analyzed taking into ac-
count the chemical composition of the gelatin. The
data on the composition of amino acid fragments �am
in gelatin are given in Table 4.
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As seen from published 1H NMR data [12], the
macromolecules in the globule conformation give
high-resolution spectra (Fig. 3, Table 5), which is
probably due to the high mobility of the amino acid
fragments. In this case, the resonance signals of pro-
tons at various carbon atoms (�-C, �-C, and 	-C) in
the side chain are well resolved.

The spectra of unmodified gelatin in D2O (Table 1,
sample no. 3) at 40�C (Fig. 4a) are similar to those
recorded previously [11, 12]. The chemical shifts of
protons of individual amino acid residues and the in-
tensity of signals well agree with published data. In
the general case, the integral intensity is proportional
to the number of hydrogen atoms contributing to the
1H NMR signal.

Figure 4b shows the high-resolution 1H NMR
spectrum of LIKI-1. The resonance lines are well
resolved. The signals (Table 6) were assigned on the
basis of their relative intensities.

A high-resolution 1H NMR spectrum of the gelatin
solution modified with LIKI-1 hardener is shown in
Fig. 4c, and the assignment and integral intensities of
the signals are listed in Table 7. The interaction of the
components at chemical modification was character-
ized by changes in the intensities 
I of the signals in
the NMR spectrum of the modified gelatin as com-
pared to the initial gelatin solution in D2O:

�I = Ig � Im, (2)

� = (�I /Ig) �100, (3)

where Ig and Im are the integral intensities of the sig-
nals in the spectrum of unmodified and modified gela-
tin, respectively, in the region of a given chemical
shift and 
 is the ratio characterizing changes in the

�, ppm

Fig. 3. High-resolution 1H NMR spectra of gelatin solu-
tion in D2O, gelatin concentration 0.5%, pD 5.0, 50�C,
500 scans. (�) Chemical shift; the same for Fig. 4. (1�
12) For assignment, see Table 5.

Table 5. High-resolution 1H NMR spectra of gelatin solu-
tion in D2O
����������������������������������������
Signal no.� � �

Amino acid
�

Proton type(Fig. 3) � ppm � �
����������������������������������������

1 � 0.93 �Val, Leu, Ile ��- and �-CH3
2 � 1.22 �Thr ��-CH3
3 � 1.41 �Ala ��-CH3
4 � 1.65 �Arg ��- and �-CH2

� �Lys ��-, �-, �-CH2
5 � 2.01 �Pro ��- and �-CH2

� �Met ��-CH2 and -CH3
6 � 2.30 �Glu ��- and �-CH2

� �H-Pro ��-CH2
7 � 2.70 �Asp ��-CH2
8 � 2.99 �Lys �	-CH2
9 � 3.20 �Arg ��-CH2

� �His ��-CH2
10 � 3.62 �Pro ��-CH2
11 � 3.94 �Gly ��-CH2

� �H-Pro ��-CH2
12 � 7.20 �Phe �Ar�H

����������������������������������������
(a)

�, ppm

�, ppm

(b)

�, ppm

O2
DSS

(c)

Fig. 4. 1H NMR spectra of gelatin solution in D2O. Solu-
tion: (a) 0.3% gelatin (Table 1, sample no. 3), (b) 5%
LIKI-1, and (c) gelatin modified with LIKI-1.
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Table 6. Signal assignment in the 1H NMR spectrum of
LIKI-1 solution in D2O, LIKI-1 concentration 5%, 40
C
����������������������������������������

�, ppm
�

Group*
� Number of �

Integral intensity� � groups �
����������������������������������������
4.01�4.88� �(CH2) � 4 � 775.67

1.1 � �(OH) � 4 � 238.07
����������������������������������������
* (HOCH2)2N�C�N(CH2OH)2.

��
O

integral intensity due to the chemical modification
of gelatin (%).

As seen from Table 7, the most pronounced weak-
ening of the signals of all the amino acid fragments
studied is observed at the LIKI-1 content of 10�4 mol
per 100 g of ADG.

At LIKI-1 content of 10�3 and 10�2 mol per 100 g
of ADG, the spectral lines become broader and the
resonance signals of all the side gelatin chains become
weaker, but this effect is less pronounced. This is
probably due to the reaction of LIKI-1 molecules with
each other with increasing hardener concentration.

Table 7. Integral intensities of the resonance signals I and their changes �I in the 1H NMR spectra of solutions containing
the initial gelatin and that hardened with LIKI-1; gelatin concentration 0.3%, 40
C
������������������������������������������������������������������������������������

�,

�

Amino

�

Proton

� I � �I (�, %)
� � ������������������������������������������������������������

ppm
�

acid
�

type
�

gelatin
� gelatin + LIKI-1* �

1
�

2
�

3� � � ������������������������� � �
� � � � 1 � 2 � 3 � � �

������������������������������������������������������������������������������������
0.9 �Val ��-, �-CH3 � 16.58 � 10.26 � 17.47 � 13.08 � 6.31 � �0.90 � 3.50

�Leu � � � � � � (38) � (�5) � (21)
�Ile � � � � � � � �

1.2 �Thr ��-CH3 � 2.54 � 1.74 � 1.73 � 2.35 � 0.80 (31) � 0.81 (32) � 0.19 (8)
1.4 �Ala ��-CH3 � 18.54 � 11.44 � 15.89 � 14.35 � 7.10 (38) � 2.65 (14) � 4.19 (23)
1.65 �Arg ��-, �-CH2 � 17.65 � 11.45 � 13.87 � 14.20 � 6.18 � 3.77 � 1.45

�Lys ��-, �-, �-CH2 � � � � � (35) � (21) � (20)
2.0 �Pro ��-, �-CH2 � 33.66 � 20.39 � 32.07 � 27.67 � 13.27 � 1.59 � 5.99

�Met ��-CH2, �-CH3� � � � � (39) � (5) � (18)
2.3 �Glu ��-, �-CH2 � 15.69 � 9.97 � 15.93 � 13.35 � 5.72 � �0.24 � 2.34

�H-Pro ��-CH2 � � � � � (36) � (�2) � (15)
2.67 �Asp ��-CH2 � 2.59 � 1.76 � 2.74 � 2.03 � 0.82 (32) � �0.15 (�6) � 0.56 (22)
3.0 �Lys �	-CH2 � 4.32 � 4.03 � 5.92 � 4.53 � 0.30 (7) ��1.59 (�37) ��0.20 (�5)
3.2 �Arg ��-CH2 � 3.77 � 2.88 � 5.59 � 3.57 � 0.89 � �0.82 � 0.23

�His ��-CH2 � � � � � (24) � (�23) � (5)
3.62 �Pro ��-CH2 � 12.34 � 7.32 � 10.74 � 10.25 � 5.02 (41) � 1.59 (13) � 2.09 (17)
3.9 �Gly ��-CH2 � 31.29 � 15.14 � 24.49 � 19.13 � 16.15 � 6.80 � 12.15

�H-Pro ��-CH � � � � � (52) � (22) � (39)
7.3 �Phe �Ar�H � 3.41 � 1.99 � 3.09 � 2.90 � 1.42 � 0.31 � 0.51

�Tyr � � � � � � (42) � (9) � (15)
�����������������������������������������������������������������������������������
* Molar ratio of gelatin and hardener (mol per 100 g of ADG): (1) 10�4, (2) 10�3, and (3) 10�2.

As a result, the effect of hardener on the mobility of
the gelatin protons is greater at its content of 10�4 mol
per 100 g of ADG.

The effect of LIKI-1 hardener on the parameters of
gelatin macromolecules in the aqueous phase was
studied by photon-correlation spectroscopy. The par-
ticle size distribution was determined on a Malvern
device at 40�C (� 632.8 nm, scattering angle 90�);
the results are listed in Table 8.

The reaction of gelatin with LIKI-1 protected for-
maldehyde hardener changes the average and most
probable radii of the gelatin macromolecules; average
R1 and most probable R2 radii increase from 11 and
22 to 18 and 32 nm, respectively. We assume that the
arising intermolecular covalent bonds hinder compac-
tion of the gelatin macromolecules.

The viscometric data for gelatin macromolecules
were published previously in [13�16]; and the hydro-
dynamic parameters of the gelatin macromolecules
modified with hydroxysuccinimide ester of lauric acid
and with sodium dodecyl sulfate (SDS) were eval-
uated in [17].

In this work we determined the limiting viscosity
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Table 8. Effect of LIKI-1 hardener on the parameters of gelatin macromolecules determined by photon-correlation
spectroscopy; gelatin concentration 0.3%, 40
C, � 632.8 nm, scattering angle 90

������������������������������������������������������������������������������������

Content of LIKI-1, mole
�

Diffusion coefficient D �107 � Radius, nm
� ������������������������������������per 100 g ADG � of ADG, cm2 s�1

� average R1 � most probable R2
������������������������������������������������������������������������������������

0 � 2.0�0.1 � 11.4�0.5 � 22.1�0.01
10�4 � 2.2�0.1 � 15.2�0.6 � 28.0�0.01
10�3 � 2.1�0.1 � 16.4�0.9 � 31.9�0.01
10�2 � 2.0�0.1 � 17.3�1.2 � 32.2�0.01
10�1 � 1.9�0.1 � 18.2�0.9 � 31.9�0.01

������������������������������������������������������������������������������������

number, the viscosity increment, and the axial ratio
of gelatin macromolecules modified with various
hardeners.

The molecular-weight distribution of the gelatin
sample (Table 1, sample no. 3) was studied by HPLC.
We used aqueous systems containing 0.3% gelatin
modified with LIKI-1 in amounts from 10�4 to
10�1 mol per 100 g of ADG at 60�C and contact time
of 3 h. The viscosity of the resulting solutions was
measured with a VPZh-4 capillary viscometer placed
in a temperature-controlled cell at 40.0�0.1�C. The
internal capillary diameter was 0.37 mm, the outflow
time of water was 185 s, and the maximal shear rate
near the capillary wall was 204 s�1 at 40�C. The solu-
tions were thermostated before the test for 40 min. In
viscometric experiments, the gelatin concentration
was 3 �10�1�4 �10�3 g cm�3, sample volume 5 cm3,
and solution pH 5.6�6.1.

For our modified gelatin systems, the relative vis-
cosity 
/
0 (where 
 and 
0 are the viscosities of the
solution and solvent, respectively), intrinsic viscosity
[
], viscosity increment �, and the axial ratio f of
gelatin macromolecules in solution were determined.
The intrinsic viscosity was determined by extrapola-
tion of the concentration dependence [ln (
/
0)]/c to
zero concentration:

lim [ln (
/
0)]/c��c� 0 = lim [(
/
0 � 1)/c]��c� 0 = [
]. (4)

The intrinsic viscosity [
] and viscosity increment
� are expressed through the weight and volume con-
centrations, and these quantities are related by the
following expression:

[
] = �V, (5)

where V is the specific partial volume at infinite dilu-
tion, i.e., it is the increase in the solution volume on
adding a weight unit (1 g) of anhydrous protein to
a large volume of solution.

If the protein dissolution proceeds without changes
in the solution volume, then the partial specific
volume is equal to the reciprocal density of the dry
protein [18]. Busol [18] determined the concentration
dependence of the density of aqueous gelatin-contain-
ing systems. The density of anhydrous gelatin is
1.35 g cm�3, and it decreases with increasing water
fraction in the system. In the air-dry state, gelatin con-
tains 10�13% water (� 1.32 g cm�3), and the specific
partial volume V = 1/� was taken as 0.75 cm3 g�1.

In accordance with the Simha equation,

lim [(
/
0 � 1)/�]���� 0 = �, (6)

where � is the viscosity increment, which depends on
the axial ratio f of the ellipsoid of revolution; it is
equal to 2.5 for spheres and is greater for all the el-
lipsoids [19].

The intrinsic viscosity [
], viscosity increments �,
and axial ratio f for gelatin macromolecules, calcu-
lated from these dependences, are listed in Table 9.

As seen from these data, the conformation state of
the gelatin macromolecules in dilute solutions at 40�C
is the ellipsoid of revolution with the axial ratio of 33
for the given sample. Upon reaction with the hardener,
the axial ratio of the gelatin macromolecule increases
with increasing degree of modification.

Table 9. Properties of gelatin modified with LIKI-1 pro-
tected formaldehyde hardener in aqueous solutions; contact
time 3 h, gelatin concentration 0.3%
����������������������������������������

LIKI-1 content, mol �
[
]

�
�

�
fper 100 g of ADG � � �

����������������������������������������
0 � 66 � 88.1 � 33

10�4 � 68 � 90.6 � 33.5
10�3 � 70 � 93.3 � 34
10�2 � 73 � 97.3 � 35
10�1 � 77 � 102.6 � 36

����������������������������������������



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 7 2003

1150 SAKVARELIDZE et al.

Table 10. Characteristics of modified gelatins with various MWD; hardener concentration 10�2 mol per 100 g of ADG,
60
C
������������������������������������������������������������������������������������

Sample no.

�

Hardener

� Contact period of gelatin with hardener, h
� ��������������������������������������������������������
� � 1 � 3
� ���������������������������������������������������������
� � [
] � � � f � [
] � � � f

������������������������������������������������������������������������������������
4 � � � 51 � 68 � 29 � � �

�LIKI-19 � 68 � 91 � 34 � 72 � 96 � 35
�DU-679 � 61 � 81 � 31 � 62 � 83 � 32

5 � � � 45 � 60 � 26 � � �
�LIKI-19 � 55 � 73 � 29 � 60 � 80 � 31
�DU-679 � 57 � 76 � 30 � 57 � 76 � 30

6 � � � 49 � 65 � 28 � � �
�LIKI-19 � 58 � 77 � 30 � 63 � 84 � 32
�DU-679 � 60 � 80 � 31 � 61 � 81 � 31

������������������������������������������������������������������������������������

The dependences of hydrodynamic parameters of
modified gelatin on the hardener type and gelatin
MWD are of particular importance. For this study, we
chose LIKI-19 and DU-679 hardeners and samples of
photographic gelatin differing in MWD (Table 1,
sample nos. 4�6). The contact time of the gelatin and
hardener was 1�3 h at 60�C. The hardener was added
into the 0.1% gelatin solutions in amount of 10�2 mol
per 100 g of ADG. The viscometric measurements
were performed at 40�C; the results are given in
Table 10.

As seen, in all the cases studied, with increasing
contact time the intrinsic viscosity, viscosity incre-
ment, and axial ratio of the gelatin macromolecules
increase; and this increase is the most pronounced at
hardening of the gelatin sample rich in high-molecu-
lar-weight fractions (Table 1, sample no. 4). It should
be noted that, at hardening of this gelatin sample with
LIKI-19 protected formaldehyde hardener, the in-
crease in the hydrodynamic parameters of macro-
molecules is greater as compared to DU-679 hardener.

The reaction of polydisperse gelatins rich in �-frac-
tions (Table 1, sample nos. 5, 6) with LIKI-19 and
DU-679 hardeners also increases the intrinsic vis-
cosity, viscosity increment, and axial ratio of the
gelatin macromolecules, but this increase is smaller
and depends to a lesser extent on the hardener type.

The contact time of gelatin and hardener also
strongly affects the properties of macromolecules.
On addition of LIKI-19, the axial ratio of macro-
molecules increases with time, whereas in the case of
DU-679 the properties of macromolecules only slight-
ly change with time.

CONCLUSIONS

(1) Hardening of gelatin as influenced by the
molecular-weight distribution, hardener type, tempera-
ture, and reagent ratio was studied.

(2) �-Chains of gelatin are the most reactive in
hardening.

(3) Based on high-resolution 1H NMR data, the
molecular mechanism of reaction between the modify-
ing agent and gelatin was proposed; the decrease in
the integral intensity of the resonance signals of the
gelatin protons depends on the degree of modification.

(4) The average and most probable radii of macro-
molecules increase in the course of hardening.

(5) The gelatin macromolecules in dilute solutions
at 40�C in the globule conformation state are ellip-
soids of revolution (oblate ellipsoid). At chemical
modification with hardeners of various types, the axial
ratio increases, and the gelatin macromolecule be-
comes more asymmetrical.
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Abstract�Chemical modification of styrene-containing oligomer with maleic anhydride was studied. The
process conditions and content of maleic anhydride were optimized.

The main avenue in processing and utilization of
organic and polymeric wastes [1�5] is preparation
from them of oligmers by polymerization or degrada-
tion. However, low-molecular-weight polymers pre-
pared from petrochemical wastes and by-products,
as a rule, do not have the required set of properties,
which largely limits their application. Some charac-
teristics of substances obtained from petrochemical
wastes and by-products can be improved by modifica-
tion [6]. An example of such modification can be
reaction with maleic anhydride (MA) [7, 8], allowing
introduction into oligomers of additional reactive
groups and imparting new properties to the products.

The goal of this work was to modify with maleic
anhydride the styrene-containing oligomer prepared
from bottoms of distillation of recycled solvent, tolu-
ene (TDB), in production of polybutadiene, and also
to examine the possibility of using the modified oligo-
mer as impregnating material for improving the prop-
erties of wood-fiber boards.

Modification experiments were performed with
TDB oligomer containing units of styrene (�75%),
4-vinylcyclohexene (VCH), 1,5,9-cyclododecatriene
(CDT), and n-2,4,6,10-dodecatetraene (NDT). The
viscosity-average molecular weight

�
Mv of the oligomer

was about 1663.

Experiments were performed as follows. A steel
ampule was charged with a styrene-containing TDB-
based oligmer containing no more than 5 wt % re-
sidual low-molecular-weight products (dry residue
�95 wt %) and with MA. The reaction temperature
was 160�C. The MA content was varied from 3 to
7 wt % relative to the oligomer.

The reaction of MA with the oligomer was moni-

tored by intermittent sampling from the ampule, fol-
lowed by determination of the viscosity-average
molecular weight of the product

�
Mv and of the acid

number (titration with alcoholic alkali to determine
the content of anhydride and carboxy groups [9]).

Experimental studies showed that the course of
modification of the TDB-based styrene-containing
oligomer depends on the MA content in the reaction
mixture (Fig. 1a). By computer treatment of the re-
sults, we obtained second-order equations describing
the influence of the process time and MA content on
the viscosity-average molecular weight

�
Mv of the

modified oligomers:

y1 = 1578 � 34.43x + 0.92x2, cMA = 3.0 wt %;

y2 = 1572 � 42.26x + 1.16x2, cMA = 5.0 wt %;

y3 = 1634 � 69.38x + 2.06x2, cMA = 7.0 wt %.

All the curves pass through a minimum at the reac-
tion time of 17�19 h. Then the molecular weight of
the oligomer starts to grow.

At a low content of MA in the reaction mixture (up
to 3.0 wt % relative to the oligomer), in the initial
stage of the process the viscosity and hence

�
Mv slight-

ly decrease. This trend is particularly pronounced at
the reaction time of 17�19 h. Longer (>19 h) reaction
results in the growth of the viscosity and hence

�
Mv.

At the MA content increased to 5�7 wt % relative
to the oligomer, the degradation processes in the ini-
tial stage become less pronounced (Fig. 1a), as indi-
cated by the less pronounced decrease in the molecu-
lar weight of the modified oligomer.

The acid number (Fig. 1b) grows with increasing
synthesis time and MA dosage. This suggests predom-
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inant occurrence of degradation processes which pri-
marily involve macromolecules with a high molecular
weight and also highly unsaturated VCH, CDT, and
NDT units. This is also indicated by an increase in the
acid number of successively taken samples of the
modified oligomer (Fig. 1b). However, increased
content of MA causes formation of a precipitate. At
an MA content of 3.0 wt %, no precipitate is formed.

The reaction of MA with the TDB-based styrene-
containing oligomer can follow several pathways, of
which the major pathways are (a) Diels�Alder addi-
tion of MA to double bonds [10], decreasing the ex-
tent of unsaturation, and (b) copolymerization (or
cross-linking) of oligomer molecules with MA, in-
creasing the molecular weight of the resulting product.
The relative contributions of these pathways depend
on the modification conditions and MA content.

At a low content of MA, the number of the cross-
links formed is small, and the modified oligomer
remains soluble. At increased MA content, a precipi-
tate forms, which may be due both to formation of in-
soluble three-dimensional structres and to limited
solubility of unchanged MA:
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Thus, our results show that the MA content should
not exceed 3.0 wt %, since the precipitate formed at
a higher MA content causes the loss of the oligomers
and gives rise to problems with utilization of this
new kind of waste.

The IR spectrum of the MA-modified styrene-
containing oligomer based on TDB (Fig. 2) contains
characteristic absorption bands of the monosubstituted
benzene ring at 700, 760, 1490, and 1600 cm�1. Also,

(a)

�, h
(b)

AN, mg KOH g�1

�, h
Fig. 1. (a) Viscosity-average molecular weight

�
Mv and

(b) acid number as functions of the modification time �.
MA concentration, wt %: (1) 3.0, (2) 5.0, and (3) 7.0.

�, cm�1

Fig. 2. IR spectrum of modified styrene-containing oligo-
mer based on TDB. (�) Wave number.

the �(CO) bands appear at 1710, 1780, and (for the
anhydride ring) 1840 cm�1. These bands confirm
addition of MA to the oligomer.

Published data suggest that the modified styrene-
containing oligomer based on TDB may be promising
for protective treatment of wood and wood-fiber
boards. For these purposes, it will be possible to uti-
lize substandard oligomers unsuitable for use in paint-
and-varnish materials, polymeric formulations, etc.
[11, 12].

However, the applicability of styrene-containing
low-molecular-weight compounds prepared from
petrochemical wastes is limited by the necessity of
using an organic solvent, because the products are
highly viscous or solid under normal conditions. An
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Experimental and calculated parameters of the strength and water resistance of wood-fiber boards
������������������������������������������������������������������������������������

Parameter � Calculation � Experiment � Control*
������������������������������������������������������������������������������������
Ultimate bending strength, MPa � 34.3 � 32.1 � 15.2
Swelling with respect to thickness in 24 h, % � 17.5 � 17.9 � 26.0
Water absorption in 24 h, % � 20.1 � 19.5 � 40.1
������������������������������������������������������������������������������������
* Unmodified wood-fiber boards.

interest in the MA-modified styrene-containing oligo-
mer based on TDB is due the fact that this product
remains liquid under normal conditions after distilla-
tion of the solvent and other low-boiling components.
This allows elimination of solvents from the impreg-
nation process, significant improvement of the envi-
ronmental characteristics of the process, and its sim-
plification. Thus, the process becomes more promis-
ing for commercial implementation.

The process optimization was performed using the
4 � 4 Latin square experimental plan [13]. As the
main factors exerting the major influence on the water

P, % W, H, %

Ti, �C

(a)

(b)
W, H, %P, %

Th, �C

(c) W, H, %P, %

�, h

Fig. 3. Properties of modified wood fiber boards as func-
tions of (a) impregnation temperature Ti, (b) heat treatment
temperature Th, and (c) heat treatment time �. (P, 1) Bend-
ing strength, (W, 2) water absorption, and (H, 3) swelling
with respect to thickness.

resistance and strength of wood-fiber boards, we chose
the impregnation temperatre (60, 80, 100, 120�C;
factor A), heat treatment temperature (70, 100, 130,
160�C, factor B), and heat treatment time (1, 3, 5, 7 h,
factor C). The copolymer content in the wood-fiber
boards was evaluated from the weight gain of the
sample. After conditioning, the boards were tested
according to GOST (State Standard) 19 592�80. The
content of the modified oligomer in the wood-fiber
boards depended on the process conditions and varied
from 12.6 to 19.4 wt %.

Figure 3 shows the results of testing wood-fiber
boards for the strength and water resistance. It is seen
that the strongest influence on the properties of the
modified wood-fiber boards in exerted by the heat
treatment time; the influence of the impregnation and
heat treatment temperature is weaker.

The optimal conditions for impregnation of wood-
fiber boards with the modified TDB-based oligomer
are as follows: impregnation temperature 60�C, heat
treatment temperature 160�C, and heat treatment time
7 h. The strength and water resistance of the modified
wood-fiber boards, calculated for these conditions, are
compared with the experimental values in the table.
These values show good agreement.

CONCLUSIONS

(1) A study of chemical modification with maleic
anhydride of the styrene-containing oligomer based on
the bottoms from toluene distillation showed that the
optimal content of maleic anhydride is 3.0 wt %. At
a higher content of maleic anhydride, a precipitate is
formed.

(2) One of the promising applications of the modi-
fied oligomer obtained is treatment of wood-fiber
boards.
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Abstract�The possibility was examined of processing into a casted item (molding) of the crystallizing
thermoplastic polyimide derived from 3,3�-diaminobenzophenone and 3,3�,4,4�-benzophenonetetracarboxylic
dianhydride and of composites of this polyimide with fullerenes. The tribological characteristics of the mold-
ings were studied.

The demand for structural materials with enhanced
properties stimulates active studies of thermoplastic
(�fusible�) crystallizing polyimides (PIs) [1]. Materi-
als based on these polyimides, in particular, composite
materials [2], combine high levels of mechanical
properties, heat resistance, and resistance to cracking.
The above-noted properties of polyimide materials
attract the interest of tribologists whose efforts are
aimed at enhancing the antifriction and antiwear char-
acteristics of friction units in machines and mechan-
isms, in particular, of dry friction units [3].

A promising way to improve the performance of
polymeric materials, attracting growing researchers’
interest, is modification with fullerenes. For example,
it was reported that fullerenes improve the tribological
characteristics of polymeric materials in sliding fric-
tion [4].

It was shown previously [2] that the crystallizable
PI derived from 3,3�,4,4�-benzophenonetetracarboxylic
dianhydride and 3,3�-diaminobenzophenone (PI BZP�
3,3�BZP) can exist in two crystalline modifications:
CM-1 with the melting point Tm1 = 275�290 and
CM-2 with Tm2 = 330�350�C. The structural features
of this polyimide are determined by the conditions of
its preparation [5]. It was found [5, 6] that formation
of amorphous or partially crystalline PI BZP�3,3�BZP
is mainly governed by the solvent used in synthesis

and imidization of the prepolymer. The partially crys-
talline PI with the higher melting point Tm2 is formed
under conditions of thermal imidization, whereas
chemical imidization in solution in an amide solvent
yields the low-melting crystalline modification CM-1.
In this case, the viscosity of the polymer melt � (Pa s)
at 300�320�C is fairly low (log� = 2.8�3.5), which
allows its processing into a matrix of a composite at
temperatures close to the glass transition point Tg
(245�250�C).

In this work we examined the possibility of pro-
cessing of various structural modifications of PI BZP�
3,3�BZP into a cast item (molding) and studied the
mechanical and tribological characteristics of the
resulting material. Our goal was also to develop fulle-
rene-containing PI BZP�3,3�BZP composites, prepare
moldings from them, and assess the prospects of using
fullerene-containing PIs in dry friction couples with
steel.

EXPERIMENTAL

Synthesis of 3,3�-diaminobenzophenone and purifi-
cation of 3,3�,4,4�-benzophenonetetracarboxylic dian-
hydride were described in [5]. The polyamido acid
(PAA) was prepared by adding a stoichiometric
amount of the dianhydride at 50�C into a solution of
the diamine in a solvent suitable for obtaining the
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required structural modification according to [5]. The
concentration of the PAA solution was 25% (here and
hereinafter, wt %), and the synthesis time, 4 h.

Powdered PI samples were prepared by thermal and
chemical imidization of PAA. To obtain thermally
imidized powdered PI, a 1% solution of PAA was
precipitated in benzene, and the precipitate was fil-
tered off and vacuum-dried at 60�C. Imidization was
performed by successively heating the PAA powder
at 100, 200, 230, and 250�C for 30 min at each tem-
perature. For chemical imidization, the reaction solu-
tion of PAA was diluted to 5% concentration with the
same solvent as that used for PAA synthesis. Then the
imidizing mixture consisting of triethylamine and
acetic anhydride (2 and 3 mol, respectively, per mole
of elementary units of the polymer) was added. After
stirring for 4 h at 50�C, the mixture was cooled to
room temperature and allowed to stand for 20 h. The
precipitated polymer was filtered off, washed, and
dried as described in [5].

To obtain fullerene-containing polymeric samples,
we used a mixture of fullerenes C60 and C70 (weight
ratio 78 : 22).1

The viscosity of melts obtained from PI powders
was determined on a PIRSP rheogoniometer (Russia)
with a cone�plate working unit (cone angle 1�, diam-
eter 40 mm) in the constant shear rate mode (10�2 s�1)
at a preset temperature.

By differential scanning calorimetry (DSC), we
determined the glass transition (Tg) and melting (Tm)
points (�C) and the enthalpies of melting (�H, J g�1)
of the PI samples obtained, which were subsequently
used for preparing moldings. The measurements were
performed with a DSM-2M microcalorimeter at a
scanning rate of 10 deg min�1.

The TG curves were taken on a modified (model C)
MOM derivatograph (Hungary) in air at a heating rate
of 10 deg min�1.

The mechanical characteristics of films were deter-
mined in the uniaxial extension mode with samples
in the form of 2-mm-wide bands with the working
part length of 20 mm. The tests were performed on
a UTS 10 universal mechanical testing installation
(UTStestsysteme, Germany) at an extension rate of
20 mm min�1 (100% of initial length per minute).
From the testing results, we determined the modulus
of elasticity E (MPa), tensile strength �t (MPa), and
elongation at break �b (rel. %).
������������
1 The mixture was provided by the Fullerene Technologies

Company, Ltd. (St. Petersburg).

The glass transition points of polyimide films were
determined thermomechanically on a UMIV-3 instal-
lation in the mode of uniaxial extension with a tensile
stress of 0.5 MPa under conditions of linear heating at
a rate of 5 deg min�1.

Cast samples (moldings) based on PI powders were
prepared as follows. Pellets 2�3 mm thick and 20 mm
in diameter were pressed from PI powders at room
temperature and a pressure of 200 atm. The pressed
pellets were heated in a press mold without pressing
at 320�C for 1 h. After heating, the mold was re-
moved from the oven and finally pressed for 2�3 min
at 150 atm. The mold was then cooled to 60�70�C
over a period of 40 min under a pressure of 100�
150 atm.

From the pellets thus prepared, we cut 5 	 2 	
18-mm flat samples for three-point bending tests at
a loading rate of 1.3 mm min�1 and base length of
15 mm. The bending strength �b (MPa), Young’s
modulus E (MPa), and breaking strain �b (rel. %) were
determined according to [7].

The tribological parameters and surface characteris-
tics of moldings were studied on a friction installation
described in detail in [8]. The face scheme of friction
was realized. A rotating steel counterbody (in the
form of a ring) was in contact with the flat surface of
a polymeric disk 20 mm in diameter and 3 mm thick.
The contact pressure was varied within 1.7�6.7 MPa,
and the sliding velocity, within 0.047�0.138 m s�1.
The following main tribological parameters were de-
termined: coefficient of dry sliding friction f, weight
wear �m (mg), and the dimensionless quantity, linear
wear intensity Iw, defined as Iw = V/(SL), where V is
the volume (m3) of the material removed from the
contact surface in a definite time (10 min); S, minimal
contact surface area (m2); and L, sliding path (m)
equal to 100 m.

In this work we also collected and analyzed poly-
mer particles formed during the test, using a Video-
lab 2 automated image processing system [9]. With
this system and software supplied with it, it is possi-
ble to determine the total number of particles in the
visual field of the microscope, the area enclosed by
the paritcle contour, and perimeter and form factor of
each particle. Electron-microscopic examination of the
wear particles was performed with a JSM-35 electron
microscope (Japan).

By varying the conditions of PI BZP�3,3�BZP syn-
thesis (according to [5]), we obtained powdered PI
samples of the same chemical composiiton but differ-
ent supramolecular structures. We compared the vis-
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�, min

log� [Pa s]

Fig. 1. Viscosity � of the PI BZP�3,3�BZP melt as a func-
tion of time �. Sample: (1, 3) amorphous and (2, 4) partial-
ly crystalline. Imidization procedure: (1, 2) chemical and
(3, 4) thermal.

cosities of their melts. In these experiments, we used
PI samples prepared from PAA with the terminal
amino groups protected by treatment with phthalic
anhydride. This was done in order to exclude the de-
crease in the melt flowability caused by an increase in
the molecular weight due to condensation of terminal
functional groups at temperatures corresponding to the
viscous-flow state of the polymer.

The method used allowed us to compare at the
same temperature (330�C) the time dependences of
the apparent viscosity of the polymer melts for four
samples of PI BZP�3,3�-BZP (Fig. 1): amorphous
samples prepared by chemical and thermal imidization
and partially crystalline samples differing in the melt-
ing point. It is seen that the amorphous and partially
crystalline samples prepared by chemical imidization
have relatively low melt viscosity (Fig. 1, curves 1,

Table 1. Strength characteristics of moldings from PI
BZP�3,3�BZP
����������������������������������������

Sample � �b, MPa � E, MPa � �b, %
����������������������������������������
Partially crystalline, � � �
CM-1: � � �

no. 1 � 118 � 2150 � 5.5
no. 2 � 137�160 � 2540�2960 � 5.4

Partially crystalline, � 9 � 820 � 1.1
CM-2 � � �
Amorphous (chemical� 6 � 670 � 0.9
imidization) � � �
����������������������������������������

2), and the viscosity does not noticeably grow over a
period of 60 min, which is particularly important for
practice. These data show that such PI BZP�3,3�-BZP
samples can be successfully processed into a cast item
under conditions of hot pressing. The polymer sam-
ples prepared by thermal imidization (Fig. 1, curves 3,
4) exhibit a high initial apparent viscosity of the melt,
and this parameter rapidly grows with time.

Three of the four structural modifications of PI
BZP�3,3�BZP appeared to be suitable for casting at
moderate temperatures (300�350�C), substantially
lower than the temperatures of the onset of PI thermal
degradation (450�500�C). From these three modifica-
tions of PI, we prepared samples of moldings and
compared their strength characteristics. The results of
bending tests for this series of moldings are given in
Table 1. We failed to prepare a molding under the
chosen conditions (320�C) from the amorphous PI
BZP�3,3�BZP sample obtained by thermal imidization
of the PAA powder. This is apparently due to the high
viscosity (low flowability) of the polymer melt at the
process temperature (Fig. 1, curve 3).

Table 1 shows that the sample prepared from par-
tially crystalline PI of the high-melting crystalline
modification CM-2 is brittle and has a very low bend-
ing strength. This may be due to the low flowability
of the polymer melt at the pressing temperature
(320�C), resulting in the nonmonolithic structure of
the material. At the same time, our results show that
the high melt flowability (Fig. 1, curve 1) is a neces-
sary but insufficient condition for obtaining cast items
of high strength. The molding obtained from the
amorphous PI BZP�3,3�BZP sample (the least viscous
at the pressing temperature, Fig. 1, curve 1) also has
a poor strength. This is apparently due to the low
molecular weight of the sample. According to [5], PI
prepared by chemical imidization of PAA in diglyme
or m-cresol has a lower molecular weight.

The moldings prepared from partially crystalline
PI BZP�3,3�BZP of the low-melting crystalline modi-
fication CM-1 show high levels of bending strength,
modulus of elasticity, and breaking strain (Table 1).
Sample no. 2 differs from sample no. 1 (Table 1) in
partial protection of terminal amino groups, ensured
by adding at the end of PAA synthesis 0.013 mol of
phthalic anhydride per mole of PAA elementary unit.
Apparently, the increased strength in this case is due
to extension of the melt �life� provided by such pro-
tection.

It is interesting that the strength characteristics
of these moldings are comparable to those of a PI
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Table 2. Characteristics of films of fullerene-containing PI BZP�3,3�BZP
������������������������������������������������������������������������������������

Sample no. � Tg, �C � �b, MPa � E, MPa � �b, %
������������������������������������������������������������������������������������
2 (run no. 2) � 242 � 142 � 4130 � 4.5
3 (run no. 3) � 243 � 128 � 3150 � 4.5
5 (fullerene-free) � 242 � 84 � 3150 � 3.0
������������������������������������������������������������������������������������

Table 3. Glass transition points, melting points, enthalpies of melting, and heat resistance characteristics of samples
of fullerene-containing PI BZP�3,3�BZP
������������������������������������������������������������������������������������

Sample no.
� Tg � Tm �

�H, J kg�1
� �0 � �5 � �10

��������������������� ����������������������������������
� �C � � �C

������������������������������������������������������������������������������������
1 (run no. 1) � 245 � 285 � 28.0 � 465 � 568 � 606
2 (run no. 2) � 237 � 270 � 17.2 � 480 � 585 � 620
2� (run no. 2�) � 237 � 290 � 9.0 � 486 � 550 � 570
3 (run no. 3) � � 273 � 29.3 � 470 � 555 � 575
4 (run no. 4) � 237 � 282 � 13.7 � 480 � 550 � 575
5 (fullerene-free) � 250 � 290 � 28.0 � 450 � 532 � 553
������������������������������������������������������������������������������������

BZP�3,3�BZP film prepared by thermal imidization of
a PAA film (Table 2, fullerene-free sample). Thus, the
bulk cast material obtained from partially crystalline
PI BZP�3,3�BZP of the low-melting crystalline modi-
fication CM-1 acquires the properties characteristic of
a film material obtained by traditional thermal imidi-
zation of the PAA film. Thus, proper choice of the
structural modification of PI BZP�3,3�BZP and hence
of the procedure for preparing the initial press powder
allows realization of the intrinsic characteristics of the
material.

In view of these results, we chose PI BZP�3,3�BZP
of the low-melting crystalline modificatoin CM-1 for
further experiments on development of a fullerene-
containing polymeric composite. The PI BZP�3,3�BZP
chains contain structural fragments (carbonyl groups
and terminal amino groups) exhibiting certain affinity
for fullerenes [10]. Therefore, we can expect that fine-
ly dispersed uniformly distributed fullerene will be
bound with the polymeric matrix by complexing inter-
actions.

Fullerene-containing samples of partially crystalline
press powder of PI BZP�3,3�BZP (Tm1

= 275�290�C)
were prepared by introducing a mixture of fullerenes
C60 and C70 into the polymer using several proce-
dures. For more uniform distribution of the fulle-
rene, a solution of the fullerene mixture was mixed
with the polymer solution in various stages of PI
preparation.

In run no. 1, fullerenes were preliminarily dissolved
in dimethylacetamide (DMAA) to a concentration of

0.05 mg ml�1, and the entire subsequent process of
preparing partially crystalline PI BZP�3,3�-BZP of the
CM-1 modification was performed in this solution as
described above. It is known [11] that the solubility
of fullerenes in o-dichlorobenzene is considerably
higher than in DMAA. Therefore, with the aim to
introduce larger amounts of fullerenes into the poly-
mer, we used in run nos. 2�4 a 20 mg ml�1 solution
of the fullerene mixture in o-dichlorobenzene.

In run no. 2, we first kept fullerenes and the di-
amine in a 5 : 1 (by weight) mixture of DMAA and
o-dichlorobenzene for 1 h at room temperature and
then performed synthesis of PAA and imidization as
described above. A check experiment showed that
synthesis of PAA in such a solvent mixture is not
accompanied by a decrease in the molecular weight
of the polymer. The reduced viscosity of a 0.5% PAA
solution prepared in DMAA and in a 5 : 1 mixture
of DMAA with o-dichlorobenzene was 0.56 and
0.55 dl g�1, respectively. In run no. 2� (Table 3), the
terminal functional groups were partially protected
similarly to sample no. 2 from Table 1 (treatment with
0.013 mol of phthalic anhydride per mole of PAA
elementary units).

In run no. 3, we added a solution of fullerenes in
o-dichlorobenzene into a reaction solution (25%) of
the synthesized PAA and kept the resulting mixture
at room temperature for 2 h. Then, as in the prevoius
cases, PAA was imidized with the imidizing mixture
after preliminary dilution wiht DMAA to 5% concen-
tration. The weight ratio of DMAA and o-dichloro-
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benzene in the mixture thus obtained was 40 : 1. In
the course of imidization, the polymer lost solubility
and precipitated from the reaction mixture in the form
of a finely dispersed fullerene-containing powder of
PI BZP�3,3�BZP.

In run no. 4, a solution of fullerenes in o-dichloro-
benzene was added to a polymer solution 3 h after
adding the imidizing mixture, i.e., in the course of
PAA imidization but before the onset of PI precipita-
tion. With o-dichlorobenzene, we introduced into the
polymer 0.1% fullerenes (relative to the dry polymer
weight), and with DMAA only, 0.015% fullerenes.

The uniform distribution and fixation of fullerenes
in the bulk of the polymer can be confirmed by trans-
parency and optical uniformity of films obtained
from fullerene-containing PI BZP�3,3�BZP. To obtain
such films, we prepared films from fullerene-contain-
ing PAAs using the composition of PAA, BZP�
3,3�BZP, and fullerenes obtained in run nos. 2 and 3
and performed thermal imidization of these films. For
this purpose, before adding the imidizing mixture, we
cast films on glass supports from fullerene-containing
composition nos. 2 and 3. The films were dried and
successively heated for 1 h at 100, 200, and 300�C.
As a result, we obtained transparent dark brown opti-
cally uniform films from fullerene-containing PI and
determined their strength characteristics (Table 2) and
Tg. For comparison, we give in Table 2 the character-
istics of a fullerene-free PI BZP�3,3�BZP film pre-
pared from PAA that was obtained in run no. 3.

It is known [5] that the PI studied in this work does
not itself exhibit good film-forming properties; PAA
films break after chemical imidization. Films prepared
by thermal imidization of PAA films are fairly brittle
(Table 2, sample no. 5). In this connection, noticeable
enhancement of the deformation and strength charac-
teristics of fullerene-containing PI BZP�3,3�BZP films
is a positive result of our study (Table 2, sample nos.
2 and 3).

The next stage of our study involved preparation of
fullerene-containing PI BZP�3,3�BZP press powders
by the above-described procedures. We prepared sam-
ple nos. 1�4 and compared them to fullerene-free
samples of partially crystalline PI BZP�3,3�BZP using
differential scanning calorimetry (to determine the
glass transition point, melting point, and enthalpy of
melting) and thermal gravimetric analysis (to deter-
mine the temperatures of the onset of weight loss and
of 5 and 10% weight loss: 
0, 
5, and 
10, respective-
ly) (Table 3).

Table 3 shows that addition of fullerene to the reac-

tion solution in various stages of PI preparation has
no significant effect on structure formation in PI. All
the samples of fullerene-containing powdered PI ex-
hibit well-defined softening and melting points in the
DSC curves (Table 2) and belong to the low-melting
crystalline modification CM-1, i.e., they show prom-
ise for casting at 300�350�C. It can be only noted that
the enthalpy of melting in some cases decreases, sug-
gesting certain decrease in the degree of crystallinity
of the polymer.

Comparison of the heat resistance parameters (Ta-
ble 3) shows that addition of fullerenes to PI results
in a noticeable growth of the thermal degradation
temperatures. Presumably, fullerenes acting as radical
scavengers inhibit the radical thermal degradation of
the polyimide [10].

From the fullerene-containing compositions of par-
tially crystalline PI BZP�3,3�BZP, we prepared mold-
ings as described above and compared their tribologi-
cal characteristics. The sample prepared from fulle-
rene-containing composition no. 1 was similar in the
color (yellow-brown) to the fullerene-free PI BZP�
3,3�BZP sample, apparently because of the low fulle-
rene content (0.015%). Moldings prepared from fulle-
rene-containing composition nos. 2�4 were black.

Figure 2a shows the pressure dependences of the
sliding friction coefficient f (dimensionless quantity)
in the tribocontact with the moldings under consider-
ation. At pressures below 5 MPa, the friction coeffi-
cients are virtually constant for all the compositions,
ranging from 0.15 to 0.2. At contact pressures above
5 MPa, the friction coefficient does not noticeably
increase only with the molding based on the composi-
tion from run no. 2; hence, this composition is the
most promising for using in friction units at tribocon-
tact pressures of up to 10 MPa. Moldings based on the
other compositions show stable operation only at
pressures below 5 MPa.

Figure 2b shows the pressure dependences of the
weight wear in a tribocontact at a sliding velocity of
0.14 m s�1 and sliding path of 100 m. It is seen that
the molding sample prepared by the scheme of run
no. 2 is the best with respect to the second tribological
characteristic, weight wear, also. It is interesting that
the weight wear of the fullerene-free moldings and
of those with the minimal fullerene content, 0.015%
(Fig. 2b, curves 1, 5), exceeds the weight wear of the
moldings prepared from composition no. 2 by a factor
of 15�25.

In separate experiments at low sliding velocities
we studied how the linear wear intensity Iw of the
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moldings depends on the sliding velocity v (m s�1).
We chose the moldings with the minimal (0.015%,
sample no. 1), intermediate (0.1%, sample nos. 3 and
4), and maximal (1%, sample no. 3� prepared similarly
to sample no. 3 but containing more fullerenes) fulle-
rene content. Figure 3 clearly demonstrates enhance-
ment of the wear resistance of the moldings with in-
creasing fullerene content. It is noteworthy that the
wear intensity is a linear function of the sliding veloc-
ity for all the moldings and that the moldings contain-
ing 0.1�1% fullerenes show an inflection in this
dependence at a sliding velocity of 0.12 m s�1.

The mechanism of wear in a friction couple is
determined by processes occurring in a surface layer
within a depth of several tens of micrometers. Friction
of polymers induces structural rearrangements in the
surface layers of the contacting materials; the temper-
ature grows, the intermolecular interaction weakens,
and, as a result, subsurface cracks and then wear par-
ticles are formed. The parameters of wear particles
bear information about the surface degradation,
changes in the wear mechanism, and, in particular,
about the shear strength of a material.

In this work, we studied the physical processes
occurring in a surface layer by collecting and analyz-
ing the wear particles formed in the course of friction.
The experiments performed at a sliding velocity of
0.14 m s�1 and a sliding path of 100 m showed that
appreciable changes in the mean particle size occur in
the same pressure range, 2.5�5 MPa, for different
compositions. The mean area of wear particles is
within several hundreds of square micrometers for
the moldings based on composition no. 2 and within
103 �m2 in the other cases. Thus, along with the low
friction coefficient, moldings based on composition
no. 2 also exhibit a high shear strength, which is a
very important parameter for applying materials in
friction units.

The presence of an inflection point in the curves
of the friction coefficient vs. tribocontact pressure
(Fig. 2a) can be attributed to changes in the polymer
structure occurring as the temperature in the thin
contact layer grows owing to an increase in the tribo-
contact pressure. It is known that friction can cause
the temperature in the contacting materials to grow up
to the melting point.

Structural changes that occur in BZP�3,3�BZP
materials with increasing temperature alter the mech-
anism of the material failure. This is suggested by a
number of facts, in particular, by changes in the shape
(fractal dimensionality) of wear particles [12] ob-
served before the point at which the properties abrupt-

(a)

p, MPa

(b)
�m, mg

p, MPa

Fig. 2. (a) Sliding friction coefficient f and (b) weight wear
�m as functions of pressure in the tribocontact p with
moldings prepared from fullerene-containing compositions.
Figures at curves are sample nos. in Tables 2 and 3.

Iw

v, m s�1

Fig. 3. Linear wear intensity Iw as a function of sliding
velocity v for moldings prepared from fullerene-containing
compositions that were obtained in run nos. (1) 1, (2, 3) 3,
and (4) 4. Tribocontact pressure 3.9 MPa. (3) Sample with
the maximal fullerene content.

ly change (Fig. 2a). Calculation of the edge of the
wear particles (observed with an optical microscope)
gives the fractal dimensionality D of 1.13 for low
pressures (p < 5 MPa) and 1.07 for p > 5 MPa. Thus,
the wear particles before the inflection point in Fig. 2a
seem to have a larger surface area than those after the
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(a)

(b)

Fig. 4. Electron micrographs of wear particles formed at
(a) low ( p < 5 MPa) and (b) high ( p > 5 MPa) pressures
in the tribocontact. Magnification 6000.

inflection point. Electron microscopic examination
shows that actually the wear particles obtained at low
pressures (before the inflection point in Fig. 2a) are
lumps with a branched surface (Fig. 4a). These parti-
cles formed in a contact gap by agglutination of finer
particles. At higher pressures (and hence higher tem-
peratures), the particles become coarser, and their
surface, smoother (Fig. 4b).

The polymer wear occurs when the stress in the
surface layer exceeds its strength. The major wear
mechanism is determined by the ratio between the
acting stress and strength at a given temperature. If
the stress is lower than the yield point, fatigue wear
is the most probable. If the stress exceeds the yield
point but does not exceed the ultimate strength, plastic
ploughing becomes the most probable. In the process,
the polymer on the friction surface is pressed out at
the edges of friction furrows under the indentor. If the
stress exceeds the ultimate strength, abrasive wear
prevails, and wear particles are formed immediately,
without any incubation period. Electron microscopic
examination shows that the critical contact pressure

of 5 MPa, apparently, characterizes the transition from
wear with plastic flow elements to abrasive wear.

CONCLUSIONS

(1) The polyimide synthesized by chemical imidi-
zation from 3,3�,4,4�-benzophenonetetracarboxylic di-
anhydride and 3,3�-diaminobenzophenone can be pro-
cessed into a cast item at 320�330�C, which allows
preparation of moldings with the bending strength of
up to 160 MPa, Young’s modulus of up to 3000 MPa,
and breaking strain of 5�6%. The moldings prepared
by a similar procedure from the similar polyimide
syntherized by thermal imidization are very brittle
and have poor mechanical properties.

(2) In all the cases, the fullerene-containing poly-
imide studied in this work occurs in a low-melting
crystalline modification, which allows its processing
into cast items or matrices of composites at 320�
330�C.

(3) The optimal procedure for introducing fulle-
rene into the polyimide derived from 3,3�,4,4�-benzo-
phenonetetracarboxylic dianhydride and 3,3�-diamino-
benzophenone is addition of a solution of fullerene in
o-dichlorobenzene to a solution of the diamine in
dimethylacetamide. The molding prepared from the
resulting composition exhibits decreased levels of the
friction coefficient, weight wear, and linear wear
intensity.

(4) The wear resistance of moldings prepared from
the examined polyimides grows with increasing con-
tent of fullerenes.
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Abstract�Low-temperature curing of poly[N-methyl(allyl)-5-vinyltetrazole) with 1,3-dicyano-2,4,6-triethyl-
benzene N, N �-dioxide was studied.

Thermodynamic calculations show that binders
based on heterocyclic compounds can be promising
components of high-energy-capacity condensed sys-
tems thanks to their high enthalpy of formation, in-
creased nitrogen content, chemical compatibility with
other components, and low sensitivity to mechanical
actions. The most interesting among such compounds
are poly(vinyltetrazoles) [1, 2].

In this work we studied low-temperature curing of
poly[N-methyl(allyl)-5-vinyltetrazole], PMVT-A.

Low-temperature curing was effected by 1,3-dicy-
ano-2,4,6-triethylbenzene N, N-dioxide (ODTB). In
the experiments we used PMVT-A plasticized with
various plasticizers (polymer : plasticizer weight ratio
15 : 85). As plasticizers we used a mixed nitrate ester
(a mixture of glycerol trinitrate and diethylene glycol
dinitrate) (binder 1) and a mixture based on 1-alkyl-
3-nitro-1,2,4-triazole (binder 2). The performance of
the curing agents was evaluated by changes in the gel
fraction content Pg (%) and mean molecular weight
of the segment between cross-links Ms.

First we examined the influence of the hardener
concentration on the curing of the binders, to deter-
mine the optimal hardener concentration.

Curing was performed at 40�C with various ODTB
concentrations. The results are shown in Fig. 1. It is
seen that, starting from the ODTB concentration of
0.45 wt %, the gel fraction content reaches a stable
level of 98�99 wt %. This ODTB concentration can
be recommended as optimal.

The next stage of our work was a kinetic study of
the binder curing at the optimal ODTB concentration
of 0.45 wt %. Curing of binders 1 and 2 was per-
formed at 25, 30, 35, 40, 50, and 60�C. Figure 2
shows that, below 40�C, the kinetic curves have an
inflection at the gel fraction content of 85�90 wt %.

Calculation of the apparent activation energies and
entropies of curing from the kinetic curves for the
temperature range 25�40�C revealed significant dif-
ferences between the process characteristics before
and after the inflection point. The final stage of curing
(Pg > 90%) is characterized by the higher activation
energy and different activation entropy (see table).
With the nitrotriazole plasticizer, the activation energy
is lower than with the nitro ester plasticizer. This may

c, wt %

Pg, %

Fig. 1. Gel fraction content Pg as a function of ODTB con-
centration c. Binder: (1) 1 and (2) 2.

(a)

(b)

�, h

Pg, %

Pg, %

Fig. 2. Kinetic curves of curing of binders (a) 1 and (b) 2
with ODTB at (1) 25, (2) 30, (3) 35, (4) 40, (5) 50, and
(6) 60�C. (Pg) Gel fraction content and (�) time.
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Apparent activation energy Ea and entropy �S of curing of PMVT-A with ODTB
������������������������������������������������������������������������������������

Binder
� Ea, kJ mol�1 � �S, cal deg�1 mol�1 � Ea, kJ mol�1 � �S, cal deg�1 mol�1

����������������������������������������������������������������������������
� Pg < 90% � Pg > 90%

������������������������������������������������������������������������������������
1 � 19 � �49.3 � 26.8 � �52.7
2 � 15 � �52.7 � 12.5 � �55.9

������������������������������������������������������������������������������������

be due to selective complexation processes character-
istic of 1,2,4-triazoles [3, 4]. Determination of the
mean molecular weight of the segment between cross-
links Ms (Fig. 3) shows that Ms decreases with tem-
perature, i.e., the cross-linking is more efficient at
elevated temperatures. A minor difference between the
Ms values for binders 1 and 2 suggests that a part of
the curing agent in the nitrotriazole binder is con-
sumed in side processes, other than formation of the
three-dimensional network.

On the whole, our results can be interpreted as
follows. First, the stable yield of the gel fraction at the
hardener content of 0.45 wt % corresponds to the
molar ratio of double bonds to ODTB of 2 : 1. This
fact suggests that the curing involves the C=C bonds.
This is confirmed by a considerable decrease in the
intensity of the IR absorption band corresponding to
the double bonds (1638�1648 cm�1). Second, the in-
flection in the kinetic curves and, correspondingly,
different activation energies of the initial and final
steps of the low-temperature curing indicate that the
reactivities of double bonds are different. Since the
transfer of electronic effects in tetrazole compounds
largely depends on the substituent position [5], the
difference between the reactivities of double bonds
can be attributed to the different position in the allyl
groups in the tetrazole ring (at N1 or N2).

Published data show that units with the N2-allyl
group prevail in PMVT-A [6]. This fact suggests that
the cross-linking first involves the N2-allyl groups,
and this process has a lower activation energy. As the
N2-allyl groups are exhausted, further cross-linking
involves the N1-allyl groups. With increasing temper-
ature, the difference between the reactivities of the
two kinds of allyl groups levels out, and at 50 and
60�C no inflection can be seen in the kinetic curves.

The low activation energies and high negative acti-
vation entropies of curing suggest that the [3+2]-cy-
cloaddition of ODTB occurs via highly ordered cyclic
transition state [7].

In view of these facts and taking into account data
from [7], we suggest the following mechanism of

PMVT-A curing with ODTB:

RCH2CH�CH2

C=N��O
�
R�

C=N��O
�

���

� �
R�CH2�CH�� CH2,�

RCH2CH=CH2

C�N��O
�
R�

C�N��O
�

R�CH2�CH=CH2

�
RCH2CH�CH2

C=N��O
�
R�

C=N��O
�

���

� �
R�CH2�CH�� CH2,�

RCH2CH=CH2

C�N��O
�
R�

C�N��O
�

R�CH2�CH=CH2

�

where R =

R = ��
�
�
�

�

Et

Et

Et
.R = ��

�
�
�

�

Et

Et

Et
.

The content of allylvinyltetrazole fragments n in
PMVT-A is 2�4 wt %, and the content of methyl-
vinyltetrazole fragments m, 98�96 wt %.

EXPERIMENTAL

Experiments were performed with commercial
PMVT-A samples (Sibreaktiv Joint-Stock Company,
Angarsk; batch 9/91). The polymer was ground,
sieved through a 100-�m sieve, and dried at 60�C for
2 h. The dried polymer was stored in a desiccator over

Ms

T, �C
Fig. 3. Mean molecular weight of the segment between
cross-links Ms in PMVT-A samples as a function of curing
temperature T. Binder: (1) 1 and (2) 2.
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calcined calcium chloride. As curing agent we used
commercial ODTB (Tekhnolog Special Designing and
Technical Bureau, St. Petersburg), which was dried
for a day at 25�C before use. As dispersant we used
triacetin (ODTB : triacetin = 1 : 1). The binder was
prepared by direct mixing of the polymer with the
plasticizer at room temperature, followed by evacua-
tion to constant weight to remove volatiles. Curing
was performed in closed aluminum weighing bottles
in an oven. By sampling at regular intervals, we deter-
mined the time of the onset of curing and the param-
eters of the vulcanization network. The quantities Pg
and Ms were calculated as described in [8]. The corre-
lation coefficient in the calculations was 0.96�0.98.

CONCLUSIONS

(1) Low-temperature curing of poly[N-methyl(al-
lyl)-5-vinyltetrazole] with 1,3-dicyano-2,4,6-triethyl-
benzene N, N �-dioxide yields the cross-linked polymer
with the gel fraction content of 98�99% in a wide
temperature range.

(2) The possible mechanism of the reaction of the
hardener with the tetrazole polymer, involving addi-
tion of nitrile oxide groups to the double bonds of
allyl groups to form a three-dimensional structure,
was suggested.
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Abstract�Synthesis of poly(1,2-dimethyl-5-vinylpyridinium methyl sulfate) and its copolymers with hydro-
philic monomers by (co)polymerization initiated with water-soluble peroxides is studied. The flocculating
activity of polyelectrolytes is determined in aqueous kaolin suspensions and also in dewatering of an active
sludge.

Cationic polyelectrolytes are widely used as floc-
culants for separating various dispersions [1]. Based
on the chemical nature of the cationic center of a
macromolecule, two major classes of cationic poly-
electrolytes can be distinguished. The first class in-
cludes polymers containing ammonium cations. In
this case, introduction of cationic groups is realized by
using aminoalkyl acrylates and their salts such as
(2-acrylamidopropyl)trimethylammonium chloride and
dialkyldiallylammonium halides as starting monomers.
The second class covers pyridinium polyelectrolytes
formed in polymerization of vinylpyridinium salts of
various structures. One of the most active among them
is poly(1,2-dimethyl-5-vinylpyridinium methyl sul-
fate) (poly-1,2-DM-5-VPMS) whose primary advan-
tages are high environmental compatibility and effi-
ciency in dispersion separation [2, 3].

In this work we studied synthesis of high-molecu-
lar-weight poly-1,2-DM-5-VPMS and its copolymers
with hydrophilic monomers having high flocculating
activity.

EXPERIMENTAL

Polymerization of 1,2-DM-5-VPMS was carried
out in an aqueous solution at 20�0.5�C using the
ampule method. A 0.001�0.01 M aqueous solution of
an initiator was added to a monomer solution of a
fixed concentration. The initial 1,2-DM-5-VPMS was
purified by recrystallization from methanol. As ini-
tiators we used hydrogen peroxide (HP), tert-butyl
hydroperoxide CH3C(CH3)2OOH (TBHP), 2-tert-
butylperoxy-1-ethanol CH3C(CH3)2OO(CH2)2OH

(TBPE), and 1-tert-butylperoxy-2-propanol CH3 �
C(CH3)2OOCH2CH(OH)CH3 (TBPP). TBPE and
TBPP were synthesized according to the procedure
described in [4]. The organic peroxides were purified
by vacuum distillation.

Copolymerization of 1,2-DM-5-VPMS with acrylic
(AA) and maleic (MA) acids, acrylonitrile (AN),
acrylamide (AAm), N-vinylpyrrolidone (VP), and
vinyl acetate (VA) was performed in an aqueous solu-
tion at 20�0.5�C and various initial comonomer
ratios. As an initiator we used TBPP. AAm and MA
were purified by recrystallization from acetone, and
AN, AA, VP, and VA were distilled prior to poly-
merization. Physicochemical characteristics of the
monomers used were well consistent with the refer-
ence data. Copolymerization was carried out to 96�
98% conversion. Then the polymerizate was dissolved
in methanol and precipitated by diethyl ether. The
resulting polymers were additionally purified by re-
precipitation from methanolic solutions with diethyl
ether and vacuum-dried (pres = 1.5�2.0 mm Hg, T =
20�0.5�C) to constant weight.

The copolymers were analyzed for the carboxy
group content by potentiometric titration and for
quaternary pyridinium units by titration of the copoly-
mer�polyacrylic acid complex.

The viscosity of dilute polymer solutions was
measured with an Ubbelohde viscometer at 30�C in
2 M NaCl or at 25�C in 0.05 M KBr. The intrinsic
viscosity was estimated by linear extrapolation of
�sp/c and ln�rel/c to zero concentration (�sp and �rel
are the specific and relative viscosities, respectively).
The viscosity-average molecular weight M� of the
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[I] � 104, M

�

Fig. 1. Molecular weight M� of poly-1,2-DM-5-VPMS as a
function of the initiator concentration [I]: (1) TBPP, (2) HP,
(3) TBPE, and (4) TBHP. [M]0 = 2.3 M, 20�C.

homopolymer was estimated by Eq. (1) [5]

[�] = 0.295 �104M�
0.8, (1)

where [�] is the intrinsic viscosity in 0.05 M KBr
at 25�C. As a dispersion phase in the flocculation
experiments we used kaolin (KSD brand) with a mean
particle size of 7 �m. To 0.8% kaolin suspension a
flocculant was added in amount of 0�5 mg l�1. The
experiments were carried out in 250-ml glass cylin-
ders. After addition of a polyelectrolyte, the sus-
pension was stirred with a rotary stirrer for 2 min
(180 rpm) without air access. After an hour, the super-
natant was sampled and its optical density A was
measured on a KFK-3 instrument at a wavelength of
400 nm against water as a reference. The turbidity of
the supernatant � was estimated by Eq. (2)

� = 2.3A/l, (2)

where l is the path length (cm).

From the experimental data thus obtained we deter-
mined the optimal concentrations of the polyelectro-
lytes copt providing the minimal turbidity of the super-
natant. The clarification factor D� was estimated by
Eq. (3):

D� = �0/� � 1, (3)

where �0 and � are the supernatant turbidities, respec-
tively, without and with the polyelectrolyte added
in a fixed concentration.

In sludge dewatering experiments, we used active
sludge from biological treatment plant for sewage
water (Volgogradvodokanal Municipal Enterprise).
Active sludge (200 ml) was mixed with a 0.1 wt %
flocculant suspension. The mixture was agitated by
tenfold pouring, filtered after 30-s settling, and the fil-

trate was analyzed for the residual suspended matter.
A filter with the precipitate was additionally de-
watered under a 5-kg press. The moisture content in
the cake was determined gravimetrically.

The common method for synthesis of soluble poly-
electrolytes is radical polymerization of the corre-
sponding monomers in solution or dispersion [6, 7].
In aqueous solutions of monomers, polymerization
proceeds mostly at a high rate, and high-molecular-
weight polymers are formed. In this case, after com-
pletion of the process, the polymerizate can be used
directly for preparation of working solutions of poly-
electrolytes, eliminating the isolation stage.

Persulfate-initiated polymerization of 1,2-DM-
5-VPMS in aqueous solutions became a base for
semicommercial production of PPS flocculant [6].
Polymers formed in the process have relatively low
molecular weight [M� = (1.5�1.8) �106] and contain
some insoluble fractions. Available data on the reac-
tivity of sulfate radical anions and their transformation
products [8] and also on the reaction of persulfates
with cationic polymers [9] suggest that gelation could
be caused by two factors. The first factor is branching
and cross-linking of the macromolecules in transfer of
a radical center from the sulfate radical anions or
hydroxy radicals to the macromolecules. The second
possible factor is realization of ionic �pseudo-cross-
links	 between the macromolecules via the sulfate
anions. As a result, the persulfate initiation did not
allow synthesis of high-molecular-weight totally
soluble polymers.

In searching for initiators providing synthesis of
a high-molecular-weight readily soluble polymer in a
high yield, we tested HP, TBHP, TBPE, and TBPP.

Polymerization of 1,2-DM-5-VPMS with any of
the indicated initiators proved to occur even at 20�C,
and the polymers formed had a fairly high molecular
weight (M� = 8.0 �105�5.1 �106). The effect of the
peroxide structure on M� is demonstrated in Fig. 1.
The highest-molecular-weight poly-1,2-DM-5-VPMS
was obtained with TBPP [M� = (2.96�5.13) �106].
Regardless of the initiator structure, increasing its
concentration results in decreasing M� of the polyelec-
trolyte (Fig. 1).

The effect of the initiator structure can be attributed
to differences in the rate of radical generation from
peroxides and, correspondingly, in the initiation rate.
It is obvious that decomposition of the peroxides in
polymerization (T = 20�C) is an activated process.
Most likely, the activating factor is the peroxide�
monomer interaction with formation of a complex
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with considerably decreased peroxide bond strength,
as demonstrated for systems peroxide�ammonium salt
[10]. It may be suggested that, in this case, the initia-
tion rate is lower with TBPP, providing formation of
a higher-molecular-weight polymer.

The differences in the qualitative and quantitative
compositions of disperse systems make it necessary
to extend the spectrum of flocculating agents. In this
connection, it seemed advisable to study copolymeri-

zation of 1,2-DM-5-VPMS with other monomers with
the purpose of modifying the structural, electrochemi-
cal, and adsorption characteristics of the polyelectro-
lytes, so as to enhance their flocculating activity.
Of particular interest was to synthesize polyelectro-
lytes containing anionic active centers or nonionic
elementary units. Therefore, we synthesized copoly-
mers of 1,2-DM-5-VPMS with AA, MA, AN, AAm,
VP, and VA:
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Copolymerization was carried out in aqueous solu-
tions at 20�0.5�C with TBPP as an initiator. The
copolymerization conditions and characteristics of the
resulting products are summarized in Table 1. The
products obtained with some of the monomers studied
were high-molecular-weight copolymers ([�] = 0.5�
2.5 dl g�1) soluble in water, methanol, DMSO, and
DMF.

Copolymerization of 1,2-DM-5-VPMS with all the
monomers studied, except for MA, is characterized by
high product yield (96�98%). In some cases (at cer-
tain total concentration 
Mi and ratio f2 / f1 of co-
monomers), we observed phase separation in systems
with AA and AN, which is probably due to formation
of copolymer fractions enriched with the second
monomer and insoluble in the reaction mass. There-
fore, to realize homogeneous copolymerization of

1,2-DM5-VPMS with AA or AN, it necessary to limit
the content of the second monomer in the reaction
mixture to 20 mol %.

Note that, in the systems with AN, the intrinsic
viscosity of the resulting copolymer is practically in-
dependent of its composition, whereas with other
monomers, increasing content of the second monomer
somewhat decreases [�].

In the system with MA, increasing fraction of the
second monomer in the reaction mixture considerably
decreases the yield and molecular weight of the co-
polymer. For example, at an MA concentration of up
to 15 mol %, the molecular weight of the resulting
copolymer is rather high ([�] = 2.05�1.45 dl g�1), and
the product yield is 96�98%. With increasing MA
fraction, the viscosity of copolymers decreases to
0.54 dl g�1, and the yield, to 55%, which is caused by
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Table 1. Copolymerization of 1,2-DM-5-VPMS (M1) (
Mi = 2 M; initiator 10�3 M TBPP; 20�C)
������������������������������������������������������������������������������������

Comonomer
�Monomer mixture composition, mol %�

Copolymer
� Copolymer composition, mol % �

[�],����������������������������� �������������������������
� f1 � f2 � yield, % � F1 � F2 � dl g�1

������������������������������������������������������������������������������������
AA � 95 � 5 � 98 � 96.7 � 3.3 � 2.43

� 90 � 10 � 97 � 93.1 � 6.9 � 2.04
� 85 � 15 � 96 � 89.8 � 10.2 � 1.90

MA � 95 � 5 � 99 � 98.6 � 1.4 � 2.05
� 90 � 10 � 99 � 97.0 � 3.0 � 1.71
� 85 � 15 � 97 � 95.7 � 4.3 � 1.45
� 75 � 25 � 72 � 94.0 � 6.0 � 0.81
� 65 � 35 � 67 � 93.0 � 7.0 � 0.73
� 50 � 50 � 55 � 84.7 � 15.3 � 0.54

AN � 95 � 5 � 98 � 96.2 � 3.8 � 2.40
� 90 � 10 � 98 � 92.5 � 7.5 � 2.36
� 85 � 15 � 98 � 89.6 � 10.4 � 2.37
� 75 � 25 � 98 � 82.4 � 17.0 � 2.35

AAm � 95 � 5 � 98 � 95.0 � 5.0 � 2.31
� 90 � 10 � 97 � 90.0 � 10.0 � 2.10
� 75 � 25 � 95 � 74.0 � 26.0 � 1.82
� 60 � 40 � 95 � 56.0 � 44.0 � 1.80
� 50 � 50 � 94 � 47.0 � 53.0 � 1.73

VP � 95 � 5 � 98 � 96.5 � 3.5 � 1.65
� 90 � 10 � 98 � 88.2 � 11.8 � 1.62
� 75 � 25 � 97 � 77.9 � 22.1 � 1.42

VP + AAm � 90 � 5 + 5 � 99 � 87.3 � 12.7* � 1.81
� 90 � 7 + 3 � 98 � 87.6 � 12.4* � 1.72
� 90 � 9 + 1 � 97 � 88.5 � 11.5* � 1.60

VP + VA � 90 � 9 + 1 � 98 � 89.6 � 10.4* � 1.70
� 80 � 18.5 + 1.5 � 96 � 81.5 � 18.5* � 1.52
� 75 � 22.5 + 2.5 � 96 � 77.6 � 22.4* � 1.30

������������������������������������������������������������������������������������
* F2 + F3.

low polymerization activity of MA. Therefore, to
obtain high-molecular-weight copolymer, it necessary
to limit the MA content in the reaction mixture to
15 mol %.

As expected, decreasing initiator concentration in-

Table 2. Influence of the initiator (I) concentration on the
yield and intrinsic viscosity of 1,2-DM-5-VPMS copoly-
mers ( f1 = 90 mol %, f2 = 10 mol %; 20�C)
����������������������������������������

Comonomer
�

[I]0, M
� Copolymer � [�],

� � yield, % � dl g�1

����������������������������������������
AAm � 0.0001 � 96 � 2.33

� 0.001 � 98 � 1.84
� 0.01 � 99 � 1.61

VP � 0.0001 � 92 � 2.39
� 0.001 � 99 � 1.62
� 0.01 � 99 � 1.26

����������������������������������������

creases the intrinsic viscosity of the resulting copoly-
mers (Table 2). Simultaneously, the yield decreases,
remaining, however, above 90% at an initiator con-
centration of 10�4 M.

It appears more technologically advantageous to
increase the molecular weight through increasing
monomer concentration. Table 3 shows that, for dif-
ferent compositions of the reaction mixture, increase
in the total concentration of monomers results in for-
mation of polymers with higher intrinsic viscosity
in nearly theoretical yield.

The results of studying the flocculating effect of
poly-1,2-DM-5-VPMS in separation of model systems
revealed high activity of this polyelectrolyte [2, 3, 11].
However, in the case of the homopolymer, the charge
density is independent of its molecular weight, since
each elementary unit contains the ionic group. With-
out question, introduction of nonionic units into the
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polymer structure should influence its electrochemical
and adsorption characteristics and the flocculating
action as well. Therefore, in this work we made a
comparative study of the flocculating activity of the
copolymers obtained.

The results showed that introduction of some acidic
groups into the polyelectrolyte structure decreases the
flocculating activity of the copolymers. Copolymers
of 1,2-DM-5-VPMS with nonionic monomers such as
AAm (samples 1AAm, 2AAm, 3AAm, and 4AAm),
VP (samples 1VP, 2VP, and 3VP), VP + AAm or
VA [samples 1VP(AAm), 2VP(AAm), 1VP(VA),
and 2VP(VA)] seem to be the most promising floc-
culants.

Figure 2 shows that the dependences of the super-
natant turbidity on the polyelectrolyte concentration
have extrema. At low flocculant concentration (up to
0.4 mg l�1), the residual turbidity decreases (floccula-
tion branch). With increasing cf (0.4�2 mg l�1), the
range of dispersion destabilization is observed, and
with further increasing cf, the supernatant becomes
somewhat more turbid. The latter is commonly inter-
preted as stabilization of the dispersion through for-
mation of protective layers of the adsorbed polymer.
The results show that higher clarification factors are
realized when copolymers containing vinylpyrrolidone
units are added as flocculants.

The optimal flocculation parameters for kaolin sus-
pension with copolymers of 1,2-DM-5-VPMS with
nonionic monomers are given in Table 4. As seen, the
flocculating activity of the copolymers depends on
their composition. Copolymers containing AAm units
are close to poly-1,2-DM-5-VPMS in their floccula-
tion activity and optimal concentration. With increas-
ing AAm content in the copolymer, the flocculating
activity decreases, and the optimal concentration in-
creases to 1.2 mg l�1.

The copolymers of 1,2-DM-5-VPMS with VP dem-
onstrate higher flocculating activity than poly-1,2-
DM-5-VPMS and the copolymers with AAm. The
optimal flocculant concentrations in this case are prac-
tically the same, ranging from 0.5 to 1.2 mg l�1. The
highest flocculating effect was observed for sample
1VP (D� = 174.7).

Simultaneous introduction of VP and VA units in
the amounts of 9 and 1 mol %, respectively, results
in formation of a copolymer providing a 1.5-fold in-
crease in the clarification factor as compared to the
homopolymer. However, in this case, the optimal
flocculant concentration increases to 0.8 mg l�1.

Study of the flocculating activity of the terpoly-

Table 3. Influence of the comonomer concentration on
synthesis of terpolymers of 1,2-DM-5-VPMS (M1) with
VP (M2) and AAm (M3) ([I]0 = 10�3 M; 20�C)
����������������������������������������
Composition of monomer �


 [M]0,
�

Yield,
�

[�],mixture, mol % �
M

�
%

�
dl g�1�������������������� � �

f1 � f2 � f3 � � �
����������������������������������������

90 � 9 � 1 � 2.0 � 97 � 1.62
75 � 22 � 3 � 2.0 � 95 � 1.13
90 � 9 � 1 � 3.3 � 99 � 2.24
75 � 22 � 3 � 3.9 � 98 � 1.91
90 � 9 � 1 � 4.3 � 99 � 3.51
75 � 22 � 3 � 5.1 � 99 � 2.83

����������������������������������������

Table 4. Optimal flocculation parameters for 0.8% kaolin
suspension with copolymers of 1,2-DM-5-VPMS with
nonionic monomers
����������������������������������������

Flocculant
� [�], � F2, � copt, �

D�� dl g�1 � mol %� mg l�1 �
����������������������������������������
Poly-1,2-DM-5-VPMS � 2.3 � 0 � 0.4 �123.8
1AAm � 2.3 � 5.0 � 0.5 �117.6
2AAm � 2.1 � 10.0 � 0.4 �127.2
3AAm � 1.8 � 26.0 � 0.6 �111.9
4AAm � 1.6 � 53.0 � 1.2 � 92.0
1VP � 1.6 � 11.8 � 0.5 �174.7
2VP � 1.4 � 22.1 � 1.2 �162.6
1VP(AAm) � 1.6 � 12.7*� 0.8 �323.6
2VP(AAm) � 1.1 � 23.5*� 1.0 � 93
1VP(VA) � 1.7 � 10.4*� 1.0 �196.4
2VP(VA) � 1.3 � 22.4*� 1.8 �162.6
����������������������������������������
* F2 + F3.

�, cm�1

cf, mg l�1

Fig. 2. Supernatant turbidity � as a function of the floccu-
lant concentration cf: (1) poly-1,2-DM-5-VPMS, (2) 2AAm,
(3) 1VP, (4) 1VP(VA), and (5) 1VP(AAm).
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cf, g kg�1

cs, mg l�1

Fig. 3. Effect of the flocculant concentration cf on the
suspended matter concentration in the filtrate cs: (1) poly-
1,2-DM-5-VPMS, (2) 2AAm, (3) 1VP, and (4) 1VP(AAm).

mers of 1,2-DM-5-VPMS with VP and AAm showed
that the samples containing 9 mol % VP and 1 mol %
AAm provide the maximal efficiency of treatment of
the kaolin suspension. In their performance these co-
polymers surpass the homopolymer by a factor of 2.6.
In this case, the optimal concentration is 0.8 mg l�1.
As for the copolymers described above, with further
increasing fraction of the nonionic units in the co-
polymer structure, the flocculant activity decreases
and the optimal concentration increases.

Without question, the sedimentation rate of the
kaolin suspension increases in the presence of the
copolymers. Determination of the flocculation mech-
anism requires a thorough study of floccule and pre-
cipitate formation as well as the conformation state of
copolymers of various compositions with allowance
for composition nonuniformity. However, some con-

Table 5. Activity of cationic flocculants in dewatering of
excess sludge
����������������������������������������
Initial sludge �

Floc-
�Concen-�Cake mois-�

cs,moisture �
culant

� tration, � ture con- �
mg l�1

content, % � � g kg�1 � tent, % �
����������������������������������������

99.34 �KF-91 � 1.5 � 87.4 � 28.0
� � 1.9 � 88.6 � 11.7
� � 2.3 � 89.9 � 16.3

99.7 �2AAm � 1.7 � 90.9 � 81.6
� � 2.5 � 91.5 � 60.6
� � 3.4 � 91.9 � 46.6

99.7 �1VP � 1.7 � 88.8 � 44.3
� � 2.5 � 87.5 � 37.3
� � 3.4 � 89.7 � 30.7

99.7 �1VP(AAm)� 1.7 � 91.2 � 34.9
� � 2.5 � 88.0 � 28.0
� � 3.4 � 84.9 � 22.3

����������������������������������������

clusions can be made from comparison of the results
obtained on the flocculating power of copolymers
with various hydrophilic monomers.

The results show that the flocculating power in-
creases only with VP as a comonomer. It is unlikely
that VP units are involved in hydrogen bonding and
ion�dipole interactions with sites on the particle sur-
face, because of steric hindrances resulting in shield-
ing of the carbonyl group. Most likely, the increase in
the flocculating power is associated with changing
the coil conformation in the surface layer of particles
and also with increasing probability of association
of the coils with participation of the nonionic units,
accompanied by formation of bridging bonds through
two and more coils.

Based on the results obtained on the flocculating
power of copolymers of 1,2-DM-5-VPMS with non-
ionic monomers, a series of samples were selected
for testing in dewatering of excess activated sludge
formed in the water treatment plant (Volgogradvodo-
kanal Municipal Enterprise). The processes of water
treatment and subsequent dewatering of excess sludge
mostly involve the flocculation and filtration stages
allowing removal of excess suspended material from
the biological treatment zone and also regeneration of
activated sludge in aeration tanks [12]. In this case,
the residual moisture content of the sediment and the
suspended matter content in the filtrate are the param-
eters characterizing the flocculant performance.

Evaluation of the flocculating efficiency requires
data on the effect of the flocculant concentration on the
suspended matter concentration in the filtrate cs. As
seen from Fig. 3, the suspended matter concentration
abruptly decreases wit increasing flocculant concentra-
tion to 2 g kg�1. With further increasing cf, the range
of sludge suspension destabilization is observed. The
secondary stabilization range has not been realized
under the experimental conditions, since, evidently, it
occurs at higher cf. Thus, the effective flocculant con-
centration falls into the range 1.5�3 g kg�1. From the
dependence of the moisture content of the resulting
cake on the reagent concentrations, we can determine
the optimal flocculant concentration. The criterion was
the minimal moisture content in the cake. The floc-
culants studied demonstrated high performance in
dewatering the sludge and decreasing suspended
matter content in the filtrate (Table 5). In the experi-
ments we used activated sludge without preconcentra-
tion, i.e., with low suspended matter content (0.3�
0.7 wt %), which complicated flocculation with poly-
mers. Nevertheless, the use of the copolymers allowed
highly efficient dewatering of the activated sludge.
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Table 5 shows that 1VP and 1VP(AAm) samples
are more effective flocculants as compared to KF-91
homopolymer, 1VP(AAm) being especially active,
having the dewatering effect higher by a factor of 1.3.

CONCLUSIONS

(1) Study of homo- and copolymerization of 1,2-
dimethyl-5-vinylpyridinium methyl sulfate initiated
by water-soluble peroxides revealed that the polyelec-
trolytes obtained using 1-tert-butylperoxy-2-propanol
have the highest molecular weight and solubility in
water. Copolymerization initiated with tert-butylper-
oxy-2-propanol allows preparation of high-molecular-
weight poly(1,2-dimethyl-5-vinylpyridinium methyl
sulfate) [M� = (2.8�5.1) �105] and its copolymers in
nearly theoretical yield at room temperature (�20�C).
Decreasing fraction of 1,2-dimethyl-5-vinylpyridinium
methyl sulfate in a copolymer results in somewhat de-
creasing intrinsic viscosity, the effect being more pro-
nounced in copolymers with maleic acid and N-vinyl-
pyrrolidone.

(2) Copolymers of 1,2-dimethyl-5-vinylpyridinium
methyl sulfate with N-vinylpyrrolidone and its ter-
polymers with N-vinylpyrrolidone and acrylamide or
vinyl acetate demonstrate higher flocculating per-
formance than the homopolymer. Evidently, this is
due to optimal concentration and arrangement of the
cationic centers in the polymer chain, and also to
direct participation of the nonionic units in floccule
formation.

(3) The polymers studied can be recommended as
reagents for treatment of industrial reused water and
wastewater.
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Abstract�Recovery of gold cyanide complexes was studied using sorbents prepared from Kansk�Achinsk
lignite.

To recover finely ingrained gold, the ore is often
leached with a sodium cyanide solution with subse-
quent preparation of the concentrate or metallic gold.
Gold is recovered from solutions and suspensions (in
the last 2�3 decades) using predominantly carbon
sorbents [1].

Gold is fairly selectively sorbed on carbon sorbents,
being concentrated to a level of 1% of the sorbent
weight. Concentrates or metallic gold are prepared
from the gold-containing solutions obtained after
sorbent treatment by various procedures.

Sorption is a decisive step of such procedure, and
thus sorbent properties should meet certain require-
ments. It was found that the specific surface area of
sorbents strongly affects the gold sorption [2]. The
specific surface area of commercial sorbents prepared
from coconut shells reaches 1000 m2 g�1, and their
capacity for gold in sorption from solutions with a
gold concentration of 1 mg l�1 is about 1%.

Sorbents should be abrasion-resistant, and high
mechanical strength is important, because in the course
of treatment the coarse sorbent (�2 mm particle size)
is stirred with finely ground ore (0.07 mm) in a sodi-
um cyanide solution with the content of the solid
matter of up to 50%. After prolonged stirring, gold
dissolves and passes into the sorbent, and then the
gold-containing sorbent is separated from the ground
ore using a 0.5-mm gauze. Thus, with a fragile easily
grindable material, the loss of gold-containing sorbent
with ore will be intolerably high.

All modern procedures employ sorbents prepared
from coconut shells, which exhibit acceptable capacity
for gold and the required mechanical strength.

Attempts are made to prepared alternative sorbents
from liquid products of shale treatment and petroleum
residues, technical hydrolytic lignin, furfural, and also

from wastes of production of phenol�formaldehyde
resins, coal-tar raw materials, petroleum coke, and
wood residue with carbonization and ultra-high-fre-
quency activation. However, the mechanical strength
of the above sorbents [in accordance with GOST
(State Standard) 16-188�70] is insufficient and com-
prises up to 90%. The demand of the gold-mining
industry in Russia is about 1000 t of sorbent per year
(data are as of 1990) [2].

At the same time, the use of sorbents prepared
from coconut shells in the gold hydrometallurgy has
its own disadvantages, because the expenses related to
the sorbent loss due to the abrasion at suspension stir-
ring and to its periodical regeneration are nearly 50%
of the sorbent cost [1]. Thus, the use of cheap dispos-
able sorbents to recover gold from solutions seems to
be advisable.

In this work, we studied the sorption capacity of
ABG activated sorbent for gold cyanide complexes.
Since the mechanical strength of the ABG sorbent
does not allow its use in the pulp process, it was used
to recover gold from solutions. Due to low cost, it was
planned to ash the gold-containing sorbent with sub-
sequent recovery of gold from the ash residue.

EXPERIMENTAL

The carbon sorbents were tested using industrial
solutions from a gold-recovery enterprise with a gold
content of 1.32�1.52 mg l�1. The following carbon
sorbents were used: ABG commercial product (Sor-
bentugol’ Joint-Stock Company, Krasnoyarsk, Russia)
prepared from Kansk-Achinsk lignite with the specific
surface area of 560�800 m2 g�1 and ash content of 18�
25%, commercial coconut coal (Du Pont, the United
States) designed for gold recovery from the pulp
(nearly 1000 m2 g�1), and GRC-22 commercial
coconut coal (Calgon Carbon, the United States)
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designed for gold recovery from the pulp (nearly
1000 m2 g�1).

The aim of the work was to study the completeness
of gold recovery using the above sorbents.

Gold was recovered using the following procedure.
Weighed portions of sorbents (100 mg) were placed
into the solutions (100 ml), i.e., 1 g of sorbent per liter
of solution (the commercial charge in the pulp is
20 g l�1). The mixture was intermittently stirred, and
then, after extraction concentration, the residual con-
tent of gold in solution was determined using the
atomic absorption method, and the sorption ratios
were evaluated to compare the sorbent samples. The
results are listed in Table 1.

As seen from Table 1, the highest recovery of gold,
99%, is reached with coconut sorbents, and the re-
covery of gold by ABG sorbents is lower (96%). The
lower (by 3%) gold recovery is probably due to the
higher ash content and smaller specific surface area of
the ABG sorbent, and this disadvantage can be over-
come by taking larger amounts of the sorbent, which
is acceptable for the production process because of
the low cost of the ABG sorbent.

The sorption capacity under the dynamic condi-
tions was determined in a flow of the process solu-
tion, and in each case the fresh solution was used. The
average content of gold in solution was 1.32 mg l�1,
and it varied depending on its content in the ore. 1-g
portions of sorbents (about 2 mm particle size) in cot-
ton-cloth containers were placed into a column. The
solution was supplied from the bottom upwards at a
rate of 0.5 l h�1; the containers were wetted uniformly.
The contact periods of 40 h, 100 h, and 7 days are not
related to the rate of the sorbent saturation and can be
associated with the diffusion problems in sorption of
gold, arising with sorbents placed in containers to
simplify analytical control of the gold content. The
content of gold in the sorbent was determined by
the spectral method; the results are listed in Table 2.

As seen from Table 2, for both coconut and ABG
sorbents, the degree of the sorbent saturation with
gold is similar. The capacity of the ABG sorbent for
gold of 0.5�1.0% relative to the sorbent weight is
close to the capacity of the best coconut sorbents, and
thus it can be used to develop a process based on the
use of the ABG sorbent as disposable material to
recover gold from solutions. Taking into account the
average ash content of the ABG sorbent of 20%, the
calculated content of gold in the ash will reach 5%.
Such concentrates are utilized at refining plants; the
recovery of gold on the ABG sorbent is competitive
with precipitation of gold with a zinc dust, also yield-
ing a 5% concentrate.

Table 1. Equilibrium distribution of gold in sorption on
carbon sorbents under the static conditions; initial concen-
tration of gold in solution 1.52 mg l�1, solution volume
100 ml, sorbent weighed portion 100 mg
����������������������������������������

Sorbent
� Equilibrium concen- � Degree of �Ash con-
�tration of gold, mg l�1� recovery, %� tent, %

����������������������������������������
ABG � 0.06 � 96 � 18�25

� 0.06 � 96 � 18�25
� 0.06 � 96 � 18�25

Coconut: � � �
Du Pont � 0.02 � 99 � 5
GRC-22 � 0.02 � 99 � 5
Calgon � � �
Carbon � � �

����������������������������������������

Table 2. Capacity of sorbents for gold under the dynamic
conditions
����������������������������������������

Sorbent

� Gold content in sorbent, %, at indicated
� contact time
�������������������������������
� 40 h � 100 h � 7 days

����������������������������������������
ABG-1 � 0.1 � 0.20 � 0.5

� 0.1 � 0.19 � 0.5
� 0.1 � 0.20 � 0.5
� 0.2 � 0.42 � 1.0
� 0.2 � 0.42 � 1.0
� 0.2 � 0.42 � 1.0

Coconut: � � �
Du Pont � 0.2 � 0.44 � 1.0
GRC � � � 0.44 � 1.0
Calgon � � �
Carbon � � �

����������������������������������������

CONCLUSION

The capacity of the ABG sorbent for gold is 0.5�
1.0%, which is acceptable for developing a process
based on the use of the ABG sorbent as disposable
material to recover gold from solutions.
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Abstract�The equilibrium swelling of new hydrogels based on sodium acrylate and N, N-methylenebisacryl-
amide modified with 5-vinyltetrazole in water and aqueous solutions of nickel salts in the stage of radical
polymerization was studied. The influence of 5-vinyltetrazole concentration in the monomer mixture on the
characteristics of the resulting copolymers was studied.

The influence of various modifying copolymers on
the characteristics of acrylic hydrogels has been exten-
sively studied in the past ten years, since slight
changes in the copolymer composition can result in
significant changes in characteristics of the new poly-
meric materials. Progress in synthesis of tetrazole
derivatives gave opportunities for production of new
macromolecular compounds, which significantly
stimulated an interest in this class of (co)polymers,
since introduction of tetrazole-containing monomers
into copolymers expanded the application of acrylic
hydrogels [1, 2]. For example, copolymers based on
salts of acrylic acid (AA) and 2-methyl-5-vinylterazole
can be used as a medium for growth of plants at
elevated ambient temperature [3].

In this work we studied the behavior of cross-
linked copolymers based on salts of acrylic acid,
5-vinyltetrazole (VT), and N, N-methylenebisacryl-
amide (MBAA) in electrolyte solutions and also the
kinetics of swelling of the synthesized polymers in
distilled water.

EXPERIMENTAL

Hydrogels based on sodium acrylate, VT, and
MBAA used as a cross-linking agent were prepared
by polymerization in aqueous solution at room tem-
perature; the initiating system was ammonium persul-
fate (APS)�tetramethylethylenediamine (TMEDA).
The degree of neutralization of AA with sodium hy-
droxide was 0.9. The concentration of acrylate mono-
mers in the reaction mixture was 30, VT, from 10 to
50, and APS, 0.8 wt %. The concentration of cross-
linking agent was varied from 0.1 to 0.7 wt % relative

to the sum of the monomers. 5-Vinyltetrazole was
recrystallized before polymerization.1 The character-
istics and procedures of purification of the other
chemicals, and also the copolymerization procedure
were described previously [2].

The degree of equilibrium swelling was measured
by the standard gravimetric method and evaluated
by the equation

Q = (ms � md)/md,

where ms and md are the weights of swollen and dried
samples, respectively (g).

In calculations, the results obtained in measurement
of swelling of five similar samples were averaged.

The kinetic dependences of the degree of swelling
in distilled water with variation of the concentration
of the cross-linking agent and VT in the reaction mix-
ture are presented in Figs. 1a and 1b. The experiments
were carried out at 50�C. It is seen that, with increas-
ing content of MBAA cross-linking agent, the equi-
librium degree of swelling decreases. The results ob-
tained allow preparation of tetrazole�acrylic hydrogels
with preset characteristics in a definite time interval,
which is significant for specific applications. This
problem can be solved, e.g., by properly choosing
concentrations of the initial components in the reac-
tion mixture.

Both hydrogen bonds involving tetrazole rings and
carboxy groups and hydrophobic interactions between
units affect conformation of macromolecules of N�H-
������������

1 5-Vinyltetrazole was synthesized at the St. Petersburg State
Technological Institute.
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acidic tetrazole-containing copolymers in solution.
As a rule, interactions of both types participate in for-
mation of compact structures. It was shown previously
[4] that macromolecules of unsubstituted poly-C-
vinyltetrazoles have the conformation of double-
stranded regular chains with the outer hydrophobic
hydrocarbon surface; therefore, 5-VT copolymers are
poorly soluble in water.

Figures 1a and 1b show that, with increasing con-
tent of VT in the reaction mixture, the equilibrium
degree of swelling decreases.

At VT concentration less than 30 wt % relative to
AA and 0.1�0.7 wt % content of MBAA, the result-
ing hydrogels hold their shape in the swollen state and
have sufficient elasticity.

As known, hydrogels in electrolyte solutions
behave as three-dimensional semipermeable mem-
branes. Depending on the solution composition (e.g.,
concentration and nature of polyvalent metal salt),
various distributions of ions in the system hydrogel�
solution can occur [5].

Variation of the degree of swelling with time in
nickel chloride solutions of various concentrations is
shown in Fig. 2. It is seen that the hydrogels exhibit
high degrees of swelling in solutions of salts of poly-
valent metals with the concentration less than 10�2 M.
In this case, the degree of equilibrium swelling of
tetrazole-containing hydrogel is higher in a solution
with a very low concentration of salt (10�5

�10�4 M)
than in distilled water. This can be explained by the
structured state at the interface of the salt solution and
hydrogel [6].

Along with sorption of water molecules, the hy-
drogel forms complexes with metal ions, as suggested
by coloration of the swollen copolymer. Complex
formation of tetrazole-containing hydrogels with metal
ions involves deprotonation of the NH group of the
heterocycle [7]. It can be assumed that, in complex
formation of tetrazolate ions with nickel chloride,
polychelate complexes are formed.

With increasing salt concentration to 10�1 M, the
gels studied are collapsed, which is explained by addi-
tional cross-linking of the polymeric chains by the
metal ions. It was shown previously that, with excess
metal ions in the solution surrounding the copolymer,
a complex with three tetrazole units per metal ion
is formed.

The complex formation and sorption characteristics
of tetrazole-containing copolymers make them promis-
ing as flocculants in treatment of wastes from various

(a)
Q, g g�1

Q, g g�1 (b)

t, min
Fig. 1. Degree of swelling Q of hydrogels based on AA and
VT in distilled water as a function of time t at 20�C. VT
concentration in the reaction mixture, wt %: (a) 10 and
(b) 30. Concentration of MBAA cross-linking agent, wt %:
(1) 0.1, (2) 0.3, (3) 0.5, and (4) 0.7.

Q, g g�1

t, min
Fig. 2. Degree of swelling Q of hydrogels based on AA, VT
(30 wt %), and MBAA (0.1 wt %) in nickel chloride solu-
tions as a function of time t at 20�C. Concentration of
NiCl2, M: (1) 10�5, (2) 10�4, (3) 10�3, and (4) 10�2.

branches of chemical industry and in agriculture as
�artificial soil� for young growth and young sowings.
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CONCLUSIONS

(1) The kinetic features of swelling of new hy-
drogels based on sodium acrylate and N, N-methyl-
enebisacrylamide modified with 5-vinyltetrazole in the
stage of radical polymerization in distilled water at
20�C show that the concentrations of the cross-linking
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agent and 5-vinyltetyrazole in the monomer mixture
affect the equilibrium degree of swelling of the result-
ing copolymers.

(2) Tetrazole-containing hydrogels in nickel salt
solutions with the concentration less than 10�2 M
exhibit a high water-absorbing power (up to 300 g
per gram).

(3) High sorption power of the gels makes them
promising for treatment of industrial wastewaters and
in agriculture.
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Abstract�Petroleum sorption on expanded graphite prepared from residual graphite hydrosulfate at 300�

900�C was studied as influenced by pretreatment of the sorbent with water.

Expanded graphite is a highly efficient sorbent for
petroleum and its derivatives; its sorption capacity for
petroleum and industrial oil determined by the direct
sorption procedure is about 80 [1�5] and 70 g g�1 [6,
7], respectively. The sorption capacity for petroleum
and industrial oil form their aqueous emulsion is about
20 g g�1 [7, 8], i.e., it is lower by a factor of 3.5�4.

This sharp decrease in the sorption capacity cannot
be due to competitive water sorption, since expanded
graphite surface is mainly hydrophobic. Even if water
is sorbed in the first steps, it should be desorbed from
the sorbent by such a hydrophobic liquid as oil or
petroleum. The lowering of the sorption capacity in
an aqueous emulsion as compared to the direct sorp-
tion experiment is likely due to structural transforma-
tions of expanded graphite under the action of water.
To check this assumption, in this work we studied
the influence of pretreatment of expanded graphite
with water on its sorption properties with respect to
petroleum.

We used residual graphite hydrosulfate prepared
from GT-1 natural flake graphite with the ash content
of 5.68 wt % (Zaval’evskoe deposit). The graphite con-
sists of mainly 0.630�0.315- (74.3 wt %) and 0.315�
0.200-mm fractions (22.1%). The sample was treated
with stirring with a 50% aqueous solution of chromi-
um(VI) oxide (13 cm3/100 g graphite) for 10 min and
then with 95.8% sulfuric acid (42 cm3/100 g graphite)
for 10 min. After that, water (500 cm3 per 100 g of
the initial graphite) was added at room temperature
and the reaction mixture was kept for 24 h. The crude
product was filtered off and washed on the filter with
water (8 dm3 per 100 g of the initial graphite). The
product was dried at 105�C to constant weight. Two
batches of expanded graphite were prepared from the
resulting graphite hydrosulfate.

The samples of the first batch were prepared by
flash heating of residual graphite hydrosulfate in
a muffle at a temperature ranging from 300 to 900�C.
The samples were kept at 300�500�C for 5 min and
then at 600�900�C for 2 min. The samples of the sec-
ond batch were prepared by keeping samples of the
first batch in water for 30 min. Then the liquid phase
was carefully removed by filtration and drying at
105�C to constant weight.

We measured the specific surface area Ssp (m2 g�1),
specific volume Vsp (cm3 g�1), and specific sorption
of industrial oil Wsp (g g�1) for all the samples of
expanded graphite. The latter parameter was deter-
mined by the direct sorption method. The BET specif-
ic surface area was determined by low-temperature
argon adsorption. The specific volume was calculated
as the reciprocal of the bulk density of the sorbent.

We measured the sorption capacity of the expanded
graphites for heavy oil [� = 0.873 g cm�3 (20�C)]
from Lisichansk refinery. To a weighed portion of
expanded graphite (�0.2 g) in a glass vessel, excess
oil (25 g) was carefully added and the system was
kept for 60 min to complete the sorption. Then the
vessel was covered with a perforated metal foil and
nonsorbed oil was allowed to drain down for 1 day.
The oil sorption was determined gravimetrically. The
sorption capacity of each sample was calculated as
arithmetic mean of seven measurements.

When expanded graphite was treated with water,
the following transformations were visually observed.
Expanded graphite nonwetted with water was gradual-
ly saturated with water for 10 min, with its volume
decreasing sharply. However, the vermiculite structure
of graphite particles was retained. After drying, the
black color of the initial expanded graphite changed to
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Properties of expanded graphite samples prepared from residual graphite hydrosulfate
������������������������������������������������������������������������������������

T, �C
� Ssp, m2 g�1 � Vsp, cm3 g�1 � Wsp, g g�1

��������������������������������������������������������������������
� batch 1 � batch 2 � batch 1 � batch 2 � batch 1 � batch 2

������������������������������������������������������������������������������������
300 � 9.6 � 5.0 � 52 � 35 � 17.9 � 14.8
400 � 12.1 � 7.3 � 122 � 66 � 28.2 � 18.5
500 � 30.7 � 12.7 � 149 � 74 � 31.3 � 23.2
600 � 41.2 � 15.1 � 179 � 75 � 38.5 � 24.7
700 � 55.4 � 22.4 � 222 � 79 � 48.2 � 26.4
800 � 47.8 � 21.9 � 250 � 86 � 57.1 � 28.0
900 � 66.7 � 26.0 � 278 � 90 � 60.5 � 29.2

������������������������������������������������������������������������������������

gray with metallic luster. Separation of a negligible
amount of small particles up to 0.1 mm in diameter
was observed after both aqueous treatment and drying.

The specific surface area, specific volume, and
sorption capacity for oil of the initial graphite samples
expanded at T = 300�900�C (batch 1) and those of
water-treated samples (batch 2) are summarized in the
table. The influence of water treatment on the proper-
ties of expanded graphite is shown in Figs 1a�1c.

As seen from the table and Figs. 1a�1c, the specific
surface area, specific volume, and sorption capacity

T, �C

Ssp, m2 g�1 (a)

Vsp, cm3 g�1 (b)

T, �C

Wsp, g g�1 (c)

T, �C
Fig. 1. (a) Specific surface area Ssp, (b) specific volume
Vsp and (c) sorption capacity for petroleum Wsp of (1) the
initial expanded graphite samples (batch 1) and (2) the
samples treated with water (batch 2).

for oil of all the samples linearly increase with in-
creasing the preparation temperature. The parameters
of all the samples decrease by a factor of 1.6�2.7,
1.5�3.0, and 1.2�2.0, respectively, after the samples
were wetted with water and dried. The higher the
preparation temperature of the samples, the more pro-
nounced is the decrease. The temperature dependences
of the specific surface area, specific volume, and sorp-
tion capacity for oil for the water-treated samples
remain linear but their slopes decrease by factors of
2.5, 5, and 3.5, respectively.

Thus, the morphology of expanded graphite par-
ticles profoundly changes after the water treatment,
probably owing to a transformation of the honey-
combed structure of expanded graphite under the
action of forces of surface tension of water. This is
confirmed by the fact that, as the preparation tempera-
ture of expanded graphite decreases and hence the
strength of its honeycombed structure increases,
straight lines shown in Figs. 1a�1c approach each
other and cross at the point corresponding to the onset
temperature of expansion of the residual graphite
hydrosulfate (230�250�C).

The reasons for decrease in the specific surface area
of expanded graphite are not so apparent. This cannot
be due to collapse of water-filled pores during drying,
since collapsed graphite layers will be expanded again
with liberated water vapor. This also cannot be ex-
plained by collapse of empty pores when the specific
volume of expanded graphite decreases under the ac-
tion of forces of surface tension of water. This assump-
tion is confirmed by the facts that the specific volume
of expanded graphite decreases by a factor of 3 and its
specific surface area remains the same after gentle
mechanical treatment in the absence of water (mech-
anical stirring of dry expanded graphite for 45 min).
We suggest that the specific surface area decreases
owing to removal from the graphite structure of small
fragments with the most developed surface.
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A strong decrease in the sorption capacity for
petroleum of expanded graphite treated with water is
due to a decrease in its specific volume and specific
surface area (Fig. 1c).

Thus, the substantial decrease in the sorption
capacity for petroleum of expanded graphite treated
with water is caused by morphological transformation
of graphite particles, decreasing the specific surface
area and specific volume of expanded graphite. These
transformations can also be responsible for a sharp
decrease in the sorption capacity of expanded graphite
for petroleum and oil in going from direct sorption
to sorption from an aqueous emulsion.
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Abstract�The structure of asphaltene compounds formed by homogeneous pyrolysis of 2-naphthol was
studied.

Although asphaltenes of various origins were
studied in numerous works [1�15], their nature is not
understood in detail. At the same time, asphaltenes
play an important role in formation of liquid products
of high-temperature coking of coals; they largely
affect the structure and reactivity of coke and also of
pyrocarbon prepared by pyrolysis of individual hydro-
carbons and their mixtures.

To optimize processing of fossil fuels and high-
temperature pyrolysis, it is quite necessary to study
in detail the thermal degradation of the raw materials,
including asphaltenes whose content in tars from �pri-
mary� decomposition of the organic matter of fuels
reaches 30 wt %.

In this work we studied the structure of asphaltene
compounds formed by homogeneous pyrolysis of
2-naphthol (800�C, 4.5 s).

EXPERIMENTAL

Asphaltenes were isolated as described in [16]. The
molecular structure of asphaltenes was characterized
by IR, UV, 1H NMR, and 13C NMR spectroscopy,
elemental and quantitative functional analysis, and
cryoscopy.

We found that the asphaltenes are a complex mix-
ture of relatively high-molecular-weight polyfunction-
al compounds in which the prevailing structural frag-
ments are fused aromatic rings and heterocomponents.
Oxygen is present, in particular, in the forms of five-
membered heterocycles inside fused aromatic struc-
tures [like naphtho(benzo)furans] and of quinoid
groups (mainly 1,4-quinones). Phenolic hydroxyls are
present, but alcoholic hydroxyls are not detected at
all. Methoxy groups are present in small amounts.

Among alkyl substituents in the rings, methyl groups
prevail, but the degree of substitution is low. The
mean size of fused systems is four rings.

To elucidate the structural features of asphaltene
compounds in detail, we separated them into fractions
by extraction with acetone, adsorption liquid chroma-
tography, and preparative thin-layer chromatography
(TLC).

Preparative TLC of asphaltene fractions was per-
formed on standard Silufol plates (20 � 20 cm). The
optimal separation of asphaltene fractions was attained
in the following systems (the volume ratio is given in
parentheses): fraction 1.1.1, hexane�diethyl ether�
acetone (5 : 5 : 1); fraction 1.2, hexane�diethyl ether�
ethyl acetate (10 : 10 : 1); fraction 2.1, heptane�di-
ethyl ether (1 : 1); and fraction 2.2, hexane�diethyl
ether (1 : 1).

The bands were developed under UV light (� 254
and 366 nm). The nonluminescent bands were devel-
oped by treatment with solutions of various agents
and also by chromatography on Silufol UV-254 plates
in which the sorbent contained a luminescent additive,
0.05% sodium fluorescein. In this case, the nonlumin-
escent bands were revealed by quenching of the green
luminescence of sodium fluorescein.

The extracts, close-cut fractions, and even individ-
ual asphaltene compounds were characterized by a set
of physicochemical methods.

We found that fractions 1.1.1 and 1.2 have a mixed
hydroaromatic nature; they contain aromatic rings and
heterocyclic groups. Their spectra exhibit absorption
bands � characteristic of fused aromatic systems
(3030�3080, 1500�1600, 1450�1525 cm�1). The
aromatic rings are bonded with hydrogenated groups,
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as suggested by strong bands at 2925, 2850, 1470, and
720�725 cm�1.

It should be noted that the degree of aromaticity of
fraction 1.1.1 is lower compared to 1.2. The content
of cycloalkanes (� 1611 cm�1) in these fractions is
similar and low. The content of methoxy groups (�
2815�2830, 3050�3150 cm�1) is also similar. How-
ever, in the quantitative content of other functional
groups, fractions 1.1.1 and 1.2 differ appreciably.
Fraction 1.2 is characterized by higher, compared to
1.1.1, intensity of the bands of phenolic hydroxyls
(3850�3670, 1140�1230, 1410�1310 cm�1) and
heterocyclic oxygen (845�870, 3125�3165, 1030�
1075 cm�1). The shape and position of the quinoid
bands (1600�1670, 1635�1655 cm�1) suggest the
presence of one (on the average) quinoid group in the
ring.

The IR spectra of fractions 2.1 and 2.2 show that
their major structural elements are fused aromatic
rings and heterocycles (3030�3080, 1500�1600,
1450�1525 cm�1), and also hydrogenated rings, as
indicated by the absorption bands of the CH2 group
(2925, 2850, 1470, 720�725 cm�1). The degree of
aromaticity of fraction 2.2 is higher than that of 2.1.
The bands at 3580�3670, 1140�1230, and 1310�
1410 cm�1 suggest the presence of phenolic hydroxyls
in both fractions, with their content in fraction 2.1
being higher by a factor of 15. The presence of quino-
id groups is confirmed by the bands at 1660�1670
and 1635�1655 cm�1; on the average, one quinoid
group is present per ring. Quinoid groups have the
structure of conjugated cyclohexanones and cyclopen-
tanones. The content of alkoxy groups (2815�2830,
3050�3150 cm�1) is low, and heterocyclic oxygen
(845�870, 3125�3165, 1030�1075 cm�1) prevails in
fraction 2.1. It is localized in five-membered hetero-
cycles fused with aromatic fragments to form struc-
tures of the benzo(naphtho)furan type (3125�3165,
1015�1030, 845�870, 740�810 cm�1). Among alkyl
substituents in rings, methyl groups prevail (2910,
2850, 1450, 1380 cm�1). The pattern in the range
700�820 cm�1 suggests that the �acene� mode of
fusion prevails over the �phene� mode.

Studies of the asphaltene compounds isolated by
preparative TLC showed the following.

Fraction 1.1.1 was separated into 14 components,
with their yield ranging from 3.2 to 14.3%. The con-
tent of elements (%) varies in the following ranges:
C, from 80.0 to 88.1; H, from 6.4 to 7.6; and O,
from 5.5 to 25.6%. The content of functional groups
(g-equiv mol�1) varies in the following ranges: qui-

none groups (QG), from 0.08 to 0.21; phenolic groups
(PG), from 0.06 to 0.21; alkoxy groups (AG), from
0.01 to 0.16; and heterocyclic oxygen (Oc), from 0.04
to 0.48. The molecular formulas are C11.75H12.92O1.00�
C18.81H25.06O5.39.

Fraction 1.2 was separated into 14 components,
with their yield ranging from 4.3 to 12.8%. The con-
tent of elements (%) varies in the following ranges: C,
from 63.6 to 93.0; H, from 6.3 to 9.1; and O, from 0.1
to 30.1%. The molecular weight M varies from 169 to
394. The content of functional groups (g-equiv mol�1)
varies in the following ranges: QG, from 0.01 to 0.40;
PG, from 0.02 to 0.40; AG, from 0.05 to 0.22; and
Oc, from 0.09 to 0.33. The molecular formulas are
C12.94H18.35O0.74�C20.87H24.80O7.43.

Fraction 2.1 was separated into six components.
Their yield varies from 2.8 to 28.3%. The content of
elements (%) varies in the following ranges: C, from
80.3 to 87.5; H, from 6.0 to 9.5; and O, from 4.8 to
10.6%. M varies from 236 to 295. The content of
functional groups (g-equiv mol�1) varies in the fol-
lowing ranges: QG, from 0.65 to 1.00; AG, from 0.30
to 0.60; and Oc, from 0.27 to 0.35 g-equiv mol�1.
The molecular formulas are C16.06H21.79O1.59�
C20.95H18.10O1.41.

Fraction 2.2 was separated into 14 components.
Their yield varies from 2.0 to 18.6%. The content of
elements (%) varies in the following ranges: C, from
77.6 to 90.6; H, from 5.7 to 15.2; and O, from 0.5 to
10.0%. M varies from 189 to 496. The content of func-
tional groups (g-equiv mol�1) varies in the following
ranges: QG, from 0.12 to 0.37 and Oc, from 0.07 to
0.14. The molecular formulas are C14.44H11.15O0.28�
C38.56H30.75O0.16.

Additionally we found that the components of frac-
tion 1.2 have a hybrid naphthenoaromatic nature, with
the cycloalkane structures prevailing. In fraction 1.1.1,
aromatic structures and oxygen-containing heterocy-
cles prevail. Fraction 2.1 mainly contains fused aro-
matic structures with the linear fusion mode, substi-
tuted by phenolic, methoxy, and methyl groups. Oxy-
gen is also present in the form of cyclohexanone,
cyclopentanone, and furan rings. The total number of
rings in structures is 3�5.

Components of fraction 2.2, as those of fraction
2.1, consist mostly of three or four rings fused mainly
in the linear mode; only one compound contains eight
rings. The degree of aromaticity of the components is
high, as confirmed by the C : H ratio. The calculation
results obtained using the Van Krevelen [17] and
Lillard [18] structural-group analysis procedures are
well consistent with the suggested formulas.
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CONCLUSIONS

(1) The structure of asphaltene compounds formed
by homogeneous pyrolysis of 2-naphthol was studied
in detail by IR, UV, 1H NMR, and 13C NMR spec-
troscopy, elemental and quantitative functional and
structural-group analyses, cryoscopy, extraction, and
adsorption liquid and preparative thin-layer chroma-
tography.

(2) Asphaltene compounds have a hybrid naph-
thenoaromatic nature. The linear fusion mode prevails;
the number of rings varies from 2 to 8. The rings con-
tain phenolic, quinoid, alkoxy, and methyl substitu-
ents. The content of heterocyclic oxygen is high.
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Karl Samoilovich Minsker
(1929�2003)

On May 23, 2003, Karl Samoilovich Minsker, an
outstanding scientist, prominent specialist in chemis-
try of macromolecular compounds, petrochemistry,
and technical chemistry, doctor of chemistry, profes-
sor, academician of the Academy of Sciences of the
Republic of Bashkortostan, and Honored Scientist of
the Russian Federation and the Republic of Bashkor-
tostan, died in the age of seventy-three.

K.S. Minsker graduated from the Lomonosov In-
stitute of Fine Chemical Technology in Moscow. He
started working at the chemical plant in Dzerzhinsk,
Gor’kii oblast, as head of shift. From 1953 till 1967,
he worked at Dzerzhinsk Chemical Research Institute
(now Kargin Research Institute of Polymer Chemistry
and Technology), where made a career from junior
researcher to head of laboratory. The initial period of
Minsker’s scientific activities is closely associated with
Academician G.A. Razuvaev. In 1968, Minsker was
invited to Ufa to organize at Bashkir State University
a chair of macromolecular compounds. Simultaneous-
ly, from 1968 till 1983, he headed laboratory of ionic
polymerization at the Institute of Chemistry, Bashkir
Branch of the USSR Academy of Sciences. In 1978,
Minsker organized and headed the Problem Research
Laboratory of Degradation and Stabilization of Halo-
gen-Containing Polymers at Bashkir State University.

Under Minsker’s supervision, a quantitative theory
of degradation of chlorine-containing polymers was
set up, and quite a number of high-performance addi-
tives to polymers and formulations for materials and
articles, mainly based on polyvinyl chloride, were de-
veloped. A fundamental phenomenon of modification
of Ziegler�Natta catalysts with electron-donor com-
pounds in polymerization of olefins was described for
the first time, which is presently the main classical
way to control the activity and selectivity of industrial
catalytic systems. An original theory of the mech-
anism of stereoregulation in polymerization of olefins
and dienes on Ziegler�Natta catalysts was developed.
Important fundamental aspects of the mechanism of
cationic polymerization of olefins were revealed. A
new section of chemical physics and theoretical tech-
nology, concerned with occurrence of fast processes in
turbulent flows, was developed, which made it possi-
ble to create and put in industrial practice a number of
resource- and energy-saving highly efficient processes
based on small-size tubular turbulent reactors.

Among Minsker’s disciples are 54 candidates
and 11 doctors of science. He published more than
1100 printed works, including 16 monographs and
books, and was holder of 25 foreign patents and more
than 300 inventor’s certificates and RF patents.
Minsker was honored with titles �Man of the Year
1994�1995� (American Biographic Institute) and
�International Man of the Year 1995�1996� in science
and education (International Biographic Centre, Cam-
bridge, England). He was awarded a medal �For
Achievements in the XX Century, 1999�2000� (Inter-
national Biographic Centre, Cambridge, England),
a State Prize of the Republic of Tatarstan in Science
and Technology (2001), and Academician Kargin
Prize of the Russian Academy of Sciences, and was
more than once a laureate of the All-Union Exhibition
Center (VDNKh) and the Russian Exhibition Center.

The blessed memory of Karl Samoilovich Minsker
will be forever preserved in the hearts of his numerous
disciples and colleagues and his people.

A. A. Berlin, G. E. Zaikov, V. P. Zakharov,
R. Akhmetkhanov, and staff members of the Chair
of Macromolecular Compounds, Bashkir State
University
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AND CHEMICAL TECHNOLOGY

Academician Pavel Ivanovich Walden
(on 140th Anniversary of His Birthday)

In the early XX century, two positions were pro-
vided at the St. Petersburg Academy of Sciences for
ordinary academicians in chemistry. Since 1886 these
positions were occupied by F.F. Beilstein (1838�
1906) and N.N. Beketov (1827�1911). After Beil-
stein’s death, his position remained vacant for a cer-
tain time, and in 1916, P.I. Walden, professor of
chemistry of Riga Polytechnic Institute, was elected
member of the Academy of Sciences. In a representa-
tion signed by a number of scientists, including Beke-
tov, V.I. Vernadsky, and A.P. Karpinsky, Walden’s
achievements were noted, in the first place, in stereo-
chemistry of organic compounds. As an exception,
Walden was allowed to temporarily remain in Riga
and to come to St. Petersburg only to take part in ses-
sions of the Academy of Sciences. World War I,
which began in August 1914, resulted in that Walden
did not move to Petrograd.

Walden’s life and scientific activities have been the
subject of a great number of publications, including a
detailed scientific biography [1], and other studies and
recollections [2�9]. In a brief essay, only the main
events of the scientist’s life and his close association
with St. Petersburg colleagues will be recalled.

Pavel Ivanovich (Paul) Walden was born on July
26, 1863, in a peasant’s family in Latvia, not far from
the town of Cecis. In 1876, he graduated with distinc-
tion from the Cecis regional school, and in 1882,
finished with the same amount of success his sec-
ondary education at Riga modern school. In December
1882, Walden became a student of Riga Polytechnic
School (Riga Polytechnicum), founded in 1862. The
teaching was in German, actually Walden’s native
language, even though he is commonly considered to
be a Latvian [2, 8]. Later, in 1896, the school was
reorganized into State Riga Polytechnic Institute with
teaching in Russian. Riga Polytechnicum had reputa-
tion of an exemplary educational institution with
high level of specialist training and was a prominent
research center.

Nearly simultaneously with Walden’s entry into
Riga Polytechnicum, the position of a professor of
chemistry at this institution was occupied by young

Wilhelm Ostwald (1853�1932, 1909 Nobel Prize
laureate), who returned to his native city from Derpt
(now Tartu, Estonia) where he studied, and then
taught chemistry. Ostwald started to deliver all courses
of theoretical and technical chemistry, much extended
the volume of laboratory works; he demanded that
students should present and defend a degree thesis
devoted to research. In September 1885, having be-
come an assistant (not on permanent staff) of a profes-
sor of physics, T. Gr�onberg (1845�1910), Walden
found an opportunity to do experimental research. By
that time, he, following Ostwald’s example, decided
to prepare himself to work as chemist researcher.

In 1887, the first Walden’s scientific publication,
concerned with comparative assessment of reactions
proposed for qualitative detection of nitric acid, ap-
peared in Zhurnal Russkogo Fiziko-Khimicheskogo
Obshchestva (Zh. Russ. Fiz.-Khim. O�va., 1887,
vol. 19, no. 5, pp. 274�1295). By recommendation of
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N.S. Kurnakov, N.A. Menshutkin, and I.F. Schroeder,
the young scientist was made a member of the Rus-
sian Physicochemical Society. In the same year ap-
peared joint publication by Ostwald and Walden,
which was devoted to variation of the molar electrical
conductivity of acids and bases with their dilution
(Z. Phys. Chem., 1887, vol. 1, no. 10, pp. 529�549).

In 1888, Walden graduated with distinction from
the Department of Chemical Technology, Riga Poly-
technicum, and was given a rank of chemist-engineer.
By that time, Ostwald moved to Leipzig, to become
head of the chair of physical chemistry at Leipzig
University. Professor K.A. Bischof (1855�1908), who
replaced Ostwald in Riga, was an organic chemist.
Walden accepted his proposition to remain assistant at
the chair of chemistry (senior assistant since 1890 and
associate professor since 1892) [9]. He commenced
his rather intensive pedagogical and scientific activi-
ties at the Riga Polytechnicum (Polytechnic Institute),
which continued till 1919.

Walden took the most active part in studies in the
field of stereochemistry of organic compounds, the
scientific direction developed by Bishof. A detailed
analysis of the stereochemical research carried out in
those years at the Riga Polytechnic Institute and other
scientific centers of Russia has been made by Stradins
[6]. During the period of time from 1889 till 1900,
Walden published 57 papers concerned with stereo-
chemistry in German journals and in Zhurnal Rus-
skogo Fiziko-Khimicheskogo Obshchestva. He, in par-
ticular, was the first to demonstrate the possibility of
spatial displacement of atomic groups about an asym-
metric carbon atom, which leads to transition from
one state to a mirror-opposite state (Walden inversion)
[1, 6, 10, 11]. In other words, according to Walden,
an optically active compound may be transformed into
the corresponding isomeric antipode, bypassing the
optically inactive form.

Despite his extensive and labor-consuming studies
in organic chemistry and stereochemistry, Walden did
not terminate research in the field close to Ostwald’s
interests, did not break off scientific relations with
him, and more than once went to Leipzig. In Sep-
tember 1891, he defended with excellence at Leipzig
University his doctoral dissertation �On Affinities of
Certain Organic Acids and Relationship of the Affini-
ties with the Constitution of the Acids.� The thesis
contained material on dissociation constants of a great
number of organic acids. In summer of 1892, Walden
was appointed lecturer (associate professor) of physi-
cal chemistry at the Riga Polytechnicum. His further
career required a scientific degree from a Russian uni-

versity. After passing the appropriate examinations,
Walden defended in spring of 1893 his master’s dis-
sertation �An Experience of Study of Osmotic Phe-
nomena on Sediment Films� at Novorossia University
(Odessa), where known chemists, such as P.G. Meli-
kishvili (1850�1927) and N.D. Zelinsky (1861�1953),
were working at that time. Already in 1894, the young
scientist obtained an established position of a profes-
sor of analytical chemistry at the Riga Polytechnicum.
Also, Walden continued intensive research both in
organic chemistry and in physical chemistry. In these
same years, the scientist actively extended his scien-
tific contacts, visited a large number of scientific
centers, including St. Petersburg, Derpt (Tartu), Kiev,
and universities in German cities (Freiberg, Halle,
G�ottingen). His scientific and personal relations with
Ostwald remain especially close. In 1903, Walden
wrote the first Ostwald’s biography [12].

Studies in the field of stereochemistry served as
a basis for Walden’s doctoral dissertation, defended
by him on March 7, 1899, at St. Petersburg Univers-
ity. Professors D.P. Konovalov (1856�1929) and
N.A. Menshutkin (1842�1907) were his official op-
ponents. After defending the dissertation, Walden
focused his entire attention on physicochemical re-
search: He studied the electrical conductivity of solu-
tions of various substances in highly polar solvents.
This direction of the scientist’s research was con-
sidered in detail in [1, 13�16]. During the period from
1900 till 1934, Walden studied the ionizing capacity
of about 50 solvents, introduced into scientific prac-
tice the concepts of solvation and solvolysis, estab-
lished a relationship between the equivalent electrical
conductivity at infinite dilution and viscosity (Walden
rule), and revealed a number of other dependences.
The Walden rule stimulated construction of models of
solutions, based on the concept of ion motion in a
continuous medium [16].

The experience of work of the Riga Polytechnic In-
stitute, the first Russia’s higher-school institution
of this type, was of interest for organization of the
Polytechnic Institute in St. Petersburg. Walden was in-
vited to become a member of the Chief Commission,
headed by the minister of finance S.Yu. Witte (1849�
1915) and dealing with building schedule and cur-
ricula. It was also assumed that Walden would take
positions of the dean of the metallurgical department
and a professor of general chemistry. As noted by
a known historian of chemistry, B.N. Menshutkin
(1874�1938), Walden was confirmed as dean on July
27, 1901, but already in October of the same year
reported that he could not accept this appointment and
recommended that N.A. Menshutkin should be ap-
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pointed the dean, which was done on November 1,
1901. Already at the beginning of 1902, Walden was
elected director of the Riga Polytechnic Institute and
confirmed in this position for four years, beginning on
April 15, 1902. In view of student disturbances in
autumn of 1905, Walden resigned as director and was
appointed dean of the chemical faculty beginning in
January 1, 1906.

As already noted, Walden was elected ordinary
member (academician) of St. Petersburg Academy of
Sciences in �technology and chemistry adapted to art
and handicraft.� After the death of Academician Beke-
tov in November 1911, Walden was appointed head of
the Chemical Laboratory, which was the only chemi-
cal research institution of the Academy of Sciences at
that time. With the beginning of World War I, regular
Walden’s visits to Petrograd became difficult, and
N.S. Kurnakov (1860�1941, elected academician in
December 1913) became the actual head of laboratory.

In Izvestiya Imperatorskoi Akademii Nauk (Trans-
actions of Imperial Academy of Sciences), Walden
published, as an academician, 14 papers on electro-
chemistry of nonaqueous solutions and related prob-
lems. In December 1907, he took part in meetings of
the First Mendeleev Congress and presented a report
�On Mendeleev’s Works Concerned with Solutions.�
Walden’s reports at the Second Mendeleev Congress
in December 1911 were devoted to the problem of
mass conservation in chemical reactions and to the de-
velopment of chemistry in Russia. During the period
of time from 1907 till 1914, Walden took part in quite
a number of large-scale Russian and international
conferences and was elected honorary member of
numerous academies and scientific societies. Walden’s
friendship with Ostwald continued and scientific
relations with prominent chemists of that time,
S. Arrhenius (1859�1927, 1903 Nobel Prize winner),
J. van’t Hoff (1852�1911, 1901 Nobel Prize winner),
E. Fischer (1852�1919, 1902 Nobel Prize winner),
W. Ramsay (1852�1916, 1904 Nobel Prize winner),
and H. Tammann (1861�1938), were maintained.
Twice, in 1913 and 1914, Walden was nominated for
Nobel Prize. As noted in the monograph [1], the years
of Walden’s life preceding World War I were the
summit of his scientific career and scientific creative
activities.

In July 1915, the Riga Polytechnic Institute, and
Walden together with it, were evacuated to Moscow.
During the period from 1915 till 1918, the scientist
had no laboratory of his own in Moscow and had
virtually no opportunity to carry out research. He
finished the book Ocherk istorii khimiii v Rossii

(Study in the History of Chemistry in Russia) (1915)
and delivered lectures on physical chemistry and
history of chemistry not only to students in Riga, but
also to those at Moscow University and other metro-
politan educational institutions. During these years,
Walden took part in the work of the Commission for
Study of Natural Productive Forces (KEPS), organized
in February 1915 by the initiative of Academician
V.I. Vernadsky (1863�1945) and a number of other
scientists. In the same year, the Military-Chemical
Committee, presided by Kurnakov, was organized at
the Russian Physicochemical Society. Walden was
appointed head of the Moscow department of the
Committee. The Committee and its Moscow depart-
ment carried out much work on development of means
for military-chemical protection and organization of
manufacture of a number of chemical products.

On January 1, 1917, Walden was confirmed as
rector of the Riga Polytechnic Institute. Brest peace
treaty (March 1918) envisaged return of the institute
to Riga occupied by German troops. Part of lecturers
and students decided to remain in Russia, to become
the basis of a new institute in Ivanovo-Voznesensk
(now Ivanovo). The main part of professors and
students of the Riga Polytechnic Institute, led by
Walden, returned to Riga in August 1918.

The political instability in Latvia, nationalistic
tendencies exhibited by the authorities, and lack of
conditions for scientific work of full value, all this
resulted in that, in early summer of 1919, Walden sent
his family to Germany and soon himself accepted the
invitation of Rostock University to take a position of
professor of inorganic chemistry. However, Walden’s
relationships with Latvia and Russia were not termi-
nated at once. In summer of 1924, he came to Riga by
invitation of the Latvian University to deliver lectures
on the most recent advances in chemistry. Despite the
propositions made, Walden had not dared to move
back to Latvia. He also declined an invitation to take
the chair of inorganic chemistry at Petrograd Uni-
versity, which became free because of the death of
L.A. Chugaev (1873�1922). Nevertheless, his scientif-
ic contacts with Russian scientists continued, and
quite a number of Walden’s works were published in
Russian, including the monograph Teorii rastvorov v
ikh istoricheskoi posledovatel’nosti (Theories of Solu-
tions in Their Historical Succession) (Petrograd, 1921)
and brochures Iz istorii khimicheskikh otkrytii (Ex-
cerpts from History of Chemical Discoveries) (Lenin-
grad, 1925), Proshloe i nastoyashchee stereokhimii
(Past and Present of Stereochemistry) (Leningrad,
1925), and Khimiya i zhizn’ (Chemistry and Life)
(Petrograd, part I, 2nd ed., 1922; part II, 1919; part III,
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1921). The publication of Walden’s works was ini-
tiated by Professor M.A. Blokh (1882�1941), a known
chemist and historian of chemistry, who graduated
from the Riga Polytechnic Institute in 1908 [1].

In December 1927, Walden was unanimously
elected honorary member of the Academy of Sciences
of the USSR. His personal meeting with Russian col-
leagues occurred only in September 1934, when
Walden came to Leningrad to the VII Jubilee Mende-
leev Congress devoted to 100th anniversary of Men-
deleev’s birthday as head of a representative German
delegation. The delegation included H. Wieland
(1877�1957, 1927 Nobel Prize winner), A. Stock
(1876�1946), O. Hahn (1879�1968, 1944 Nobel Prize
winner), and other known scientists. Walden made
a report �Electrolytes and Solvents� and delivered
speech of welcome on behalf of all foreign partici-
pants of the Congress. In his report on the trip, Wal-
den highly appreciated the success in chemical educa-
tion and industrial development, achieved in the
Soviet Union by that time [1, 5].

In Rostock, Walden continued his studies of non-
aqueous solutions and processes of association in
these solutions, commenced in Riga in the prewar
years. During the period of time from 1923 till 1934,
he published, together with his disciples, more than
50 original papers; however, the interest of physical
chemists in classical investigations into the nature
of solutions diminished, with the main attention given
to other problems. Nevertheless, Walden rather active-
ly delivered lectures and reports in various cities of
Germany and other countries. He spent the entire
academic year of 1927/28 in the United States, mainly
delivering lectures at the Cornell University (Ithaca,
NY).

In 1934, at the age of seventy, Walden resigned
and concentrated his entire attention on studies in
history of chemistry [1, 4]. He made a great effort to
write a monograph devoted to history of organic
chemistry, covering the period from 1880 till 1940.
The book was published in Germany in 1941. After
that the monographs Three Millennia of Chemistry
(1944) and History of Chemistry (1947) were pub-
lished. As noted in [4], a historical analysis of a prob-
lem served to Walden as substantiation of the con-
cepts developed by him.

During the night of April 24/25, 1942, as a result
of bombardment of Rostock by British aircraft, Wal-
den’s house was burnt, with a large library, archive
materials, manuscripts, and scientists’ letters lost.
After that, Walden moved to Berlin, and then to

Frankfurt am Main. The town of T�ubingen and T�ubin-
gen University became the scientist’s last refuge. In
1950, Walden became honorary doctor of the T�ubin-
gen University and honorary professor. The scientist
delivered lectures on history of chemistry to the age of
90, till July 1953.

Pavel Ivanovich (Paul) Walden died on January 22,
1957, at the age of ninety-three. The world scientific
community lost a first-rate scientist who had been
honored with a great number of honorary titles and
awards, made an outstanding contribution to the de-
velopment of chemical science, and was a prominent
historian of chemistry.
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Abstract�Specific features of decomposition of eudialyte concentrate by acids were studied. The structure
of eudialyte crystals was analyzed by processing the kinetic characteristics obtained.

Eudialyte Na12Ca6Zr3Fe3[Si3O9]2 � [Si9O24(OH)3]2,
i.e., sodium zirconosilitate with complex structure,
means, in translation, �readily decomposable�; how-
ever, as a rule, the degree of its decomposition by
various acids is 65�75% [1�3]. It is only possible to
extract zirconium(IV) into solution rather completely
under rigorous conditions with a manyfold excess of
an acid or with fluoride ions introduced [4�6]. This
is attributable to blocking of the mineral by silica,
formation of secondary zirconium(IV) compounds,
presence of �acid-insoluble zirconium,� etc. A high
degree of extraction with a minor excess of an acid
has been reported [7]; however, no details of the pro-
cedure used were given (it may be assumed that readi-
ly decomposable forms of eudialyte containing a min-
imum amount of niobium and titanium were subjected
to treatment).

The aim of the present study was to analyze reasons
for the low degree of breakdown of the eudialyte
concentrate (EC) from the Novozero deposit.

Eudialyte found in various deposits is, presum-
ably, inhomogeneous not only in its composition,
but also in structure of a unit crystal. This is rather
probable because the coefficients of impurity co-
crystallization in the formation of the mineral are
different, and the strength of a crystal depends on
its structural perfection. To verify this assumption,
we obtained kinetic characteristics of decomposition
of eudialyte concentrates of varied origin by diferent
acids.

EXPERIMENTAL

Eudialyte concentrates from two batches1 were
used in the experiments. The composition of the con-
centrates is listed in Table 1.

The decomposition was carried out in a tempera-
ture-controlled beaker with a stirrer at a stoichiometric
acid consumption, with its initial concentration main-
tained constant in each stage of decomposition. Nar-
row fractions of the concentrates were decomposed
with 2 N H2SO4 at 40�C under the conditions in
which no coagulation of silicic acid occurred within
the recorderd intervals of time. The main monitoring
parameter was the weight of dry undecomposed re-
sidue, and in certain experiments, zirconium(IV) con-
tent was determined. In sampling, a precipitate was
filtered off and washed with water on a filter and
by repulping under vigorous stirring. The precipitate
was dried also with stirring to destroy the possible
silica films. Then, weighed precipitate was treated
under the initial conditions, i.e., with a new por-
tion of the acid with the same concentration at the
same consumption. The decomposition rate was es-
timated by the ratio of the weight loss to weight
under decomposition within a unit time in relation
����������
1 EC-1 batch was obtained on a pilot installation of the Mining

Institute, Kola Scientific Center, Russian Academy of Sci-
ences, from the ore of the rock deposit Kedykvyrpakh, and
EC-2, at GIREDMET, �Sevredmet� site from the ore from
the Alluaiv deposit.
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Table 1. Elemental composition of eudialyte concentrates
������������������������������������������������������������������������������������

� Contents of oxides, wt %
�������������������������������������������������������������������������������

Batch � Zr + Hf* � Si � Na � Ca � Sr � Fe3+ � Fe2+ � Mn � Ti � Nb � Ln
������������������������������������������������������������������������������������
EC-1 � 10.5�12.5 � 51.4 � 13.8 � 5.8 � 1.6 � 3.7 � 0.9 � 2.0 � 1.1 � 0.68 � 2.4
EC-2 � 9.8�12.2 � 45.7 � 12.8 � 5.1 � 1.7 � 3.8 � 0.9 � 2.0 � 1.9 � 0.5 � 1.8
������������������������������������������������������������������������������������
* For other components, average values are given.

to the amount of the decomposed mineral. The content
of the components in the concentrates and insoluble
residues were determined by X-ray fluorescence anal-
ysis, and that in solutions, by the atomic-absorption
method.

The data obtained in the experiments on decom-
position are presented in Figs. 1 and 2. The specific
decomposition rate W (g g�1 h�1) and mass loss
�m (%) were found using the formulas

Fig. 1. Specific rate W of (a) EC-1 and (b) EC-2 decomposition
with acids vs. the degree of decomposition. Fraction +0.063�
0.16 mm. (�m) Mass loss; the same for Figs. 2 and 3. Acid:
(1) HNO3, (2) H2SO4, (3) HCl.

W = (mn � mn + 1) /�mn ,

�m = (m0 � mn) /m0.

Here m0, mn, and mn +1 are, respectively, the masses
of the initial and current samples during decomposi-
tion (g), and � is the time of decomposition (h).

The specific rate of zirconium(IV) transfer into
solution is given, also as a function of mass loss, in

Fig. 2. Specific rate W of EC-2 decomposition with
(a) HCl and (b) H2SO4 vs. the grain size and degree of
decomposition. Fraction size (mm): (1) >0.315, (2) 0.2�
0.16, (3) 0.06�0.16, (4) <0.06.
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Table 2. Characteristics of EC-2 decomposition in 2 N solution of sulfuric acid
������������������������������������������������������������������������������������

� � � � �
W,

� � ZrO2 � WZrO2

EC-2, � WZrO2

EC-1,
� � � � � � ��������������� �Stage � V, ml � �, min � mn, g � �m, g � � �m, % � �
� � � � �

g g�1 h�1
� � g l�1 � g � g ZrO2 g�1 h�1

� g ZrO2 g�1 h�1

������������������������������������������������������������������������������������
0 � 140 � 10 � 25 � � � � � � �
1 � 110 � 15 � 19.7 � 4.3 � 1.03 � 21.2 � 5.3 � 0.74 � 0.18 � �

2 � 83 � 20 � 15.0 � 4.7 � 0.95 � 40 � 8.0 � 0.88 � 0.18 � 0.2
3 � 63 � 30 � 11.4 � 3.6 � 0.72 � 54.4 � 7.2 � 0.6 � 0.12 � 0.14
4 � 48 � 30 � 8.8 � 2.6 � 0.46 � 65 � 7.1 � 0.45 � 0.08 � 0.1
5 � 40 � 60 � 7.4 � 1.4 � 0.32 � 70.4 � 4.0 � 0.19 � 0.04 � 0.05
6 � 35 � 60 � 6.5 � 0.9 � 0.12 � 74 � 4.0 � 0.16 � 0.02 � 0.03
7 � � � 6.1 � 0.4 � 0.06 � 76 � 1.6 � 0.056 � 0.008 � 0.01

������������������������������������������������������������������������������������

Table 3. Content of components in insoluble residues from decomposition with sulfuric acid
������������������������������������������������������������������������������������

Res- � Content of oxides, wt % �Mass ratio of oxides 	 Res- � Content of oxides, wt % �Mass ratio of oxides
�������������������������������������
 ������������������������������������idue � � 	 idue � �

of EC � Zr � Si � Nb � Ti � Fe � Nb/Zr � Ti/Zr 	 of EC � Zr � Si � Nb � Ti � Fe � Nb/Zr � Ti/Zr
������������������������������������������������������������������������������������
EC-1 � 6.9 � 52.5 � 1.2 � 0.69 � 2.6 � 0.17 � 0.1 	 EC-2 � 8.3 � 54.2 � 1.2 � 4.5 � 4.6 � 0.18 � 0.54
������������������������������������������������������������������������������������

Fig. 3. An example of how the mass loss rate and
the rate of zirconium(IV) transfer into solution in
an experiment on decomposition of the EC-2 fraction
�0.3+0.2 mm with sulfuric acid are calculated is
given in Table 2.

Since we studied concentrates, rather than a mo-
nomineral fraction, a correction for ballast impurities
was made when determining zirconium in the insol-
uble residue (Fig. 3). It follows from Table 2 that
the mass of the insoluble residue was 6.1 g, and
the ZrO2 content, 8.1 wt %. Consequently, the content
of insoluble impurities is 32.5 wt % (on assumption
that eudialyte contains 12 wt % ZrO2) or 2 g per 25 g
of a portion being decomposed. As follows from
the run of the curves, the error associated with ballast
impurities is small. Thus, the following conclusions
can be made on the basis of the kinetic characteristics.

(1) The decomposition rate decreases in the course
of decomposition with acids irrespective of the grain
size, which confirms the heterogeneity of the eudialyte
structure.

(2) For both the concentrates and all the fractions,
decomposition occurs the most readily in the ex-
perimental conditions under the action of sulfuric
acid, with the decomposition rate of EC-1 being higher
in the case of hydrochloric acid only in the initial
stage. The decomposition parameters are the worst in

the case of nitric acid. The concentrate from the Al-
luaiv deposit is more stable against acids, probably
because of an increased content of titanium(IV), pre-
sumably strengthening the crystal lattice, in the con-
centrate. Hydrochloric acid and, the more so, nitric
acid show poorer performance in decomposition of
a concentrate with increased titanium(IV) content,
since compounds with titanium are less characteristic
of these acids.

Fig. 3. Specific rate of zirconium(IV) transfer into solution
WZrO2

from (1) EC-2 and (2) eudialyte vs. the degree of
decomposition.
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Table 4. Composition of solutions obtained by EC decomposition
������������������������������������������������������������������������������������

Acid, � Content of oxides, g l�1

������������������������������������������������������������������������EC, �
batch � Zr � Na � Ca � Mn � Fe � Ln � Si � Ti � Nb

������������������������������������������������������������������������������������
H2SO4: � � � � � � � � �

EC-1, 2nd � 5.9 � 7.1 � 2.95 � 0.8 � 0.77 � � 17.6 � 0.27 � 0.31
� � ���� � ���� � ���� � ���� � � ���� � ���� � ����
� � 1.2* � 0.5 � 0.14 � 0.14 � � 3.1 � 0.048 � 0.054

EC-1, 6th � 2.4 � 2.1 � 1.4 � 0.3 � 0.25 � � 4.9 � 0.064 � 0.14
� � ���� � ���� � ���� � ���� � � ���� � ���� � ����
� � 0.87 � 0.58 � 0.12 � 0.1 � � 2.0 � 0.027 � 0.058

EC-2, 2nd � 7.0 � 5.6 � 2.1 � � 0.85 � 1.2 � 24 � 0.275 � 0.24
� � ���� � ���� � � ���� � ���� � ���� � ���� � ����
� � 0.8 � 0.3 � � 0.12 � 0.16 � 3.4 � 0.04 � 0.03

EC-2, 7th � 1.0 � 0.85 � 0.32 � � 0.26 � 1.3 � 2.8 � 1.1 � 0.025
� � ���� � ���� � � ���� � ���� � ���� � ���� � ����
� � 0.85 � 0.32 � � 0.26 � 0.18 � 2.8 � 1.1 � 0.025

EC-2, 8th** � 7.0 � 3.9 � 0.37 � � 0.9 � 0.27 � � 1.1 � 0.124
� � ���� � ���� � � ���� � ���� � � ���� � ����
� � 0.56 � 0.05 � � 0.13 � 0.04 � � 0.15 � 0.018

HCl: � � � � � � � �
EC-2, 2nd � 2.65 � 2.25 � 0.9 � � 0.43 � 0.48 � 9.35 � 0.11 � 0.09

� � ���� � ���� � � ���� � ���� � ���� � ���� � ����
� � 0.85 � 0.34 � � 0.16 � 0.18 � 3.5 � 0.04 � 0.03

EC-2, 7th � 1.05 � 0.85 � 0.36 � � 0.16 � 0.21 � 3.15 � 0.05 � 0.025
� � ���� � ���� � � ���� � ���� � ���� � ���� � ����
� � 0.8 � 0.34 � � 0.15 � 0.2 � 3.0 � 0.05 � 0.02

������������������������������������������������������������������������������������
* Ratio of the content of an oxide to that of ZrO2. ** Treatment at 90�C.

The irregularity of the mineral structure is con-
firmed by the composition of insoluble residues.
The mass ratio of niobium and titanium oxides to
ZrO2 in the insoluble residues from EC decomposition
with hydrochloric acid is 2�3 times that in the initial
concentrate (Table 3). In spite of a prolonged treat-
ment with acids, the insoluble residues retain the eudi-
alyte structure. Their complete decomposition with
sulfuric acid at 40�C only occurs at a concentration
of 4 M; at 80�C the process is more intense, but is

Fig. 4. Degree � = c/c0 of decomposition of insoluble resi-
due vs. acidity of medium and temperature. c and c0 are cur-
rent and initial concentrations of acid. Acid: (1, 2) H2SO4,
(3) HCl. Temperature (�C): (1) 80, (2) and (3) 40.

complete at a concentration of 3 M (Fig. 4). There-
fore, the residues should be decomposed separately
under more rigorous conditions, probably with intro-
duction of fluoride ions into the reaction system.
The processing technology of such concentrates must
involve double decomposition: first, the secondary
precipitate is treated under rigorous conditions with
a concentrated acid, and then this solution is used to
decompose the readily soluble part of eudialyte.

The irregularity of structure is also confirmed by
the composition of the leaching solution. The contents
of components in the second and the last portions of
leaching solutions are listed in Table 4 (the first por-
tion was not analyzed because of the primarily dis-
solving nepheline). With the decomposition of the
concentrate, the ratio of the main (by mass) eudialyte
components (silicon and sodium) to zirconium in so-
lutions decreases; however, sodium is presumably
leached first, with silicon retained in the eudialyte
structure to a greater extent. Titanium is leached from
EC-2 with hydrochloric acid in minor amounts under
the experimental conditions, which is also confirmed
by its increasing concentration in the insoluble res-
idue. The leaching of titanium and niobium with sul-
furic acid varies between batches. Presumably, part
of these elements can strengthen the structure of the
mineral, and part, be sorbed on a zeolite. The other
components are leached to almost the same extent as
zirconium.
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Table 5. Distribution of elements in decomposition of rare-metal concentrates
������������������������������������������������������������������������������������

� � Degree � Content of oxides, wt % � Ta/Ti(Zr)
� � �����������������������������������Product � Decomposition technique � of decom- � �
� � position, % � Ti � Nb � Ta � Ca � Zr � mass ratio

������������������������������������������������������������������������������������
Loparite � HNO3 + HF � 80 � 39.6 � 8.8 � 0.62 � 4.5 � � � 0.016
Residue � � � 38.6 � 8.7 � 0.77 � 4.4 � � 0.02

� � � � � � � �Loparite � H2SO4 + (NH4)2SO4 � 95.2 � 39.6 � 8.8 � 0.62 � 4.5 � � 0.016
Residue � � � 37.9 � 8.9 � 0.91 � 4.5 � � 0.024

� � � � � � � �Perovskite � HCl + HF � 90 � 48.3 � 1.0 � 0.03 � 31.1 � � 0.0006
Residue � � � 43.4 � 0.86 � 0.04 � 25.3 � � 0.0009

� � � � � � � �Sphene � H2SO4 � 83 � 29.2 � 0.29 � � � 31.1 � �
Residue � � � 31.8 � 0.28 � � � 25.3 � �

� � � � � � � �Baddeleyite � H2SO4 � 87 � 0.12 � 0.54 � 0.3 � � 98.9 � 0.003
Residue � � � 0.14 � 1.8 � 0.51 � � 96.7 � 0.005

� � � � � � � �Weighed � � � 0.16 � 2.53 � 0.69 � � 84.2 � 0.008
residue � � � � � � � �

� � � � � � � �Baddeleyite � CaO + CaCl2 � 95 � 0.12 � 0.54 � 0.3 � � 98.9 � 0.003
Residue � � � 0.1 � 0.36 � 0.23 � � 97.3 � 0.002
������������������������������������������������������������������������������������

When other rare-metal concentrates (loparite, per-
ovskite, sphene, and baddeleyite) are treated with
acids, 5�20% of the concentrate occasionally remains
undecomposed in spite of the rigorous conditions of
the process. This is the most pronounced in the case
of loparite, whose sulfuric acid processing resulted
in extraction of the most valuable product tantalum
by no more than 90%. This was attributed to hydro-
lysis of tantalum or its binding into phosphates.
We assumed the same irregularity of the concentrate
composition and checked whether the composition of
insoluble deposits coincides with that of the initial
concentrate. Undecomposed deposits were analyzed
after separation of hydrolyzed forms by decantation
and treatment of the insoluble residue with a mixture
of hydrofluoric and sulfuric acids.

It was found (Table 5) that, in most cases, the con-
tent of tantalum in the insoluble residue is increased,
which seems to strengthen the crystal lattice of the
mineral. The only exceptions are sphene and bad-
deleyite residue from sintering. Stronger structural
units seem to be present in sphene [8], and in the case
of baddeleyite, the pretreatment and quality of stock
are more important, since the decomposition condi-
tions are rather rigorous.

CONCLUSIONS

(1) It was found by analyzing kinetic characteristics
of acid decomposition of eudialyte concentrates that
the structure of eudialyte crystals is irregular, and

the presence of niobium and titanium in it is a prob-
able reason for the low degree of decomposition. This
also accounts for the lower degree of decomposition
with nitric and hydrochloric acids, compared with
sulfuric acid. The eudialyte concentrate from the Al-
luaiv deposit, containing 1.9 wt % TiO2 is decom-
posed with hydrochloric acid to an extent of 65�70%
under the chosen conditions, whereas the concentrate
containing 1.1 wt % TiO2 (with loparite accounting
for about 50% of this amount) is decomposed by 95�
97%. In all probability, the increase in the efficiency
of eudialyte decomposition upon introduction of fluo-
ride ions is to greater extent due to lattice destruction
via binding of such strong acceptors of fluoride ions
as titanium(IV), niobium(V), and tantalum(V).

(2) An analysis of residues formed in decomposi-
tion of other rare-metal concentrates, such as loparite,
perovskite, and baddeleyite, demonstrated that the
fraction of tantalum in relation to the main substance
is increased. To improve the efficiency of processing
of such concentrates, it is necessary to create a sep-
arate line for treatment of insoluble residues.
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Abstract�Formation of thin cadmium selenide films on semiconductor and dielectric matrixes of (100) and
(111) orientation from atomic-molecular beams was considered. Temperature ranges in which thin CdSe films
are formed were determined. Conditions for layer-by-layer growth of nanostructures were established.

The development of new synthesis techniques and
study of the formation of thin layers are among first-
priority problems in the development of controlled
synthesis of surface nanostructures. It is of impor-
tance, for theoretical and applied purposes, to have
an opportunity to predict the results of a synthesis and
the structural perfection of layers being formed.

Recently, the atomic-layer epitaxy (ALE) [1, 2],
which makes it possible to obtain high-quality sub-
micrometer dielectric layers, has attracted special
interest abroad. This technique, which in better
known in Russia as the method of chemical assembl-
ing, is based on macromolecular concepts of solids
[3]. The method enables synthesis of thin film struc-
tures and nanostructures, in particular, by chemical
reactions of surface functional groups of a matrix
with gaseous reagents, to give surface chemical com-
pounds.

Monomolecular or thicker layers of a compound
to be synthesized can be grown by a series of succes-
sive chemical reactions on the matrix surface. To per-
form chemical assembling, it is necessary that the sub-
strate temperature Ts should satisfy the relationship:
TA, TB < Ts < TAB, where TA, TB, and TAB are, re-
spectively, the critical condensation temperatures of
components A, B, and compound AB.

It is necessary to note that such a layer can be
grown without formation of three-dimensional nuclei,
which allows synthesis of rather thin (<10 nm) solid
films. Performing the process under nonequilibrium
conditions, which can be easily attained by using
a significant excess of a reagent and rapidly removing
gaseous reaction products, yields a stable structure.

The reaction of polycondensation and addition from
atomic-molecular beams (molecular layering and atom-
ic layer epitaxy, respectively) can be used as surface
reactions [4]. In the latter case atomic or molecular
beams of components in a vacuum are used. The most
suitable for this purpose are AIIBVI compounds, owing
to the sufficiently high vapor pressure at elevated tem-
peratures and low critical condensation temperatures
of their components [5]. Among compounds of this
kind, cadmium selenide, which exhibits high photo-
conductivity and the shortest photoresponse time, is of
special interest. Ultrathin CdSe films (nanostructures)
are also of interest for fabrication of various optoelec-
tronic systems.

EXPERIMENTAL

Low-dimension structures were fabricated by suc-
cessive exposures of a substrate to molecular beams
of cadmium and selenium, obtained by evaporation
of the respective substances from Knudsen cells in an
oil-free vacuum at a residual pressure of 5 � 10�3 Pa.
Single-crystal (100) GaAs wafers of AGChT-23-17
brand, glass, and (0001) mica were used as substrates.
The exposure duration was varied for each reagent
within the range of 0.5�6 s. The calculated compo-
nent fluxes across the support plane were determined
from evaporation temperatures [5] and geometric pa-
rameters of the evaporator�substrate system. At fluxes
R of 5 � 1014

�5 � 1016 cm�2 s�1 and exposure dura-
tion exceeding 0.5 s, the layer thickness was deter-
mined only by the number of cycles and substrate
temperature. It is seen from Fig. 1 that the duration
of exposure to component beams, required to ensure
the maximal filling of the surface under fixed condi-
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Fig. 1. Growth constant d0 of CdSe films synthesized
on (100) GaAs surface at 373 K vs. duration � of expo-
sure to components. RCd, RSe (cm�2 s�1): (1) 2.79 � 1014,

1.38 � 1014; (2) 9.3 � 1014, 4.6 � 1014; (3) 3.72 � 1015,
1.84 � 1015.

Fig. 2. Thickness of CdSe films d on mica surface vs.
the number of exposure cycles N. RCd = 9.3 � 1014, RSe =
4.6 � 1014 cm�2 s�1; � = 3 s. Ts (K): (1) 458, (2) 423, and
(3) 373.

tions of component evaporation (RCd = 3.72 � 1015

and RSe = 1.84 � 1015 cm�2 s�1) should be no less
than 3 s. Therefore, the time of 3 s was chosen as
exposure duration.

The thickness of the films synthesized was mea-
sured by the interference method and ellipsometry.
Layer thicknesses less than 100 nm were determined
from the results of ellipsometric measurements of the
polarization parameters � and �. These parameters,
which characterize the surface properties, were re-
corded on a laser ellipsometer at a wavelength � =
623.8 nm and light beam incidence angle � = 68�30�.
The thickness was computed in terms of the single-
layer model by Drude’s equation [6]. The measure-
ment inaccuracy was no greater than 3%. Layer thick-
nesses exceeding 100 nm were measured by the inter-
ference method on an MII-4 interferometer.

An analysis of the experimental data on the kinet-
ics of surface filling demonstrated that the curves
covering both monomolecular and polymolecular
sorption are well described by the equation

d0 = d0 (max) [1 � exp(��/t)] + �t. (1)

Here d0 is a proportionality factor corresponding
to the averaged layer thickness per exposure cycle;
d0(max), the maximum increase in layer thickness per
exposure cycle; �, the duration of contact with a re-
agent; t, the time constant of the process; 	, a coef-
ficient characterizing the contribution of the polymo-
lecular adsorption, which is very close in its meaning
to the condensation coefficient, 	 = f (R, Ts).

A comparison of the experimental data obtained
with the calculated amount of a component, which is
necessary for monomolecular filling of the surface of
a given crystallographic orientation, demonstrated
that the latter value is exceeded by more than a
factor of 10. This points to the occurrence of a chem-
ical reaction between the chalcogen and the metal by
the Ridil�Ili mechanism. In this case, the surface
reaction rate V depends on the surface filling � and is
given by the expression

V = k�R+. (2)

Here k is a dimensionality coefficient.

At nearly limiting filling (� 
 1), V 
 kR, i.e.,
the rate of a reaction occurring under discrete expo-
sure conditions depends only on fluxes of the sub-
stances being evaporated.

A study of the dynamics of layer growth demon-
strated that, at fixed substrate temperature, the layer
thickness increases in proportion to the number of
cycles of exposure to molecular flows of the compo-
nents. For all the substrates used, the dependences are
linear (Fig. 2) and well described by the equation

d = d0 N. (3)

Here d is the film thickness, and N is the number
of cycles of substrate exposure to component flows.

In atomic layer epitaxy, d0 is named the growth
parameter. It characterizes the structure of a growing
layer and depends on the mechanism of its forma-
tion.

The linearity of the dependence d = f (N ) indicates
that equal amounts of the surface compound are syn-
thesized in each reaction cycle and, hence, the nano-
structure grows uniformly. This allows control of the
layer by only by the number of cycles of support sur-
face exposure to component vapors.

Analysis of how the growth parameter depends on
the substrate temperature, d = f (Ts ) (Fig. 3), gives
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a notion of the layer formation mechanism. For ex-
ample, three characteristic portions can be distin-
guished in Fig. 3 for all substrate types. In the low-
temperature region, in which d0 is large, the selenium
vapor pressure is comparable with the cadmium vapor
pressure, and the critical condensation temperatures of
these substances at fixed flux are higher than the ex-
perimental temperatures, which results in the conden-
sation of the metal and the chalcogen [7]. In this case,
CdSe layers are formed through reaction between com-
ponents within an adsorbed polymolecular layer. This
is also indicated by values of the d0 parameter, which
significantly exceed interlayer spacings for various
orientations of the crystal structure of this material.
Such a film growth mechanism is accompanied by
the formation of fragments of the crystalline phase of
the compound, which gives polycrystalline layers [8].

At higher temperatures the value of d0 is virtually
constant, falling within the range (0.29�0.33) �
0.01 nm for the substrates under study. The calculated
interlayer spacings for the sphalerite structure of CdSe
are 0.303 and 0.349 nm for the (100) and (111) orien-
tations, respectively. Comparison of the experimental
d0 values with the above-indicated calculated inter-
layer spacings suggests that the predominant orienta-
tion is (100) for GaAs and (111) for the glass sub-
strate. These conclusions were confirmed by an elec-

Fig. 3. CdSe film growth constant d0 vs. substrate temper-
ature Ts (K). Substrate material: (1) glass, (2) (100) GaAs,
(3) mica.

tron-diffraction study of the structure of the layers
being formed, with thickness exceeding 100 nm. It
was shown that, with increasing temperature, a pre-
dominant orientation (texture) appeared in the films
and transformed into a well-oriented structure. Thus,
it may be assumed that the films grow by the layer
mechanism with limiting, nearly monolayer filling of
the surface in the indicated temperature range through
chemisorption of each of the components.

With account taken of the significant degree of
hydroxylation of the matrices indicated [7�9], the for-
mation of a chalcogenide layer can be represented
as the following surface reactions:

����������

=A�OH
��

=A�OH
+ Cd �

=A�O�Cd
��

=A�O�Cd
+ 0.5Se �

=A�O�Cd
��

=A�O�Cd
+ 2Cd �
�

�
Se

=A�O�Cd
��

=A�O�Cd
etc.,��
��

Se
Cd

Cd

=A�OH
��

=A�OH
+ Cd �

=A�O�Cd
��

=A�O�Cd
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=A�O�Cd
��
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�

�
Se

=A�O�Cd
��

=A�O�Cd
etc.,��
��
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where A stands for surface atoms of GaAs and Si substrates.
����������

It should be noted that, when chalcogenide struc-
tures are formed by alternating exposures of the mat-
rix surfaces to metal and chalcogen vapors, the chem-
isorption of the metal on the surface hydroxy groups
is predominant. The chemisorption of a chalcogen is
of the dissociative nature and, as established for the
case of growth of zinc sulfide nanostructures [10], is
the rate-determining stage of the process.

A sharp decrease in d0 values with increasing
substrate temperature is due to partial surface filling,
resulting from significant desorption of the compound
components. In this case, the film growth in the initial
stage may occur with the formation of two-dimen-
sional nuclei on surface hydroxy clusters and their
subsequent three-dimensional development to give
a layer with critical thickness. Comparison of the cal-
culated and experimental d0 values allows evaluation

of the degree of surface filling. It is about 0.7 for gal-
lium arsenide at 523K, which corresponds to the de-
gree of surface hydroxylation for this material [8].
Under these conditions, well-oriented structures were
formed.

CONCLUSION

Analysis of the pattern of formation of cadmium
selenide layers on the matrices under study suggests
that, in all the cases, the layers grow by mechanisms
successively replacing one another. These mechanisms
are typical of all cyclic processes of chemical as-
sembling. The component vapor pressure is a key
factor in the low-temperature region, in which con-
densation processes predominate, and the degree of
surface hydroxylation, at the high temperatures.
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Abstract�Porous glasses modified with vanadium(V) oxide were obtained by impregnation with aqueous
NH4VO3 solutions and by subsequent thermal decomposition of the salt. Changes in the charge-transfer
spectra, resulting from an increase in the content of the deposited oxide and from water sorption, and also
the possibility of using vanadium-containing glass for visual monitoring of air humidity were considered.

A wide variety of optical materials can be obtained
from xerogels of silicic acid by introducing transition
metal ions into these materials [1�6]. In particular,
procedures for synthesizing transparent silica films
including V(IV) and V(V) oxo anions have been stud-
ied [4�6]. Optical media of this kind can also be ob-
tained on the basis of porous glasses (PG) modified
with appropriate additives [7]. One of advantages
gained in this case is the accessibility of components
introduced into the porous space of the glasses to
gases and vapors, and, consequently, the possibility of
using modified PG as optical sensors. Also important
is the problem of controlling the light absorption in
the visual and UV regions by selecting a modifier and
varying the size of particles introduced into open
(through) pores of a glass. In this study, we analyzed
the possibility of solving these problems for the ex-
ample of PG modified with vanadium(V) oxide.

The porous glass used in this study was obtained
by leaching a sodium-borosilicate glass of composi-
tion (mol %): 0.07Na2O � 0.23B2O3 � 0.70SiO2, which
was subjected to thermal pretreatment (3 days at
530�C with subsequent annealing for 3 h at 480�C)
[8, 9]. The specific surface area of the PG (80 m2 g�1)
was determined from low-temperature adsorption of
argon, and the pore volume (0.16 cm3 g�1) and the
predominant pore radius (4.5 nm), from the isotherm
of water adsorption and parameters of the adsorption
hysteresis loop [8�10]. Glass plates 1.0�1.2 mm thick
were subjected to additional polishing; the resulting
light transmission in the visual and near UV spectral
ranges is shown in Fig. 1.

It should be noted that the possibility of obtaining
transparent PG plates is limited not only by the range

of small pore radii, but also by difficulties in ensuring
optical homogeneity and, in particular, a constant re-
fractive index across the plate thickness. Vanadium(V)
oxide was deposited on the walls of through channels
in PG by impregnating the glass with aqueous solu-
tions of ammonium vanadate and by subsequent de-
hydration at 120�C and thermal decomposition of the

Fig. 1. Transmission spectra of (1�4) aqueous solutions
of NH4VO3, (1��4�) PG plates impregnated with these
solutions and dried at 120�C, (5) starting glass; (6) spec-
trum of diffuse reflection from polycrystalline V2O5.
(T) Transmission, (Rd) the coefficient of diffuse reflec-
tion, and (�) wavelength. NH4VO3 concentration (M):
(1, 1�) 0.001, (2, 2�) 0.005, (3, 3�) 0.025, and (4, 4�) 0.05.
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salt by calcination at 400�C. The transmission spectra
of impregnation solutions and modified glasses were
recorded on an SF-56 automated spectrometer. When
studying the dependence of the spectra on the air
humidity, we placed glass samples in desiccators over
sulfuric acid solutions with concentrations providing
a relative water vapor pressure p/p0 = 0.2�0.8.
The spectrum of polycrystalline vanadium oxide V2O5
was recorded on an SF-16 spectrometer with a spher-
ical photometer, relative to MgO as optical reference.

The transmission spectra of aqueous solutions of
NH4VO3 (Fig. 1), obtained in quartz cuvettes with
optical thickness l = 1 cm, are uniformly shifted to
longer wavelengths with the concentration increasing
from 0.001 to 0.05 M. It appears impossible to de-
termine the peak positions of the bands observed
(even with l decreased to 1 mm), since the extinction
coefficients in the charge-transfer spectra of anionic
oxo vanadium species in solutions are on the order of
�max � 104 [11].

The observed shift of the bands has been rather
reliably interpreted qualitatively [11, 12] as resulting
from stepwise association of the VO4

3�, HVO4
2�, and

VO3
� monomers into polynuclear vanadate anions

under the action of increasing concentration and
changing pH of solution. However, attempts to es-
tablish particular anionic species and their proportions
meet substantial difficulties even under strong dilution
conditions [11, 12]. The �concentration� sequence of
the solution spectra (Fig. 1, curves 1�3) is also re-
produced in the case of PG plates impregnated with
the solutions and dried to constant weight at 120�C.
In this case, however, a noticeable long-wavelength
shift of band edges is observed, which results in that
modified glasses turn weak to intense yellow.

To a first approximation, it would be expected that
thermal decomposition of ammonium vanadate on
the silica surface of the glass in air must yield small-
size particles of the higher oxide V2O5. Experiments
with powdered polycrystalline NH4VO3 showed that
the thermolysis of the salt is complete only at tem-
peratures close to 400�C. The spectrum of the thus
obtained orange-red V2O5, recorded in reflected dif-
fusely scattered light, is shown in Fig. 1.

In this context, it is rather significant that the spec-
tra of modified glasses treated in the range 120�400�C
remain almost unchanged. This suggests that the de-
composition of small salt particles on the silica sur-
face is complete even at the temperature of glass de-
hydration and yields small-size vanadium oxide par-
ticles having the form of clusters with individual fea-
tures of their electronic structure. These features differ

from those of bulk V2O5 and are to some extent �in-
herited� from their precursors, anions in the impreg-
nating solutions.

The recorded charge transfer spectra are formed
as a result of electron excitation from nonbonding
(pseudoatomic) 2p orbitals of oxygen to vacant
3d orbitals of vanadium(V). With a certain probability,
their red shift is determined by the build-up of neg-
ative effective charge on oxygen with increasing size
of vanadium oxide clusters. Indeed, in this case,
the donor 2p orbitals of oxygen must be destabilized
and the splitting of acceptor 3d states of vanadium(V)
must increase, which results, in the end, in a decrease
in the energy of 2pn(O) � 3d(V) transitions.

The content of vanadium(V) oxide in the glass
is too small for reliable quantitative determination
and can only be estimated using the glass porosity.
The amount of NH4VO3 in PG, provided by impreg-
nation, is found in this case as Q = c��, where c is
the solution concentration; �, the volume of glass
pores; �, the coefficient characterizing the filling of
the pore space, which usually does not exceed 0.9
[9, 13]. Therefore, to the concentrations of the im-
pregnating solutions used (0.001, 0.005, 0.025, and
0.05 M) correspond the estimated VO2.5 contents in
the glass, equal to 0.14, 0.70, 3.5, and 7.0 	mol g�1,
respectively. With account of the well-developed PG
surface (80 m2 g�1), it follows that its filling with
small-size particles of vanadium(V) oxide is vanish-
ingly small. For example, for a set of modified glasses,
the free �landing area� per vanadium atom is 20�
103 nm2.

Let us consider spectral consequences of water
adsorption by modified PG (Fig. 2). Samples contain-
ing 0.14, 0.70, and 3.5 	mol g�1 of vanadium(V)
oxide are similar in their behavior, which shows itself
in a uniform shift of bands and visually observed
intensification of the yellow coloration of the plates
in transmitted light with increasing humidity. The
changes in the electronic spectra definitely point to
the coordination (ligand) character of water sorption
by vanadium oxide clusters. Strong hindrance to de-
sorption serves as additional evidence in favor of
the coordination mechanism. For example, pure PG
looses adsorbed water completely after 2 h of heat-
ing at 120�C, whereas the dehydration of modified
glasses, which sorbed water at p/p0 = 0.8, requires
heating for the same period at a temperature not lower
than 250�C. Only in this case, it becomes possible to
restore the initial spectrum corresponding to the de-
hydrated state. The observed spectral shifts, accom-
panying water sorption, are, therefore, due to an in-
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crease in the coordination number of a part of vana-
dium(V) atoms in oxide clusters. This results in that
the splitting of 3d states increases to form lower states,
to which electrons from oxygen are transferred.

The twofold increase in the content of vanadium
oxide, from 3.5 to 7.0 	mol g�1, results in a sharp
change in the properties of modified glasses. Exposure
of a sample to a humid atmosphere results in this case
not only in a substantial shift of the spectral band,
but also in a sharp loss of transparency in the range
500�800 nm (Fig. 2). So serious consequences, de-
termined by the coordination addition of water, may
be related to partial reduction of vanadium(V) in the
oxide clusters to vanadium(IV). A process of this kind
has been observed earlier [14, 15] on the surface of
vanadium containing silica gels obtained by the mo-
lecular deposition method. A substantial transfer of
the electron density of an unshared electron pair of
oxygen of water to vacant 3d orbitals of vanadium is
the reason why the V(V) � V(IV) transition occurs.
The stabilization of the V(IV) valence state is believed
[14, 15] to be attained in this case through cation
interactions leading to delocalization of 3d 1 electrons.
This is the reason for the absence of the EPR signal
and �leveling-off� of the band associated with the d�d
transition (
max = 750�760 nm) typical of V(IV)
in a pseudo-octahedral oxygen environment [14, 15].
It is this factor that, in all probability, determines the
possibility of mild reduction of vanadium oxide clus-
ters in PG. The increase in the size of these clusters,
achieved by raising the content of vanadium oxide
in PG to 7.0 	mol g�1, makes the reduction process
thermodynamically possible. It is important in this
case that the nature and magnitude of the absorption
in the visible range are clearly controlled by humidity
(Fig. 2).

At pressures p/p0 = 0.2�0.6, a relatively uniform
shift of the band and a decrease in transmission in
the range 500�800 nm are observed (Fig. 2). A sub-
stantial decrease in transparency is achieved by raising
the humidity to p/p0 = 0.8, which ensures water con-
densation in pores with predominant radius of 4.5 nm.
The observed spectral consequences of water sorption
are completely reversible. As in the preceding cases,
complete dehydration requires raising the temperature
to 250�C. However, in this case, the time expended
for restoration of the initial spectrum is almost twice
that necessary for dehydration of glasses with lower
content of vanadium oxide. The fact that, with in-
creasing humidity, the color of modified PG contain-
ing 7.0 	mol g�1 of vanadium changes rather uniform-
ly from bright yellow to brown, and further to dark
brown and the possibility of multiple thermal regen-

Fig. 2. Long-wavelength shift of bands and a decrease in
the transparency of modified glasses with varied content of
vanadium(V) oxide as a result of water vapor adsorption.
(T) Transmission and (�) wavelength. V2O5 content
(�mol g�1): (a) 0.14, (b) 0.70, (c) 3.5, and (d) 7.0.
p/p0: (1) 0.2, (2) 0.4, (3) 0.6, (4) 0.8; (5) spectra of de-
hydrated glasses.

eration of the glass open up certain prospects for its
use as a visual indicator of humidity.
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Abstract�The influence exerted by composite layers formed by microarc oxidation with subsequent treat-
ment with polymers (ultradispersed polytetrafluoroethylene and polytrifluorochloroethylene) on the intensity
of salt deposition was studied.

Scaling is a problem common to widely diverse
fields of technology, which deal with heating, cooling,
and evaporation of water and brines. Formation of
a deposit layer with low heat conductivity coefficient
on heat-transfer surfaces makes lower the overall heat
transfer coefficient. This, in turn, diminishes the ther-
mal load. With seawater used as cooling agent and
heat flux of 0.2�1 MW m�2, a salt layer is deposited
onto the surface of heat exchanger tubes. This layer
markedly lowers the heat conductivity and, conse-
quently, impairs the operation efficiency and makes
shorter the service life of heat-exchange apparatus.

The main components of scale precipitating from
seawater are calcium carbonate CaCO3, magnesium
hydroxide Mg(OH)2, and calcium sulfate in the form
of gypsum CaSO4 � 2H2O, semihydrate CaSO4 �
1/2H2O, and anhydrite CaSO4. The chemical com-
position of salt deposits is largely determined by
the temperature of a heat-exchange surface: main-
ly CaCO3 is deposited at 60�70�C, Mg(OH)2 at
70�100�C, and anhydrous CaSO4 or its crystal hy-
drates at temperature exceeding 100�C.

Especially difficult to remove is scale composed
of CaSO4. CaSO4 precipitates on heating surfaces
at virtually any wall temperature. The solubility of
CaSO4 is strongly affected by seawater components. It
increases in the presence of chloride ions, compared
with that in distilled water, and evaporation of water
in the evaporator makes higher the concentration of
Ca2+ and SO4

2� ions, i.e., leads to an increase in the
probability of formation of sulfate deposits.

Despite the pronounced scientific interest in this
problem [1�5], no sufficiently effective method for
protecting heat exchanger apparatus from salt deposi-
tion has been developed so far. The chemical com-
position of salt deposits is largely determined by
the tube surface temperature. In the opinion of the
author of [4], service and design measures play only
an auxiliary role an cannot eliminate scale deposition
completely. However, the state of the surface (chem-
ical composition, roughness, electrical and semi-
conducting properties) may strongly affect the inten-
sity of salt deposition. Since the surface layers ob-
tained on metals and alloys by microarc oxidation
(MAO) in aqueous electrolyte solutions markedly
modify the state of the surface [6�14], there is good
reason to believe that the effect of MAO layers on
the rate of salt deposition will be discovered.

As is known, phosphates are used to diminish the
permanent and temporary hardness of water with
the aim of making lower the amount of scale. This
leads to formation of poorly soluble compounds,
which precipitate and take no part in scale formation.
MAO layers obtained in phosphate electrolytes con-
tain 4 to 10 wt % phosphorus. According to X-ray
photoelectron spectroscopy [9], the state of phos-
phorus in coatings formed in a phosphate electrolyte
is close to that in PO4

3�. In seawater, phosphate ions
pass into solution, which lowers the hardness of water
in the near surface layer and may affect the intensity
of scale formation. The above process occurs at a low
rate, which may ensure a prolonged protection.
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Fig. 1. Schematic of the evaporator installation.

As shown in [10, 12], the charge carrier concentra-
tion in a film may strongly affect the process of salt
sorption, which is the initial and, occasionally, the key
stage of salt deposition. At the same time, there is
no published evidence (with the exception of several
papers published by the authors of the present study)
that MAO coatings affect scale formation.

In particular, the influence exerted by MAO and
composite layers (fabricated on the basis of MAO
coating with subsequent deposition of polytetrafluoro-
ethylene, PTFE) on heat-exchange surfaces on the in-
tensity of scale formation both in the case of electric
heating and on a real heat-exchange installation. Ac-
cording to the results obtained, MAO coatings have
virtually no effect on the heat conductivity of walls
of a tube in a heat-exchange apparatus, but diminish
substantially the rate of salt deposition onto its sur-
face. The best protective properties are exhibited by
an MAO layer treated with PTFE. After 96 h of opera-
tion of the installation, the scale layer on such a coat-
ing is 2 times thinner than that on the unprotected
material, and the heat flux increases by 16% over the
level for untreated titanium. The protective properties
of MAO layers untreated with a polymer are weaker,
but the scale layer on such coatings is more friable,
compared with that on unoxidized tubes, and can be
easily removed by the flow of a cooling agent [12]. In
the authors’ opinion, the method of combined protec-
tion (MAO + PTFE) is practically promising and re-
quires further development.

EXPERIMENTAL

In this study, the antiscale properties of MOA coat-
ings were tested on an evaporator installation intended
for desalination of seawater.1 The electric heater of
the installation is subject to scale formation on its sur-
face and, consequently, requires an appropriate protec-
tion.

During the experiment, natural seawater was taken
from Amur Bay (Sea of Japan). The salinity of the
water was approximately 30‰.

The evaporator installation is shown schematically
in Fig. 1. In a steam generator 1, seawater is heated
to the boiling point by an electric heater 2 (ac feed
voltage 220 V) mounted on the removable part of
the heat generator’s casing. Steam is fed into the
bottom part of the foam disintegrator constituted
by a casing 3 and motor 4. In the upper cavity of
the disintegrator casing, there is a coil 5 serving for
steam condensation. In the lower cavity, there is an
impeller 6 serving to separate the steam and liquid
(foam). Steam arrives from the lower cavity, through
the annular clearance between the impeller shaft and
the partition edge, into the upper cavity of the dis-
integrator, and condenses there on the coil. The cal-
culated velocity of steam upflow in a steam generator
of the given design does not exceed 0.1 m s�1, which
corresponds to carry-over of drops less than 0.2 �
10�3 mm in diameter. This evaporation mode ensures
a sufficient degree of purification. The distillate is
collected in the pan and delivered therefrom through
a pipe 7 into a collector vessel for the distillate. Com-
ing in contact with the rotating impeller, the mois-
ture and sludge contained in the steam are thrown
by the centrifugal force to the walls and then flow
down into a depression on the bottom, and then arrive
through a tube with a siphon trap into the collecting
tank 8. Cooling tap water is fed through tubes 5 into
the coil of the foam disintegrator and is then dis-
charged into the drain.

Seawater is delivered from a tank 9 into the
feeding-compensating tank 10 and arrives therefrom
into the steam generator. The excess amount of water
is discharged into the collecting tank 11. The water
level in the steam generator is maintained by means
of its free supply from the tank 10 by the principle
of communicating vessels. A fine-adjustment valve 12
is introduced into the feeding line between the tank
for seawater and the feeding-compensating tank in
����������
1 Manufactured by Kaluzhskii turbinnyi zavod Open Joint-Stock

Company.
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order to minimize the discharge of excess seawater in-
to the tank 11. As seawater is consumed, its fresh
portions are introduced into the tank 9 from an ad-
ditional vessel.

All the basic members of the steam generator, foam
disintegrator, compensating-feeding tank, and electric
heater, which come in contact with one another and
also with steam and water, are made of titanium al-
loys. This precludes corrosion processes and, con-
sequently, ensures that no foreign substances capable
of changing the scale formation pattern are produced
and come into the heating zone. A glass tube serves
as level indicator 13. All elements of the installation
are assembled on a stand made of construction steel.

The tests were carried out using an electric heater
with rated power of 5.5 kW (R � 8.7 � 0.1 ohm) and
varied state of the working surface: with natural oxide
layer (without surface treatment), sample no. 1; with
MAO coating formed in a phosphate electrolyte, no. 2;
with MAO coating formed in a phosphate electrolyte
and treated with finely dispersed PTFE with sub-
sequent heat treatment, sample no. 3; with MAO coat-
ing formed in a phosphate electrolyte and treated with
finely dispersed polytrifluorochloroethylene (PTFCE),
no. 4. A PTFCE powder was dissolved in mesitylene
at its boiling point (�165�C) in amount of about
260 g l�1. Then the resulting solution was deposited
onto the electric heater in two layers with a brush,
with subsequent drying in air at room temperature for
24 h. This yielded a solid transparent polymeric coat-
ing of thickness not exceeding 20 �m. As a result
of thermal treatment of a MOA layer with deposited
PTFCE, a thin polymeric film was formed on the sur-
face. This film raised the hydrophobicity of the coat-
ing and diminished its roughness. The preparation pro-
cedures and the quality of the sample nos. 1�3 under
study were in complete correspondence with those in
the case of surface layers studied previously in [12].

According to an estimate made, the heat flux across
the heat-exchange surfaces was 0.2 MW m�2. The
time of testing of an electric heater in the boiling
mode, with boiled-out water replenished with �fresh	
seawater, was 27 h. In testing a single electric heater,
220 l of seawater was consumed. The degree of evap-
oration was approximately 10. Electrical conductivity
measurements with an OK 102/1 conductometer de-
monstrated that G of the initial seawater was 25 �
10�3 S cm�1, whereas the electrical conductivity of
the brine formed in the steam generator after the tests
was (130�145) � 10�3 S cm�1. The change in electrical
conductivity by more than a factor of 10 can be attribut-
ed to transfer of a part of salts responsible for the value
of G from the dissolved state into scale and sludge.

Fig. 2. Amount of scale formed on the surface of the elec-
tric heater in 27 h of operation of the evaporator instal-
lation. Total mass of scale (g): (a) 218, (b) 197, (c) 30, and
(d) 171. Electric heater: (a) no. 1, (b) no. 2, (c) no. 3, and
(d) no. 4.

On dismounting the electric heater after the tests,
it was found that most part of scale (especially in
the case of a sample with an MAO coating) fell off to
the bottom of the removable part of the steam gen-
erator. The outward appearance of electric heater
nos. 1�4 after tests for salt deposition is shown in
Figs. 2a�2d. After drying the salt deposits (in air
at 100�C for 1 h), the total mass and thickness of
scale were measured and its phase composition was
evaluated. Gravimetric measurements were done on
an analytical balance with an error not exceeding
0.5%. The thickness was measured with a thickness
gage. The sludge formed during the experiment and
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Table 1. Scale formation on electric heaters with various
types of protective layers on the surface (phase composi-
tion of sludge from the steam generator and disintegrator)
����������������������������������������

� Scale mass � �
�������������� �� � � Phase composition
� total, � specific,� �
� g � g cm�2 � �

����������������������������������������
1 � 218 � 0.59 � 1.3�4.4 �CaSO4, 2CaSO4 �H2O� � � �
2 � 197 � 0.53 � 1.2�2.6 �CaSO4, 2CaSO4 �H2O,� � � �
� � � �CaCO3

*� � � �
3 � 30 � 0.08 � 0.2�1.4 �CaSO4, 2CaSO4 �H2O,� � � �
� � � �CaCO3

*� � � �
4 � 171 � 0.46 � 0.2�5 �CaSO4, 2CaSO4 �H2O,� � � �
� � � �Mg(OH)2

*,� � � �
� � � �CaCO3

* (trace amounts)
����������������������������������������
* Component found only on the inner surface of the scale layer,

adjacent to the surface of the electric heater.

present in the brine in the steam generator and in
the boil-over from the foam disintegrator (sludge
tank 8) was also studied after filtering and drying.
An X-ray phase analysis was performed on a DRON-
2.0 diffractometer (CuK

�

radiation). Fragments of
scale were taken for study from the inner (adjacent
to the electric heater) surface of the deposit and its
outer surface. Also, scale was studied in the form
of powder, which is a thickness-averaged sample.
The measurement results are listed in Table 1 and
shown in Fig. 2.

The experimental data obtained in this study con-
firm the conclusion [12] that MAO coatings affect
the salt deposition process. The strongest protective
effect is exhibited by an MAO layer treated with
PTFE. The amount of scale formed on its surface is
only 14% of that on an unprotected (with natural ox-
ide layer) electric heater. An MAO coating untreated
with PTFE lowers the rate of scale formation by ap-
proximately 10%.

The protective properties of layers obtained by
the MAO method in phosphate electrolytes are due
to several factors. On the one hand, the low con-
centration of charge carriers (ND = 9.8 � 1017 cm�3)
in the coating material ensures its low sorption ac-
tivity and, consequently, low concentration of crystal-
lization centers. On the other hand, the egress of
phosphate ions from an MAO coating into seawater,
with the subsequent formation of poorly soluble salts
removed as sludge from the heat-exchange zone,

also leads to a decrease in the rate of salt deposition
onto the coating surface.

According to the results of an X-ray fluorescence
analysis, the in sludge collected in the steam generator
after tests of electric heaters with MAO coatings con-
tains trace amounts of phosphorus, which are absent
in a similar sample taken after tests of an unprotected
electric heater. A phase analysis confirmed the pre-
viously obtained data [4], which indicate that CaSO4
is present in scale formed on the heating surface of
desalting installations under virtually any temperature
conditions. A minor amount of CaCO3 in an aragonite
crystal modification, which was found on the inner
surface of the scale layer adjacent to the surface of
electric heater treated by the MAO method, is, in all
probability, a result of heat loss on MAO layers in
the initial stage of scale formation. Mg(OH)2, present
in the sludge as a suspension, is actually not contained
in scale at all.

Owing to its morphology, an MAO coating acts as
a container retaining in its pores particles of finely
dispersed PTFE, thereby creating the effect of an un-
wettable (hydrophobic) surface and making less pro-
nounced its roughness. According to the experimental
results obtained, this factor markedly diminishes
the rate of scale formation (Table 1, Fig. 2c). Treat-
ment of unoxidized titanium with PTFE is inefficient
because of the poor adhesion of the polymer to the
metal.

The mass of scale deposited onto the surface of
an electric heater with an MAO layer treated with
PTFCE is 171 g. This amount is smaller than that on
an electric heater without a coating (m = 218 g), but
much exceeds the mass of scale on an electric heater
with an MAO coating obtained in a phosphate elec-
trolyte and treated with ultradispersed PTFE (m =
30 g). The inner surface of the scale layer has dark
coloration, which is probably due to destruction of
PTFCE in the tests (as a result of scale formation
the electric heater overheats, with fluoroplastic-3 melt-
ing and decomposing).

The experimental data obtained in this study, com-
bined with the results of an analysis of physicochem-
ical properties of PTFCE (Table 2), suggest that the
protecting capacity of the given polymer is low when
it is used as a component of a composite scale-protect-
ing layer formed by the method described above.

The low melting (Tm) and decomposition (Td)
points of PTFCE, compared with PTFE (Table 2), are
responsible for partial destruction of the polymer.
This leads to carbonization of the inner surface of
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Table 2. Basic physicochemical properties of PTFE and PTFCE [16�18]
������������������������������������������������������������������������������������

� � � Tm � Td � Tw
*

� � ��������������������������������������Compound � M, thousand � �, g cm�3 �
� � � �C

������������������������������������������������������������������������������������
PTFE (�CF2CF2�)n � 50�10 000 � 2.15�2.24 � 270�327 � 425 � �260�260
PTFCE (�CF2CFCl�)n � 50�200 � 2.09�2.16 � 210�215 � 320 � �195�190
������������������������������������������������������������������������������������
* Working temperature.

Table 3. Material balance of the evaporation process with respect to main elements
������������������������������������������������������������������������������������

� � � Content
� � ��������������������������������������������������������

Component � m, g � V, l � Ca � Mg � Na � K � Cl
� � ��������������������������������������������������������
� � � g l�1 � g � g l�1 � g � g l�1 � g � g l�1 � g � g l�1 � g

������������������������������������������������������������������������������������
Initial seawater � � � 220 � 0.38 � 84 � 1.26 � 277 � 10 �2200 � 0.4 � 88 � 17.3 � 3806
Brine from steam � � � 23 � 0.7 � 16 � 10 � 230 � 66 �1518 � 3.2 � 74 � 136.5 � 3140
generator � � � � � � � � � � � �
Water from foam � � � 11 � 0.59 � 7 � 5 � 55 � 36 � 396 � 1.7 � 19 � 71.6 � 788
disintegrator � � � � � � � � � � � �
Distillate � � � 180 � � � � � � � � � � � � � � � � � � � �

Scale from electric� 218 � � � � � 55 � � � 1 � � � 8 � � � 1 � � � �

heater � � � � � � � � � � � �
������������������������������������������������������������������������������������
�* � � �6 � � �1 � � +8 � ��286 � � +5 � � +121

� � (3) � � (1) � � (3)� � (13)� � (6) � � (3)
������������������������������������������������������������������������������������
*
�, the magnitude and sign (��� deficiency, �+� excess) of unbalance (its magnitude in % is given in parentheses).

the polymer layer and its subsequent swelling, which
results in a higher rate of scale formation.

To confirm the correctness of the study and to
verify the conclusions concerning the effect of com-
posite layers on the rate of scale formation, the con-
tent of the main scale-forming elements distributed in
the liquid and solid phases and present in different
parts of the evaporator installation was determined.

The material balance of the evaporation process
for the main chemical elements (Ca, Mg, Na, K, Cl)
contained in seawater was calculated for an uncoated
electric heater. The content of an element in scale
(on the surface of electric heater no. 2), in the distil-
late, in the brine from the steam generator 1, and
in the fraction from the foam disintegrator (sludge
tank 8) was determined. The content of Ca, Mg, Na,
and K was determined by atomic-absorption analysis
with a Nippon Jarrell Ash AA-780 atomic-absorption
and flame-emission spectrophotometer. The results
obtained in studying the distribution of the main

elements contained in seawater among material flows
are listed in Table 3.

The convergence of the material balance demon-
strates the reliability results obtained by various
methods, including X-ray phase analysis, according
to which the main compound contained in scale is
CaSO4 and its semihydrate (Ca content of about
30%).

CONCLUSIONS

(1) Composite layers strongly affect the rate of salt
deposition at tenfold evaporation of seawater and heat
flux of 0.2 MW m�2. With polytetrafluoroethylene
contained in a protecting layer deposited onto the sur-
face of titanium electric heaters preliminarily sub-
jected to microarc oxidation, the rate of scale forma-
tion can be lowered by 86%.

(2) Polytetrafluoroethylene deposited onto a layer
formed by microarc oxidation changes the surface
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morphology (diminishes the surface roughness) and
raises its hydrophobicity. Owing to its branched
porous structure, the resulting coating acts as a sub-
layer improving the polymer adhesion to the substrate.
At the same time, this layer itself exhibits scale-
protecting properties owing to its specific semicon-
ducting and electrochemical properties, which di-
minishes the rate of salt deposition by approximate-
ly 10%.
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Abstract�The kinetic of the reaction between magnesium hydroxide and dimethyl phosphite in nitrobenzene
was studied.

Analysis of the patent and technical literature
shows that metal hydroxides and, in particular, alu-
minum and magnesium hydroxides are widely used as
fire-retardant additives in developing polymeric com-
posites with lowered combustibility. However, intro-
duction of such additives impairs the physicomech-
anical properties of composites [1].

In order to diminish the influence of this important
disadvantage and, simultaneously, to enhance the
flame-quenching properties of a fire retardant, alu-
minum hydroxide has been modified with dimethyl
phosphite and the kinetics of this reaction has been
studied [2]. In continuation of these investigations,
the kinetics of the reaction of modification of magne-
sium hydroxide with dimethyl phosphite in the liquid
phase with nitrobenzene used as solvent:

P
���

��

OCH3O

CH3O H
� HO�Mg�O�P�H + CH3OH.Mg(OH)2 +
����
O

��
OCH3

P
���

��

OCH3O

CH3O H
� HO�Mg�O�P�H + CH3OH.Mg(OH)2 +
����
O

��
OCH3

EXPERIMENTAL

The kinetics was studied in the temperature range
126�146�C in a three-neck reactor with rabble, ther-
mometer, and condenser to remove methanol. The
�0.2�C accuracy of temperature control was provided
by an ultrathermostat. The reaction course was moni-
tored by sampling at certain intervals of time, with
the concentration of dimethyl phosphite determined
by titration with 0.1 N alkali solution on a pH-340
pH-meter. The reaction was stopped by cooling a sam-
ple to 2�5�C.

The overall and partial reaction orders were de-
termined by graphical differentiation of the kinetic

curves at the initial instant of time (see table).
The results of kinetic studies were processed using
the least-squares method.

Since magnesium hydroxide entering into the reac-
tion is in the solid state, its concentration is deter-
mined by solubility and remains constant during the
entire process. It is impossible to determine the true
reaction order with respect to Mg(OH)2 under these
conditions. The apparent reaction order with respect
to this reactant is zero.

The kinetic curves obtained in a set of experiments
in which the initial concentration of dimethyl phos-
phite and the amount of solvent used remained con-
stant and that of Mg(OH)2 in the reaction mass varied
are virtually identical (Fig. 1a). The deviations ob-
served lie within the experimental error. This con-

Kinetic characteristics of the reaction of (1) magnesium
hydroxide with (2) dimethyl phosphite in nitrobenzene
����������������������������������������

Amount of �
(1) : (2)

� � � �
reagents, mole �

molar
� c0

2 , � T, �V0 � 103,�kapp�103,
������������ � � � �� � M � �C � M s�1 � s�1

(1) � (2) �
ratio

� � � �
����������������������������������������
0.050 � 0.050 � 1.00 �0.994�146 � 1.052 � 1.046
0.050 � 0.049 � 1.02 �0.989�146 � 1.070 �
0.050 � 0.038 � 1.32 �0.752�146 � 0.699 �
0.050 � 0.025 � 2.00 �0.501�146 � 0.499 �� � � � � �
0.100 � 0.100 � 1.00 �2.004�146 � 2.348 � 1.012
0.025 � 0.025 � 1.00 �0.506�146 � 4.152 �� � � � � �
0.050 � 0.050 � 1.00 �0.994�136 � 0.854 � 0.866
0.050 � 0.045 � 1.11 �0.902�126 � 0.637 � 0.715
����������������������������������������
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Fig. 1. Variation with time � of the concentration c2 of di-
methyl phosphite in its reaction with magnesium hydrox-
ide in nitrobenzene. Ratio between amounts of reactants,
�1 :�2 (mol : mol): (a) (1) 1.00 and (2) 2.00; (b) (1) 1.02,
(2) 1.32, and (3) 2.00. (a) c1

0 = c2
0; (b) c2

0 (M): (1) 0.989,
(2) 0.752, and (3) 0.501.

Fig. 2. logV0�log c2
0 dependence for reaction of magnesium

hydroxide with dimethyl phosphite. (1) The partial reac-
tion order with respect to dimethyl phosphite and (2) the
overall reaction order with respect to the same reactant are
determined.

Fig. 3. Variation with time � of the concentration c2 of di-
methyl phosphite in its reaction with magnesium hydrox-
ide in nitrobenzene at equimolar ratio of the reactants and
temperature of 146�C. c2

0 (M): (1) 2.004, (2) 0.989, and
(3) 0.506.

firms the zero apparent reaction order with respect to
magnesium hydroxide and also indicates that the re-
action occurs in solution, rather than on the surface
of the solid reagent, since raising the content of
Mg(OH)2 in the reaction mass would accelerate the
process because of the larger contact area.

The reaction order with respect to (CH3)2HPO3 was
determined by measuring the initial reaction rates at
fixed amounts of magnesium hydroxide and varied
(within 0.5�1.0 M) initial concentration of dimethyl
phosphite (Fig. 1b). A knowledge of the partial re-
action order with respect to dimethyl phosphite makes
it possible to plot the dependence logV0 = f (logc2

0 )
(Fig. 2), where V0 is the initial reaction rate and c2

0 is
the initial concentration of dimethyl phosphite. It can
be seen from Fig. 2 that the slope of the dependence
of the logarithm of the initial rate on the logarithm
of the initial dimethyl phosphite concentration is close
to unity, which indicates the first reaction order with
respect to this reagent. With account of the pseudo-
zero order with respect to magnesium hydroxide, the
overall reaction order is unity.

The calculations performed yielded the parameters
of the linear equation

log V0 = log k + n1log c1
0 + n2log c0

2, (1)

where k is the reaction rate constant, and n1 and n2 are
the reaction orders with respect to magnesium hy-
droxide and dimethyl phosphite.

Under the experimental conditions, the Mg(OH)2
concentration in solution, c1

0, was maintained con-
stant, and, consequently, n1 log c1

0 = const. Then
Eq. (1) takes the form

log V0 = (�2.9805 � 0.0200) + (1.1198 � 0.12304)log c0
2.

Consequently, the more accurate partial reaction
order with respect to dimethyl phosphite is n2 =
1.12 � 0.12.

The overall reaction order was confirmed in a set
of experiments in which the initial concentration of
dimethyl phosphite was varied within 0.5�2.0 M at
fixed equimolar ratio of the starting reagents (Fig. 3).
The calculations performed yielded the dependence

log V0 = log kapp + n log c0
2 = (�2.9947 � 0.23)

+ (1.16 � 0.10) log c0
2 ,

which confirms the overall first reaction order under
the experimental conditions and makes it possible to
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find the apparent rate constant kapp, which is a func-
tion of the concentration of magnesium hydroxide in
the liquid phase.

To determine the activation energy of the reaction,
kinetic curves were measured at temperatures of 126,
136, and 146�C. In these experiments, the initial
concentrations of the starting reagents remained con-
stant (see table).

Using the method of graphical differentiation of
kinetic curves at the initial instant of time in study-
ing the kinetics of the chemical reaction at low sol-
ubility of Mg(OH)2 in nitrobenzene makes it possible
to state that the contribution from the heat effect of
hydroxide dissolution is insignificant.

The reaction rate constant is described by the Ar-
rhenius equation: the dependence log kapp = f (1/T ) is
described by a linear equation in integral form

log kapp = (0.406 � 0.066) + (1417.79 � 26.89)/T ;

r = 0.999, S = 0.012.

CONCLUSIONS

(1) The reaction of magnesium hydroxide with di-
methyl phosphite in nitrobenzene is first-order with
respect to dimethyl phosphite, with the overall reaction
order close to unity; the process occurs in solution,
rather than on the surface of magnesium hydroxide.

(2) The reactions of magnesium and aluminum
hydroxides with dimethyl phosphite have equal partial
and overall orders.
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Abstract�Kinetics of oxidation of some organic acids by ammonium nitrate was studied. Temperature
dependences of the rate constants of acid oxidation were determined.

Gas-generating formulations for household pur-
poses have been intensively developed in recent years.
Systems of this kind can be created using the prin-
ciples on which design of solid mixture fuels is based.
The fuel system proposed must have an acceptable
thermal stability and retain its working properties dur-
ing a rather prolonged test at elevated temperatures.
A possible way to solve this problem is to use mix-
tures of ammonium nitrate (AN) with organic sub-
stances and, in particular, oxalic acid.

It has been established previously that thermal
decomposition of AN into ammonia and nitric acid
proceeds via its equilibrium dissociation. The rate
of the process in decomposition of a pure salt is de-
termined by the rate of oxidation of the NH4

+ ion by
a molecule of nitric acid [1]: the rate grows with in-
creasing content of nitric acid in the system. The con-
tent of HNO3 in molten pure AN does not exceed
0.1% of the total content of NO3

� ions in the salt, and,
therefore, the stability of pure AN is sufficiently high
for this compound to be used in the mixtures under
consideration. Introduction of organic acids into AN
can raise the equilibrium concentration of HNO3 and,
correspondingly, impair the stability of AN. However,
organic acids in aqueous solutions are much weaker
than nitric acid, with the difference in pK values be-
tween nitric and organic acids constituting 3 units and
more [2]. Therefore, it would be expected that the in-
crease in the concentration of HNO3 will be small,
and the thermal stability of the mixture, sufficient.

The aim of the present study was to analyze the ki-
netics and mechanism of the reaction of oxidation of
various organic, mainly dibasic acids by ammonium
nitrate in order to elucidate the general pattern and
distinctions of this reaction for different acids and to
assess the possibility of practical use of mixtures of
this kind.

EXPERIMENTAL

The kinetic pattern of heat release in thermal inter-
action of AN mixtures with oxalic, malonic, succinic,
pimelic, malic, tartaric, citric, maleic, and benzoic
acids in a 1 : 1 molar ratio was studied. Also, separate
experiments were carried out for mixtures of AN with
decane and polyethylene for comparison purposes.
The 1 : 1 ratio of the amounts of oxalic acid and AN
corresponds to equivalent of the oxidizing agent and
the fuel. For all other mixtures there exists an excess
of the fuel, but the equal number of moles allows
easier comparison of the positions of acid�base equi-
libria. For a mixture of AN with succinic acid, addi-
tional experiments were carried out at the stoichio-
metric ratio of the components for the oxidation reac-
tion. Chemical reagents of chemically pure and ana-
lytically pure grades were used.

The experiments were performed on a DAK-1-1
automated dynamic microcalorimeter [3] in sealed
glass ampules having no cool parts, which allows
preservation of all the products in the reaction zone.
If not specified otherwise, a two-component mix-
ture of the compositions mentioned above exists in
the form of a homogeneous liquid phase at any of
the temperatures studied. The rate of the reaction be-
tween the solid phases is below the detection limit of
the calorimeter. The mixture of AN with oxalic acid
shows a sufficiently high reaction rate even at 70�C,
and that with malonic acid, at 85�C; for other acids
the rate becomes comparable only above 100�C, when
the liquid phase appears in the system.

Figure 1 shows as an example kinetic curves of
heat release for the mixture of AN with oxalic acid;
for malonic, succinic, pimelic, tartaric, and benzoic
acids the curves are mainly similar and differ only in
the heat release rate and the range of temperatures
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studied. The rate is the highest at the beginning of
the process and then decreases fast; the reaction order
much exceeds the second order. The kinetic equation
has the form

dQ/dt = k1 Qf (1 � �)2,

where Q and Qf are the running and full heats of
reaction (J mol�1), and � = Q/Qf is the extent of
the process.

The running heat of the process, Q, was found by
integrating numerically the obtained time dependence
of the heat release rate. Since the reaction was not
brought to complete termination of heat release be-
cause of its extremely long duration, the full heat
of the process, Qf , was determined by extrapolation of
the (dQ/dt)0.5 dependence from Q to zero value of
dQ/dt. For most of the acids studied, the Qf values are
close to 4200 J g�1. For pure AN, the heat of thermal
decomposition is much lower, 1460�1670 J g�1 under
the experimental conditions. Oxidation of the organic
component makes a major contribution to the full heat
of the process. In this case, NH4

+ ions also become
involved in the oxidation reaction under the action of
more active intermediate reaction products, e.g., ni-
trogen oxides. At the same time, in the case when the
reaction proceeds to completion to give CO2, H2O,
and N2 in a mixture of AN with oxalic acid, more
than 5430 J g�1 must be released, i.e., the oxidation
under the experimental conditions is incomplete. In
this series of acids, a strong difference in the exper-
imental heat of oxidation is only observed for malonic
acid: the heat of its oxidation by AN is approximately
830 J g�1.

In the case of deviation from the equimolar ratio
of the components, the two-component mixture exists
at certain temperatures in the form of solutions of
constant composition, which are saturated either with
organic acid or with AN, in equilibrium with the cor-
responding solid phase. The apparent heat release rate
dQ/dt is, in the general case, given by the formula

dQ/dt = keff Qf�VcRCOOHcNH4NO3
,

where keff is the effective rate of oxidation of an or-
ganic acid by AN (M�1 s�1); Qf, the full heat effect
(J mol�1); V, the mixture volume (l); �, the fraction
of the melt volume relative to the total volume of the
mixture; cRCOOH, cNH4NO3

, the concentrations of or-
ganic acid and AN in the melt, respectively (M).

Figure 2 shows the dependence of the initial heat
release rate by 1 g of a mixture of oxalic acid and

Fig. 1. Heat release rate dQ/dt vs. Q in equimolar mixture
of oxalic acid with AN. T (�C): (1) 70.4, (2) 86.2, (3) 89,
(4) 91, (5) 100, and (6) 106.

Fig. 2. Initial heat release rate dQ/dt in a mixture of
oxalic acid with AN vs. mole fraction � of (COOH)2 at
89.2�C.

AN at 89.2�C as a function of the mole fraction of
oxalic acid. At small mole fractions of oxalic acid,
the system is two-phase, the product of reagent con-
centrations in solution is constant, the volume frac-
tion of the melt grows with increasing mole fraction
of oxalic acid, and, correspondingly, the initial heat
release rate grows somewhat. On reaching a certain
mole fraction of oxalic acid in a mixture, the system
becomes homogeneous, which corresponds to � equal
to unity.

The heat release rate grows with increasing product
cRCOOHcNH4NO3

at approximately constant V. The max-
imum of cRCOOHcNH4NO3

is reached in the equimolar
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mixture; with the mole fraction of oxalic acid increas-
ing further, the product of concentrations starts to
decrease, which leads to fall in the heat release rate.
Then the mixture again becomes two-phase; the sub-
sequent fall in the melt volume at constant product
of the reactant concentrations leads to further decrease
in the heat release rate.

Oxidation of maleic, malic, and citric acids by AN
obeys a kinetic law different from that described by
an equation of a second-order reaction. Oxidation of
maleic acid is described by an equation of a first-order
autocatalityc reaction with full heat of the process,
Qf, approximately equal to 5230 J g�1:

dQ/dt = k1 Qf (1 � �) + k2 Qf (1 � �)�.

In oxidation of malic acid by AN, the heat release
rate varies in the course of the process in a compli-

cated way (Fig. 3). In the first stage, whose duration
grows with increasing temperature, self-acceleration by
the equation of a first-order autocatalytic reaction is
observed. After the maximum rate is reached, it starts
to fall by the equation of a first-order reaction to a cer-
tain level, which remains virtually constant until the
conversion becomes 0.8�0.85, and then the rate again
falls to complete termination of heat release.

Oxidation of citric acid by AN follows the first-
order reaction law to conversion of 0.9�0.95?, after
which the rate also falls abruptly to virtually zero
value. The full heats of oxidation of malic and citric
acids by AN are approximately equal to 4180 J g�1.

The following values of k = (dQ/dt)t = 0 /QfVcNH4NO3
=

keffcRCOOH were obtained at different temperatures for
all of the AN mixtures with organic acids, analyzed in
this study:

����������
Oxalic acid

T, �C 33 70.4 86.2 89 91 100 106.6
k1 � 106, s�1 0.9 3.1 44 77 60 84 260

Malonic acid

T, �C 89.1 106 112.4 117.2 123.6 128.5
k1�106, s�1 3.6 42 68 100 130 170

Succinic acid

T, �C 158.5 171.7 180 188.5 196
k1 � 106, s�1 1.5 6.5 11 27 70

Pimelic acid

T, �C 158.5 171.7 180 188.5 196
k1 � 106, s�1 8.1 24 47 83 120

Tartaric acid

T, �C 127 131 139 145 151
k1 � 106, s�1 4.1 15 34 69 57

Benzoic acid

T, �C 151.5 180 188.5 196
k1 � 106, s�1 0.058 1.6 3.5 6.8

Maleic acid

T, �C 100 138 145 148 151 152 165
k1 � 106, s�1 2.6 40 78 91 180 180 360

Malic acid

T, �C 122.4 127.2 131.7 139 145 158.5
k1 � 106, s�1 1.9 2.5 3.7 8.6 17 69

Citric acid

T, �C 122.4 127.2 131.7 139 145
k1 � 106, s�1 8.7 11 21 57 110



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 8 2003

KINETICS OF OXIDATION OF ORGANIC ACIDS BY AMMONIUM NITRATE 1217

Rate constants of interaction between AN and organic acids
������������������������������������������������������������������������������������

Acid � pK � k1, s�1 � k1, 100�C , s�1 � t0.01% at 100�C , s
������������������������������������������������������������������������������������
Oxalic � 1.27 � 5.2 � 1012 exp (�14.2 � 103/T ) � 1.4 � 10�4 � 72
Malonic � 2.86 � 4.9 � 1011 exp (�14.2 � 103/T ) � 1.5 � 10�5 � 6.8 � 102

Succinic � 4.21 � 1.0 � 1014 exp (�19.7 � 103/T ) � 1.1 � 10�9 � 9.2 � 106

Pimelic � 4.51 � 2.9 � 109 exp (�14.4 � 103/T ) � 5.1 � 10�8 � 2.0 � 105

Tartaric � 2.98 � 4.0 � 1014 exp (�18.2 � 103/T ) � 2.7 � 10�7 � 3.7 � 104

Benzoic � 4.18 � 5.8 � 1014 exp (�21.5 � 103/T ) � 5.7 � 10�11 � 1.8 � 108

Maleic � 1.92 � 1.3 � 109 exp (�12.7 � 103/T ) � 2.3 � 10�6 � 3.0 � 104

Malic � 3.4 � 2.5 � 1013 exp (�17.5 � 103/T ) � 1.0 � 10�7 �
Citric � 3.13 � 3.8 � 1016 exp (�19.7 � 103/T ) � 4.8 � 10�7 � 2.1 � 104

������������������������������������������������������������������������������������

Temperature dependences of k1 are presented in the
table. Owing to strong differences in the rates of heat
release by the mixtures studied, different temperature
ranges were used in the experiments. For convenience
of comparison, rate constants are given for all the
mixtures at 100�C, together with published values of
pK for the acids studied, determined in aqueous so-
lutions at room temperature [2]. The table also lists
the times in which the reactions proceed to 1% extent,
calculated using the dependences corresponding to the
established kinetic pattern of the process. The tem-
perature dependence of the constant k2 (s�1) of the
autocatalytic stage, which is necessary for calculating
the time of oxidation of maleic acid, is given by
the expression

k2 = 1.3 � 108 exp(�10.8 � 103/T ).

T, �C 100 138 145 148
k2, s�1 2.7�10�5 5.7�10�4 9.4�10�4 7.7�10�4

T, �C 151 152 165
k2, s�1 1.9�10�8 1.1�10�3 1.5�10�3

The rate of thermal decomposition of pure AN at
200�250�C is determined by the rate of oxidation of
the NH4

+ ion by a molecule of nitric acid formed in
dissociation of the onium salt [4]:

dQ/dt = kNH4
+ QfVcNH4

+ cHNO3
,

where kNH4
+ is the rate constant of oxidation of

the ammonium ion by nitric acid, and V is the volume
of the system.

In principle, the NH4
+ ion is difficult to oxidize,

with rather high temperatures necessary for achieving
fast rates of AN decomposition. The temperature
dependence of the initial heat release rate in decom-
position of pure AN can be obtained from the data
of [5]:

(dQ/dt)t = 0 = 3.2 � 1018 exp(�23.8 � 103/T ).

Previously, it has been established in studying
the possible ways to oxidize NH4

+ ions with concen-
trated solutions of nitric acid that, at temperatures
below 150�160�C and NHO3 content exceeding that
in an AN melt, the mechanism of the oxidation reac-
tion undergoes a change. Oxidation by molecular ni-
tric acid is replaced by oxidation by nitrogen(V) oxide
formed in the equilibrium

2HNO3
�� N2O5 + H2O;

Kdeh = aH2O
aN2O5

/a2
HNO3

. (1)

Because of the lower activation energy of oxidation
by nitrogen(V) oxide, the reaction rate decreases more
slowly than in the case of oxidation by nitric acid,
with the result that N2O5 makes major contribution to
the apparent heat release rate in the low-temperature
region. At the same time, in decomposition of AN
proper, the low equilibrium concentration of HNO3,
which is additionally lowered because of the ioniza-

Fig. 3. Heat release rate dQ/dt vs. Q in equimolar mix-
ture of malic acid with AN. T (�C): (1) 122.4, (2) 127.2,
(3) 137.1, (4) 139, (5) 145, and (6) 158.5.
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tion by impurity water, results in that the mechanism
of AN decomposition with oxidation of ammonium
ions by molecular HNO3 is preserved in the entire
temperature range studied, above and below the melt-
ing point [6].

In two-component systems constituted by AN
and an organic acid, the rates of heat release much
exceed those in thermal decomposition of pure AN.
Extrapolation of the temperature dependence of the
heat release rate in thermal decomposition of an AN
melt [5] to 100�C yields a value of 8.1 � 10�10 W g�1.
In a mixture of AN with oxalic acid, the heat release
rate at 100�C exceeds by 9 orders of magnitude
the extrapolated value. The difference between the
heat release rate in decomposition of crystalline AN,
which is more stable than the melt, and the heat re-
lease rate in decomposition of a two-component mix-
ture at this temperature will be even more pro-
nounced.

Comparison of the rate constants of interaction be-
tween AN and various acids shows that the differences
in the rates of heat release are very significant and
constitute several orders of magnitude under analogous
conditions. They are mainly associated with dif-
ferences in the pKa values in aqueous solution.
The lower this value and, correspondingly, the higher
the constant of proton ionization, the higher the ox-
idation rate. The highest heat release rate is observed
for a mixture with oxalic acid, and the lowest, for that
with benzoic acid.

The increase in the reaction rate in the two-com-
ponent mixture is accounted for by two factors: (1) ox-
idation of an acid molecule, which occurs with much
higher rate constant as compared with oxidation of
the NH4

+ ion; (2) increase in the content of nitric acid
upon addition of an organic acid to AN. Mixtures of
AN with polyethylene or decane, which do not affect
the position of the acid equilibrium in the system, are
oxidized at higher rate than NH4

+ because of their
higher intrinsic rate constant of oxidation.

The dependence of the heat release rate by a mix-
ture of AN with an organic acid on the pK value of
the acid is probably determined by the reaction of
protonation of the NO3

� anion by organic acid, which
leads to an increase in the concentration of HNO3:

NO3
� + RCOOH �� HNO3 + RCOO�;

Kch = aHNO3
aRCOO� /aNO3

� aRCOOH , (2)

where Kch is the equilibrium constant equal to
the ratio between the constants of proton ionization of

an organic acid, K, and nitric acid, KHNO3
in a melt;

aHNO3
, aRCOO� , aNO3

� , aRCOOH, the activities of
the respective species; RCOO�, the anion of the or-
ganic acid.

It follows from the pKa values of the acids, deter-
mined in aqueous solutions, that occurrence of reac-
tion (2) in the forward direction is thermodynamically
unfavorable: the pK value for HNO3 in aqueous so-
lution is 1.64 [2], whereas that for the weakest of
the organic acids considered, oxalic acid, is higher by
three units. The increase in the concentration of HNO3
molecules cannot be significant at such pK values, and
the oxidation rate must be independent of pK. It has
been shown previously [7] that introduction of ortho-
phosphoric acid (pK 2.1 in aqueous solution) into
AN makes higher the HNO3 concentration in the melt
and the rate of AN decomposition, which the constant
of the equilibrium

H3PO4 + NO3
� �� HNO3 + H2PO4

�

in an AN melt at 233.5�C found to be approximately
60. Such a change in the relative strength of HNO3
may be due to the low dielectric constant of the ionic
melt of AN and to selective complexation between
HNO3 molecules and ions of the melt (complex ion
2HNO3 �NO3

� has been described in the literature [8]).

Apparently, a similar situation occurs in melts of
AN with organic acids. The pK values for organic
acids and HNO3 must change as compared with those
in aqueous solutions, and the strength of organic acids
must increase with respect to that of HNO3. The rel-
ative pK values of organic acids are mainly preserved,
which is manifested in the rates of their interaction
with AN, although the absolute values themselves are
probably changed.

In a mixture system, the rates of heat release that
are close to those in decomposition of pure AN are
observed at much lower temperatures and higher
HNO3 concentrations than those in decomposition of
pure AN. Such conditions probably favor occurrence
of an oxidation reaction involving N2O5, as is the case
in oxidation of the NH4

+ ion with concentrated HNO3
solutions. Thus, introduction of an organic acid,
which is oxidized at lower temperatures than those
in decomposition of an AN melt and makes higher
the HNO3 concentration, leads to a difference in
the mechanisms by which are oxidized pure AN, in
which HNO3 is oxidizing agent, and a two-component
system, with N2O5 acting as oxidant:

(3)

dQ/dt/QfV = keff cRCOOH cNH4NO3

= k �N2O5
aRCOOH aN2O5

/	TS* ,
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where k �N2O5
is the rate constant of the reaction of

oxidation of an organic acid by nitrogen(V) oxide
in the gas phase, and �TS* is the activity coefficient of
the activated complex in the melt [9].

At small degrees of protonation of nitrate ions, at
which the activities aRCOO� and aHNO3

can be con-
sidered equal, the following expression is obtained for
aHNO3

from equilibrium (2):

aHNO3
= (KaRCOOH aNO3

� /KHNO3
)1/2. (4)

Expressing aN2O5
in terms of the constants of de-

hydration equilibrium (1) with the use of (4) and
substituting it into expression (3) for the rate yields
an equation which has, after its logarithm is taken,
the form

log (dQ/dt/QfV cNH4NO3
) = log k1 = log k (keffcRCOOH)

= log kN2O5
+ log Kdeh + pKHNO3

� pK

+ log (aRCOOH aNO3
� /aH2O

	N2O5
)

+ log (cRCOOH/cNH4NO3
),

where kN2O5
= k �N2O5

�RCOOH �N2O5 /�TS
* is the rate con-

stant of oxidation of an organic acid by nitrogen(V)
oxide in a melt [9], and �RCOOH and �N2O5

are the ac-
tivity coefficients of RCOOH and N2O5 in the melt.

In accordance with the mechanism of oxidation by
nitrogen(V) oxide, the rate must increase in proportion
to the constant of proton ionization of the organic acid
if the term with activity ratio is assumed to be con-
stant. Figure 4 shows the logarithm of the rate con-
stant of interaction between various organic acids and
AN at 100�C as a function of the pK value of these
acids. The relationship observed between the loga-
rithm of the rate constant of heat release in the reac-
tion of AN with organic acids and their pK value
in aqueous solutions is close (with only a certain scat-
ter of experimental data, caused by difference in
chemical structure between the acids studied) to that
assumed for the given mechanism, with a slope of the
straight line approximately equal to �1. The constant
of proton ionization of organic acids in aqueous so-
lutions decreases, in going from oxalic to pimelic
acid, by a factor of 103.2, and heat release rate, by
a factor of 103.4.

Probably, owing to the higher activation energy,
the rate constant of oxidation of organic acids by
molecular HNO3 will exceed the rate constant of ox-
idation by nitrogen(V) oxide at temperatures much
higher than those used in the experiments, and, as

Fig. 4. log k1 vs. pK value of organic acids. (k1) Rate
constant of interaction between AN and organic acids and
(K ) constant of acid dissociation of organic acid.

in the case of AN decomposition, HNO3 will play
the part of an oxidizing agent.

Thus, the main factor responsible for the difference
in the rates of oxidation of organic acids by AN is
their strength. At the same time, certain differences
associated with the chemical structure of an acid are
observed. The oxidation rate of an organic acid is
determined by presence in it of fragments that can
sufficiently rapidly react with a N2O5 molecule. In
the compounds under study, these are hydrogen atoms
of �CH2� groups and hydrogen atoms in � position in
the �OH group. The rate of heat release by a mixture
of AN with pimelic acids is 7 times that for a mixture
with succinic acid, although the constant of proton
ionization of pimelic acid is 2 times smaller, which
is due to the presence in its molecule of a greater
number of oxidizable �CH2� groups. The pK values
of benzoic and succinic acids are close, and the rates
differ by a factor of 18, with benzoic acid exhibiting
the lowest heat release rate because of the high sta-
bility of hydrogen atoms in the benzene ring against
oxidation.

The mixtures studied, constituted by AN and or-
ganic acids, strongly differ in stability, with equimolar
mixtures of AN with succinic or benzoic acid being
the most stable. For succinic acid, the rates of its in-
teraction with AN were measured for the mixture
components taken in stoichiometric ratio, which cor-
responds to mole fraction of AN equal to 0.875:

T, �C 191 195.8 200.6 204.4 214.4 221.6
k1�106, s�1 7.5 14 18 25 53 78

The activation energies of reactions in equimolar
and stoichiometric mixtures are the same, and the pre-
exponential factor in the stoichiometric is 2.2 times
lower. At the temperatures studied, the stoichiometric
mixture of AN with succinic acid is a homogeneous
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solution, and the decrease in the rate in this mixture
is due to deviation from equimolarity of the amounts
of AN and succinic acid.

CONCLUSIONS

(1) The thermal stability of two-component liquid
mixtures of ammonium nitrate and an organic acid is
determined both by the ability of an acid (determined
by its strength) to transfer a proton to a nitrate ion and
thereby to make higher the HNO3 concentration in
the system and by the rate constant of oxidation of
the organic acid.

(2) In contrast to thermal decomposition of pure
ammonium nitrate, the role of oxidizing agent in
mixed systems constituted by ammonium nitrate and
an organic acid is played by N2O5 formed in dehydra-
tion of nitric acid.

(3) Of the whole set of systems under study, con-
stituted by ammonium nitrate and an organic acid,
the most stable are mixtures with succinic and benzoic
acids.
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Abstract�The systems Ba(HCOO)2�Ca(HCOO)2�H2O and Ba(HCOO)2�Mg(HCOO)2�H2O were studied
at 25�C by the solubility method. The effect of the ionic radii of doubly charged metals on the formation
of double salts containing barium formate was considered.

Barium formate and its binary compounds pos-
sess interesting physical and chemical properties:
Ba(HCOO)2 and BaCd(HCOO)4 � 2H2O are nonlinear
optical materials [1, 2], Ba2Cu(HCOO)6 � H2O is pa-
ramagnetic material [3], and BaY(HCOO)5 � 4H2O
and Ba2Cu(HCOO)6 � 4H2O are suitable starting com-
pounds for synthesis of superconductors [4, 5]. A study
of salt systems containing barium formate is of inter-
est because they show promise for practical application.

Barium formate is known to form double salts
with formates of some doubly charged metals.
Ba2M(HCOO)6 � 4H2O (where M is Ni, Co, Cu, or
Zn) (2 : 1 : 4) and BaM(HCOO)4 � 2H2O (where M
is Cd) (1 : 1 : 2) [6, 7] were obtained by the prepara-
tive method. All these double salts (except that con-
taining cobalt) were separated from the correspond-
ing ternary water�salt systems [4, 8�10]. The double
salt Ba2Fe(HCOO)6 � 4H2O was separated from the
Ba(HCOO)2�Fe(HCOO)2�H2O system at 25�C. It was
established that it is isostructural to the double salts
of the isomorphic series. It is also known that man-
ganese formate does not form a compound with bari-
um formate. The Ba(HCOO)2�Mn(HCOO)2�H2O sys-
tem at 25�C is simple eutonic [11]. It was of interest
to elucidate whether or not barium formate forms
double salts with calcium and magnesium formates.

To determine the mutual solubility of the compo-
nents and the possibility of formation of new phases
from barium, calcium, and magnesium formates, we
studied the systems Ba(HCOO)2�Ca(HCOO)2�H2O
and Ba(HCOO)2�Mg(HCOO)2�H2O at 25�C. The sys-
tems have not been studied previously. Data on the
solubility of barium, calcium, and magnesium for-
mates were taken from [12, 13].

EXPERIMENTAL

The starting substances were obtained by react-
ing barium, calcium, and magnesium carbonates (all
analytically pure) with a 50% solution of analytical-
ly pure formic acid, followed by recrystallization.
According to chemical, derivatographic, and X-ray
phase analyses, the resulting compounds have the
compositions Ba(HCOO)2 [14], �-Ca(HCOO)2 [15],
and Mg(HCOO)2 � 2H2O [16].

The solubility was studied by Khlopin’s method
of isothermal elimination of supersaturation [17]:
aqueous solutions of two components of the sys-
tem, taken in various proportions, were prepared at
80�90�C. Then the solution was cooled in a ther-
mostat to the working temperature and vigorously
stirred to constant concentration of a saturated solu-
tion (i.e., to attainment of equilibrium). The tem-
perature was maintained constant to within �0.1�C.
The equilibration time was 15�20 h. After the sus-
pension was filtered, the resulting liquid phase and
the wet solid phase (residue) were analyzed. The Ba2+,
Ca2+, and Mg2+ content in the liquid phases and
residues was determined complexometrically [18]: the
sum of Ba2+ and Ca2+ ions and of Ba2+ and Mg2+

ions was determined by back titration with zinc sul-
fate solution in ammonia solution in the presence of
Eriochrome Black T indicator, Ca2+ was analyzed
at pH 11 (NaOH solution) in the presence of calcone
indicator, Mg2+ was analyzed in ammonia buffer so-
lution after precipitating barium sulfate with a sul-
furic acid solution, and the Ba2+ content was calcu-
lated as the difference between the two determina-
tions. The solid phase composition was determined



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 8 2003

1222 VASILEVA

Table 1. Solubility and solid phase composition in the systems Ba(HCOO)2�M(HCOO)2�H2O (M is Ca or Mg) at 25�C
������������������������������������������������������������������������������������

Liquid phase �
Residue, wt %

�
�������������������������������������������� �

wt % � mol % � �Solid phase composition
������������������������������������������������������������������
Ba(HCOO)2 � M(HCOO)2 � Ba(HCOO)2 � M(HCOO)2 � Ba(HCOO)2 � M(HCOO)2 �
������������������������������������������������������������������������������������

Ba(HCOO)2�Ca(HCOO)2�H2O system

23.21 � � � 2.34 � � � � � � � Ba(HCOO)2
20.59 � 3.25 � 2.09 � 0.58 � 71.17 � 1.55 � �

18.05 � 6.35 � 1.84 � 1.13 � 76.13 � 2.23 � �

16.38 � 8.50 � 1.67 � 1.52 � 74.25 � 3.10 � �

14.93 � 10.66 � 1.54 � 1.92 � 70.54 � 3.50 � �

15.03 � 10.23 � 1.54 � 1.83 � 52.06 � 37.11 � Eutonic
15.14 � 10.38 � 1.56 � 1.86 � 16.43 � 70.15 � Ca(HCOO)2
13.25 � 10.08 � 1.33 � 1.76 � 70.45 � 4.30 � �

8.90 � 10.67 � 0.85 � 1.79 � 68.75 � 2.80 � �

4.92 � 11.29 � 0.45 � 1.82 � 66.12 � 1.94 � �

3.02 � 12.37 � 0.28 � 1.98 � 73.09 � 2.10 � �

� � 14.12 � � � 2.23 � � � � � �

Ba(HCOO)2�Mg(HCOO)2�H2O system

23.21 � � � 2.34 � � � � � � � Ba(HCOO)2
21.11 � 1.92 � 2.12 � 0.38 � 71.33 � 0.80 � �

20.28 � 3.40 � 2.05 � 0.68 � 72.55 � 0.80 � �

18.56 � 6.11 � 1.89 � 1.24 � 81.72 � 1.80 � �

17.45 � 7.30 � 1.78 � 1.48 � 80.12 � 1.37 � �

17.27 � 7.39 � 1.76 � 1.5 � 44.07 � 36.52 � Eutonic
14.86 � 7.55 � 1.47 � 1.49 � 4.03 � 59.88 � Mg(HCOO)2 � H2O
11.45 � 7.63 � 1.09 � 1.45 � 3.25 � 51.79 � �

7.80 � 8.32 � 0.72 � 1.53 � 2.27 � 55.32 � �

4.20 � 9.80 � 0.38 � 1.76 � 1.57 � 60.38 � �

� � 11.99 � � � 2.10 � � � � � �

������������������������������������������������������������������������������������

by Schreinemaker’s method of residues [19] and con-
firmed by chemical, thermal, and X-ray phase ana-
lyses. Thermal analysis was performed on an MOM-12
derivatograph (Hungary), and X-ray phase analysis,
on a DRON-3 diffractometer (CuK

�

radiation, Ni fil-
ter).

The results of a study of the system Ba(HCOO)2�

Ca(HCOO)2�H2O at 25�C are presented in Table 1,
and the solubility isotherm is plotted in Fig. 1a.
The system is simple eutonic at this temperature.
The crystallizing solid phases are Ba(HCOO)2 [14]
and �-Ca(HCOO)2 [15]. The composition of the
eutonic solution is (wt %) 15.03 barium formate and
10.23 calcium formate. As either of the components
is added, the solubility of the other decreases owing
to salting-out.

Data on the solubility in the Ba(HCOO)2�

Mg(HCOO)2�H2O system are presented in Table 1
and Fig. 1b. The solubility isotherm is represented
by the crystallization branches of anhydrous barium
formate [14] and magnesium formate dihydrate [16],
which intersect at the eutonic point of compositions
(wt %): 17.27 Ba(HCOO)2 and 7.39 Mg(HCOO)2.
The components exert the mutual salting-out effect.
For example, the solubility of barium formate in the
system decreases from 23.21 to 17.27 wt %, and that
of manganese formate, from 11.99 to 7.39 wt %.

A study of the two systems showed that neither
double salts nor mixed crystals are formed at 25�C.
Thus, when barium formate is crystallized, the zinc
and magnesium impurities are concentrated in the
mother liquor. Barium formate free of calcium and
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Fig. 1. Solubility isotherms of the systems (a) Ba(HCOO)2�Ca(HCOO)2�H2O and (b) Ba(HCOO)2�Mg(HCOO)2�H2O at 25�C.

magnesium impurities can probably be prepared by
recrystallization.

Table 2 summarizes data on the compositions of
double salts formed in the Ba(HCOO)2�M(HCOO)2�
H2O system (where M is Ni, Co, Cu, Zn, Fe, Mn, Cd,
and Ca) at 25�C and lists the M2+ ionic radii [20].
As can be seen, barium formate yields double salts of
stoichiometric composition Ba2M(HCOO)6 � 4H2O
(2 : 1 : 4) and Ba2M(HCOO)4 � 2H2O (1 : 1 : 2) with
formates of doubly charged metals. Barium formate
gives the first structural type (2 : 1 : 4) with Ni, Co,
Cu, Zn, and Fe formates. Only the double salt of cop-
per has crystal structure [3]. All these double salts
crystallize in the triclinic system, space group P1

�

,
and have close unit cell parameters, i.e., they are iso-
structural.

The composition of a double salt and the M2+ ion-
ic radius correlate. The structural type (2 : 1 : 4) is
formed at ionic radii larger than 0.69 and smaller

Table 2. Composition of double salts formed in the
Ba(HCOO)2�M(HCOO)2�H2O systems
����������������������������������������

� Ionic �
M2+

� radius, � �
Double salt composition

����������������������������������������
Mg2+ � 0.65 � Pure salts� �
Ni2+ � 0.69 � Ba2Ni(HCOO)6 � 4H2O [6�8]
Co2+ � 0.72 � Ba2Co(HCOO)6 � 4H2O [6, 7]
Cu2+ � 0.72 � Ba2Cu(HCOO)6 � 4H2O [4, 6, 7]
Zn2+ � 0.74 � Ba2Zn(HCOO)6 � 4H2O [6, 7, 9]
Fe2+ � 0.75 � Ba2Fe(HCOO)6 � 4H2O
Mn2+ � 0.80 � Pure salts [11]
Cd2+ � 0.97 � Ba2Cd(HCOO)6 � 2H2O [6, 7, 10]
Ca2+ � 0.99 � Pure salts
����������������������������������������

than 0.75�. These conditions are satisfied by nick-
el(II), cobalt(II), copper(II), zinc(II), and iron(II) ions.
In the systems Ba(HCOO)2�Mg(HCOO)2�H2O (this
study) and Ba(HCOO)2�Mn(HCOO)2�H2O [11] no
double salts are formed. This is because the Mg2+ ra-
dius (0.65�) is probably too small, whereas the Mn2+

radius (0.80�) is too large to make this structure
stable. Apparently, the decisive factor influencing
the formation of double compounds of the (2 : 1 : 4)
structural type containing barium formate is the M2+

radius. The double salt of the second type [(1 : 1 : 2)]
(only BaCd(HCOO)4 � 2H2O is known) crystallizes
from aqueous solution at 25�C with the ionic radius
increasing further. According to the data obtained in
this study, no double salt is formed in the Ba(HCOO)2�
Ca(HCOO)2�H2O system. The ionic radii of Cd2+ and
Ca2+ are very close (0.97 and 0.99�, respectively).
All the data presently available for the water�formate
systems, including calcium formate, confirm the for-
mation of anhydrous salts [21]. This fact is accounted
for by strong dehydrating action of calcium formate.
Probably, no double salt containing crystallization
water is formed between barium and calcium formates
for this reason.

CONCLUSIONS

(1) The systems Ba(HCOO)2�M(HCOO)2�H2O
(where M is Ca or Mg) were studied at 25�C and
the formation of pure salts was established.

(2) Barium formate can be prepared by crystalliza-
tion from an aqueous solution of impurity-free mag-
nesium and calcium salts.

(3) A correlation between the composition of dou-
ble barium salts and the M2+ ionic radius was estab-
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lished. Double salts of the (2 : 1 : 4) type are formed
at the ionic radii within 0.69�0.75�. Above 0.80�,
another structural type (1 : 1 : 2) is formed.
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Abstract�The possibility of exhaustive demineralization of industrial carbon sorbents by multiple treatment
in the sequences acid�water�ammonia and alkali�water�acid�water was assessed. The influence exerted on
the degree of demineralization by the process mode and composition of the alkaline solution was studied.

All the industrial activated carbons contain inor-
ganic components in varied, and occasionally signifi-
cant amounts. They pass into carbons from a starting
material or are introduced into the charge before acti-
vation, which is carried out to improve the capacity
and selectivity of sorbents or catalytically active car-
bons. The content of these mineral components [deter-
mined as ash according to the GOST (State Standard)
12596�67] may be as high as 20% of the carbon
weight, and thus they can strongly affect the properties
of the material [1�7]. Certain fraction of mineral com-
ponents can leave the sorbent, strongly polluting the
solution. Ash components affect the total porosity of
the material [4, 8], creating nonuniform sorption pro-
file in its bulk and, thus, changing the sorption of
various (e.g., organic) compounds [7]. Therefore, the
requirements to the sorbent purity are very stringent in
some application fields (such as medicine, production
of ultrapure compounds, nuclear industry, and drink-
ing water supply).

Demineralization of carbon sorbents is of particular
scientific and practical importance; it can be described
as extraction in a solid�liquid system. Moreover,
demineralization of carbon sorbents is (to some ex-
tent) similar to leaching of rocks that are difficult to
break down. Acidic procedures are often used in de-
mineralization of graphite carbon materials; for partial
leaching the material is treated with nitric, hydro-
chloric, or sulfuric acids; for exhaustive leaching,
with hydrofluoric acid or its mixtures with other min-
eral acids [3, 4, 8, 9]; which is followed by washing
with hydrochloric acid and water.

Extraction in the solid�liquid system can be inten-
sified by changing temperature, pressure, and particle

size of the material and by applying external force
fields [10�12].

We studied demineralization of carbon sorbents by
their treatment with boiling reagents in the sequences
acid�water�alkali�water and alkali�water�acid�water
in several cycles and analyzed the effect exerted on
the demineralization by intermittent and continuous
stirring of a solid granular material.

EXPERIMENTAL

In this study we used SKT-6A activated carbon,
because its sorption capacity is the highest among
the Russian commercial activated carbons. We also
studied AG-3 carbon, which is widely used in solvent
recuperation and drinking water treatment. The re-
agents were 20% NH4OH, KOH, and NaOH aqueous
solutions, distilled water, and azeotropic hydrochloric
acid. The treatment in the sequences acid�water�
alkali�water and alkali�water�acid�water was per-
formed using NH4OH and KOH (or NaOH), respec-
tively. The treatment time with each reagent was 4 h,
so that the total cycle took 16 h. Since the multiple
treatment is more efficient than a single-cycle treat-
ment, we performed several complete treatment cycles
in each sequence and with each sample.

Demineralization was carried out in a modified
Soxhlet extractor [13�16] with water or acid conden-
sates. The acid (as well as wash waters) can be dis-
tilled and recycled; as a result, the discharge of waste
water would be only 1�2 volumes per sorbent volume,
which is smaller than that in the existing flowsheets
by a factor of 20 [3, 7, 9].
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Table 1. Degree of demineralization of SKT-6A carbon
upon treatment in the sequence HCl�H2O�NH4OH�H2O
without stirring
����������������������������������������

Parameter
� Treatment cycle
������������������
� no. 1 � no. 2 � no. 3

����������������������������������������
Content of mineral compo- � 5.57 � 3.87 � 2.89
nents in the starting sample � � �
cst, wt % � � �
Degree of demineralization, � 13.27 � 1.8 � 8.12
�, after acid and water � � �
treatment, % � � �
Purification coefficient Kpur � 1.15 � 1.46 � 2.14
Content of mineral compo- � 4.83 � 3.81 � 2.60
nents after acid and water � � �
treatment, cres, wt % � � �
Degree of demineralization, � 19.67 � 24.15 � 11.23
�, after alkali and water � � �
treatment, % � � �
Purification coefficient Kpur � 1.44 � 1.93 � 2.42
Content of mineral compo- � 3.87 � 2.89 � 2.3
nents after alkali and water � � �
treatment, cres, wt % � � �
����������������������������������������
*
� = [(cst � cres)/cres] � 100, Kpur = cst/cres.

To break the stagnation zones in the large-scale
pilot extractor and to diminish the effect of filtration,
the bed of the solid sorbent was intermittently or con-
tinuously fluidized with bubbling nitrogen. In the
case of intermittent fluidization, the gas was bubbled
through the sorbent bed for 5�10 min after every hour

Integral size distribution curves of dispersed (1�3) carbon
and (1��3�) mineral particles. (�) Total content of the dis-
persed particles and (d) dispersed particle size. Sorbent
treatment with: (1, 1�) water, (2, 2�) azeoropic hydrochloric
acid, and (3, 3�) aqueous ammonia.

of unit operation. Both the intermittent and continuous
fluidization were performed in the three-phase spouted
bed mode [13, 15, 19]. In the course of treatment,
the ash content in the solid phase was determined
according to the GOST 12596�67; the samples were
taken after each cycle of water treatment. The liquid
phase was also sampled for microscopic dispersion
analysis of particles carried away from the carbon
sorbent by a liquid flow.

The data on the degree of demineralization after
each cycle of treatment of SKT-6A carbon with am-
monia (alkali) without stirring are listed in Table 1.
As seen, for SKT6A carbon, the alkaline deminerali-
zation is more efficient than the acid treatment. It
should be noted, however, that acid pretreatment im-
proves alkaline demineralization (and alkaline, vice
versa, promotes acidic demineralization), because these
reagents remove different mineral components from
the aluminosilicate crystallites. The high efficiency of
the alkaline treatment is also confirmed by data of
microscopic dispersion analysis, which also indicate
that some fraction of the mineral components is re-
moved as disperse particles without dissolution (see
figure).

A microscopic examination of the SKT-6A ash
after three complete treatment cycles showed that
the residual inclusions mainly consist of 30�90-nm
coarse transparent plate-like crystals (resembling sil-
ica) and smaller steel-gray crystals.

An analysis of the wastewater after the alkali�wa-
ter�acid�water treatment using KOH or NaOH showed
that, after 12-h settling a carbon dust sediment was
formed on the chamber bottom, and its layer was cov-
ered with a layer of light-colored mineral particles.
The solution after filtration was dark green. With
pH decreasing from 14 to 12�11, a significant amount
of a white jelly-like precipitate appeared with signif-
icant decolorization of the solution. With pH decreas-
ing further, to 6�4, the solution color was restored
with partial dissolution of the precipitate. The residual
fraction of this precipitate is probably silicic acid.
This suggests that the compounds forming hydroxo
complexes {[Ni(OH)3]

�, [Fe(OH)4]
�, [Mn(OH)3]

�,
[Al(OH)4]

�, etc.} and fulvic acids, which are not pre-
cipitated with alkalis, are removed from activated
carbons along with hydroaluminosilicates. This can
account for the incomplete decolorization of the solu-
tion. Humic acids should be removed from carbon
sorbents in preparing ultrapure compounds, especially
ultrapure alkali metal hydroxides and salts, and also
substances eluted with alkali solutions [19].
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Table 2. Degree of demineralization of SKT-6A carbon samples upon treatment in the sequence HCl�H2O� NH4OH�H2O
������������������������������������������������������������������������������������

� � Stirring
� ������������������������������������������������������

Cycle no. � Parameter � none � intermittent � continuous
� �������������������������������������
� � cst = 5.57 wt % � cst = 10.7 wt %

������������������������������������������������������������������������������������
1 � �, % � 30.33 � 37.7 � 36.5

� Kpur � 1.44 � 1.61 � 1.58
2 � �, % � 46.67 � 57.26 � 49.35

� Kpur � 1.88 � 2.34 � 1.97
3 � �, % � 58.7 � 60.50 � 59.13

� Kpur � 2.42 � 2.50 � 2.45
4 � �, % � � � 64.63 � 67.94

� Kpur � � � 2.83 � 3.12
������������������������������������������������������������������������������������
cres after third treatment cycle, wt %: � � �

extractor top � 2.3 � 2.2 � 3.4
extractor bottom � 3.8 � 2.8 � 3.4

������������������������������������������������������������������������������������

Table 3. Demineralization of industrial activated carbons upon treatment in the sequence KOH�H2O�HCl�H2O
������������������������������������������������������������������������������������

� � � Cycle � Residual ash
� � ����������������������������������������������� Initial ash � Acid � � content (cres)

Carbon � content � treatment � no. 1 � no. 2 � no. 3 � after third
� � ���������������������������������������������� treatment
�

(cst), wt %
� � �, % � Kpur � �, % � Kpur � �, % � Kpur � cycle, wt %

������������������������������������������������������������������������������������
AG-3 � 14.3 � Dynamic � 65.91 � 2.93 � 77.56 � 4.46 � 80.42 � 5.11 � 2.8
SKT-6A � 6.9 � � � 74.86 � 3.98 � 82.34 � 5.66 � � � � � 1.22

� 9.47 � Static � 65.36 � 2.89 � 69.27 � 3.25 � 73.54 � 3.78 � 2.51
� 9.47 � Dynamic � 66.29* � 2.97 � 70.75* � 3.42 � 74.85* � 3.98 � 2.38*

� 5.57 � � � 32.28** � 1.49 � 56.9** � 2.32 � 67.68** � 3.10 � 1.8**

������������������������������������������������������������������������������������
* Treatment with NaOH solution.

** Treatment with NH4OH solution.

The degree of demineralization of the SKT-6A ac-
tivated carbon, as influenced by the number of extrac-
tion cycles in various treatment modes, is given in
Table 2. As seen, the content of mineral components
in an extractor with a fixed sorbent bed, operating in
the plug-flow mode, strongly changes along the ap-
paratus height. This may be due to filtration of the
washed-out dispersed particles in the sorbent bed and
by the fact that, when flowing within the sorbent bed,
the reagents are saturated with reaction products and
thus the driving force of the extraction process be-
comes weaker. In the absence of fluidization, the ash
content of the sorbent at the top and bottom of the ex-
tractor differed by a factor of 1.5; with intermittent
stirring, by a factor of 1.15, whereas at continuous
fluidization no difference was observed. Thus, stirring
ensures uniform treatment of the sorbent in the ap-
paratus volume. As seen from Table 2, at intermittent
and continuous fluidization, the main fraction of min-

eral components (probably from the transport pores)
are removed in the first two cycles. Upon subsequent
treatment, the degree of demineralization increases to
a lesser extent, because the process rate is limited by
the rate of internal diffusion in the micropores, with
decreasing total amount of the mineral inclusions. In
this case, the process rate is almost independent of
pulsation and fluidization.

Demineralization with KOH solution in various
modes of acid treatment was studied with SKT-6A
and AG-3 carbons; in the case of NaOH solution,
only SKT-6A carbon was used. In all the cases, the
sorbent was treated with boiling alkali solutions;
the solid : liquid ratio (s : l) was 1 : 5. The results
obtained are listed in Table. 3

As seen from Table 3, positive results of the alka-
line treatment are manifested both in subsequent boil-
ing in the acid and in the acid treatment in the inter-
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Table 4. Total pore volume of SKT-6A carbon as influ-
enced by the degree of demineralization in static treatment
in the sequence KOH�H2O�HCl�H2O
����������������������������������������

Cycle
�

cst,
�

�, %
�

Kpur

� Vs � �Vs
� � � ��������������

no. � wt % � � � cm3 g�1

����������������������������������������
0 � 9.47 � 0 � 0 � 1.08 �
1 � 3.28 � 65.36 � 2.89 � 1.25 � 0.17
2 � 2.91 � 69.27 � 3.25 � 1.27 � 0.19
3 � 2.51 � 73.54 � 3.77 � 1.30 � 0.22

� � � � 1.37* � 0.29
����������������������������������������
* After thermal treatment.

mittent washing mode; the results of treatment with
NaOH are nearly similar to those with KOH (within
experimental error), with subsequent boiling in the
HCl solution. Alkali solution removes only 20�25%
of the ash in a single cycle, and its main fraction is re-
covered with acid. In alkali treatment, mineral com-
ponents are converted into acid-soluble compounds;
without this preliminary treatment no more than 27%
of the ash are removed with acid in a single cycle.

In the experiments, the carbon sorbent bed came
to a boil when treated with acid with the maximum
gas evolution observed in the starting period, which
is due to heat release in dissolution of the mineral
components. Since liquid does not flow in micropores
(molecular diffusion mechanism), the main fraction
of this heat is consumed for steam generation, and,
due to low thermal conductivity of the carbon, only
insignificant heat fraction is transferred to the particle
surface and dissipated in the core of the liquid flow.
The decline in the gas evolution in the course of de-
mineralization is due to a decrease in the amount of
reacting compounds (impurities) and difficult access
of acid to them.

In high-temperature treatment of the carbon (car-
bonization, graphitization, activation), the structure of
mineral inclusions may undergo partial transformation
with displacement of some ions (e.g., Na+, K+, Ca2+,
Mg2+) to the surface of the resulting crystallites. In
the course of demineralization, these elements are re-
moved first. The main body of the crystallites loses
contact with pore walls and can be damaged by the
disjoining hydraulic pressure, especially when blast
waves arise upon detachment of gas bubbles from
the pore ends. As a result, mineral particles are re-
moved into the solution in a finely dispersed state;
this process is also promoted by peptization.

Our experimental data on the total pore volume
determined according to GOST 17219�71 well agree
with published data and show that, with decreasing ash
content in the SKT-6A activated carbon by 70�80%,
the total pore volume increases by 0.17�0.30 cm3 per
gram carbon (Table 4).

CONCLUSIONS

(1) Multiple treatment in the sequence alkali�wa-
ter�acid�water ensures demineralization of industrial
carbon sorbents; the efficiency decreases in the order
KOH > NaOH > NH4OH.

(2) Demineralization of carbon sorbents involves
both dissolution of mineral components and their re-
moval as finely dispersed particles.

(3) The three-phase fluidized bed mode provides
more uniform treatment of the sorbent in the apparatus
volume and is especially efficient in the first two treat-
ment cycles.
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Abstract�The influence exerted by the conditions of synthesis of residual graphite hydrosulfate in a system
constituted by concentrated sulfuric acid and saturated aqueous solution of sodium dichromate on the prop-
erties of the final product was studied in a wide range of reagent consumptions. The swelling coefficient
and the loss of the product were analyzed as functions of the intercalate content in the product.

Previously, method for preparing high-quality re-
sidual graphite hydrosulfate, including treatment of
natural flaky graphite with a 50-wt % aqueous solu-
tion of CrO3 and then with H2SO4con, hydrolysis of
the obtained graphite hydrosulfate, and washing and
drying of the final product, has been developed [1�7].
The product obtained effectively swells at a relatively
low temperature (500�C) and is used for fire preven-
tion and in metallurgy.

However, this method uses an aqueous solution of
CrO3, which is an extremely volatile and toxic com-
pound. In addition, this aqueous solution is highly
corrosive, even with respect to stainless steel.

In this study, we analyzed the possibility of replac-
ing CrO3 with less toxic sodium dichromate and the
properties of the residual graphite hydrosulfates ob-
tained in this case.1

Natural flaky graphite of GT-1 brand2 with ash con-
tent of 5.68 wt % was subjected to oxidation. Mainly
two graphite fractions were present: 0.630�0.315 mm
(74.3 wt %) and 0.315�0.200 mm (22.1 wt %). We
used a solution in distilled water, containing 67.7 wt %
Na2Cr2O7 (� = 1.65 g cm�3), as oxidant and chem-
ically pure H2SO4 with concentration of 95.8 wt %
(� = 1.835 g cm�3).

The residual graphite hydrosulfate was synthesized
at room temperature by the following procedure. An
����������

1 The term �residual graphite hydrosulfate� is used in this
study for nonstoichiometric compounds formed upon modi-
fication of graphite hydrosulfate with water.

2 Graphite from the Zaval’evsk deposit, Ukraine.

aqueous solution of Na2Cr2O7 was added to 25 g of
the starting graphite under agitation. After 10 min,
H2SO4 was introduced into the reactor, and the reac-
tion mass was agitated for another 10 min. Then, wa-
ter (500 cm3) was added and the mixture obtained was
agitated and allowed to stay for 24 h to be hydro-
lyzed. During this period, small gas bubbles (CO2 and
probably CO) continuously evolved from the solid-
phase layer. Then, the solid phase was filtered off on
a paper filter in a water-jet-pump vacuum and washed
with 2 l of water. The wet product was dried at 100�
110�C to humidity not exceeding 1.0 wt %. The con-
sumption of the aqueous solution of Na2Cr2O7 per
100 g of graphite was varied within the range
2�20 cm3, and that of H2SO4con, within 20�48 cm3.
The coefficient of swelling at 500�C in a shock heat-
ing mode, Ks

500 (cm3 g�1), and the mass loss at 500�C
were determined for all the 92 samples synthesized.
The intercalate mi (wt %) in the product was
calculated from the values of the product yield on
the assumption that no phase oxidation of graphite
occurs at room temperature [8, 9], i.e., the whole
amount of carbon is transferred from the graphite
skeleton to the final product.

To determine the swelling coefficient of the prod-
ucts obtained, a weighed portion (m = 0.2�0.3 g) of
the product was introduced into a stainless steel cell,
preliminarily placed in a muffle furnace heated to
500�C, and kept there for 5 min to complete swelling.
The cell with swollen graphite was withdrawn from
the furnace and its contents were carefully transferred
from the cell to a glassy volumetric flask and the vol-
ume V (cm3) occupied by swollen graphite was mea-
sured. The swelling coefficient was determined as
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arithmetic mean of the ratio Ks
500 = V/m in three par-

allel runs.

The synthesis method developed in this study al-
lows preparation of high-quality residual graphite hy-
drosulfate even at total consumption of the reagents
of 60�80 mass fractions per 100 mass fractions of
graphite.

The process involves graphite oxidation by chro-
mium(VI) and intercalation of the resulting positively
charged graphite matrix by hydrosulfate anions sol-
vated by sulfuric acid molecules. In the limit-
ing case, graphite hydrosulfate of the second de-
gree of intercalation, with composition C+

48 � HSO4
� �

(2.0�2.5)H2SO4, is formed in this stage.3 The content
of sulfur(VI) in the residual graphite hydrosulfate ob-
tained can be diminished from 11 wt % in the start-
ing graphite hydrosulfate to 2.0 wt % by hydrolysis
and washing with water. Apparently, this is due to
the replacement of sulfuric acid molecules, solvating
the hydrosulfate anion, with water molecules. In this
case, the total content of the intercalate in the prod-
uct obtained is as high as 25�35 wt %. The product
obtained effectively swells at relatively low temper-
ature, which makes it especially attractive for use as
fire retardant. At 500�C, the swelling coefficient is as
high as 250 cm3 g�1.

Figure 1 shows how the swelling coefficient of
the residual graphite hydrosulfates obtained depends
on the consumption of oxidant (sodium dichromate
aqueous solution) and concentrated sulfuric acid.
This dependence is a hilly surface with a small plateau
at the vertex at Ks

500 = 200 cm3 g�1, at oxidant and
sulfuric acid consumptions per 100 g of graphite
equal to, respectively, 11�13 and 40�44 cm3. Outside
the plateau, at lower and higher reagent consumptions,
a decrease in the swelling coefficient is observed.

At oxidant consumption lowered to 8 cm3/100 g
graphite, the swelling coefficient of graphite is only
about 20 cm3 g�1, i.e., decreases by an order of mag-
nitude. The decline in the swelling coefficient with
decreasing consumption of sulfuric acid is described
by a more gently sloping dependence, which, to a first
approximation, is linear. Outside the plateau, at higher
reagent consumption, a slight decrease in the swelling
coefficient is observed. However, this decrease has
a different origin. The decrease in Ks

500 with increas-
ing sulfuric acid consumption is due to the formation
����������

3 Graphite hydrosulfate has general formula C+
24n � HSO4

�
�

mH2SO4, where n is the degree of intercalation of the graph-
ite compound, indicating the number of graphite layers
between the adjacent intercalate layers.

Fig. 1. Swelling coefficient of residual graphite hydrosul-
fate at 500�C, Ks

500, vs. the consumptions of Na2Cr2O7
aqueous solution and concentrated H2SO4 in the synthesis
stage.

of a difficultly agitated viscous mass, whereas that
with increasing oxidant consumption is associated
with a decrease in the acidity of the intercalating so-
lution because of its dilution with water introduced
with the oxidant solution.

The multiple parametric regression method was
used to demonstrate that, at the reagent consump-
tions studied, the surface shown in Fig. 1 is described
(with correlation coefficient r = 0.915) by the follow-
ing empirical equation containing only two quadratic
terms:

Ks
500 = �23.24 + 0.4805AB � 0.4944A2, (1)

where A and B are, respectively, the oxidant and
H2SO4 consumptions.

In setting-up Eq. (1), data corresponding to 10
samples obtained at the maximum consumption of
sulfuric acid (48 cm3/100 g graphite) were excluded
from the regression because of the formation of a dif-
ficultly agitated viscous mass and the resulting un-
controllable conditions of product synthesis.

According to Student’s t criterion, all the regres-
sion coefficients of Eq. (1) are significant. It is note-
worthy that the regression analysis revealed nonsig-
nificance of the linear terms, i.e., the swelling coef-
ficient is determined by the product of the reagent
consumptions, rather than by the consumptions them-
selves. This is due to a rise in the Cr(VI) oxidation
potential with increasing solution acidity [10].

In all probability, the last, negative term of Eq. (1)
reflects a decrease in the oxidation potential of di-
chromate ions in the intercalating mixture owing to
its dilution with water introduced into the reaction
mass together with the oxidizing solution.
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Fig. 2. Intercalate content mi in residual graphite hydrosul-
fate vs. the consumption of Na2Cr2O7 aqueous solution
at constant consumption of H2SO4. Sulfuric acid consump-
tion (cm3/100 g graphite): (1) 44 and (2) 20.

Fig. 3. Swelling coefficient of residual graphite hydrosul-
fate at 500�c Ks

500 vs. intercalate content mi. Ks
500 =

6.96exp (0.160mi), r2 = 0.968.

Fig. 4. Mass loss in swelling of residual graphite hydrosul-
fate at 500�C �m500 vs. intercalate content mi. �m500 =
1.099mi � 0.061; r2 = 0.966.

The dependences of the intercalate content in the
product synthesized at sufficiently high and relatively
low acidities of the intercalating solution on the oxi-
dant consumption (Fig. 2) clearly show that the stage
of oxidation of the graphite skeleton governs the com-
position of the residual graphite hydrosulfate formed.

Raising the consumption of the aqueous oxidizing
solution from 2 to 12 cm3/100 g graphite at high acid-
ity of the intercalating solution leads to a linear in-
crease in the intercalate content in the final product
(Fig. 2, curve 1). In this case, the oxidation potential

of the intercalating solution is so high that it ensures
synthesis of a compound of the second degree of in-
tercalation at 12 cm3 of oxidizing solution consumed
per 100 g of graphite, despite that the amount of the
water introduced into the reaction mass with oxidizing
solution grows. Raising the consumption of the aque-
ous oxidizing solution further does not lead to any
increase in the intercalate content, which is indicated
by a sharp bend and the following leveling-off of the
dependence. This can be accounted for by an insuffi-
cient, despite the oxidant accumulation in the system,
oxidation potential of the intercalating solution to give
an intercalation compound of the first stage. Appar-
ently, at lower consumption of the oxidizing solution,
the graphite intercalation compounds of higher stages,
which contain less intercalate, are formed.

At low amount of sulfuric acid in the reaction
mass, raising the consumption of the oxidizing solu-
tion leads initially to an increase in the parameter mi.
However, the dilution of the intercalating solution
with water introduced together with the oxidant re-
sults in a deviation from the linear dependence and
gives rise to a maximum at a consumption of the ox-
idizing solution of 10 cm3 per 100 g graphite (Fig. 2,
curve 2). Further increase in the oxidant consumption
leads to a steady decrease in the intercalate content in
the final product.

It follows from Fig. 2 that the intercalate content
mi in the final product can serve as a general charac-
teristic of the efficiency of graphite intercalation, de-
spite its being a complex process depending on a wide
variety of parameters. It is the intercalate content that
determines, in the end, the capacity of the final prod-
uct for swelling under heating (Fig. 3).

The swelling coefficient of the residual graphite
hydrosulfate depends on the intercalate content in it
exponentially over the entire range of the reagent con-
sumptions, with a correlation coefficient r2 = 0.968.
Such a behavior shows that the intercalate efficiency
grows in the course of swelling, as its content in the
product increases. This may be due to a change in
the degree of intercalation of the residual graphite
hydrosulfate with increasing intercalate content or to
a change in the nature of the intercalate in the filled
layers of the skeleton of residual graphite hydrosulfate.

It was found that, in swelling of the resulting prod-
ucts at 500�C, virtually the whole amount of the in-
tercalate is removed from the structure of the residual
graphite hydrosulfate, as evidenced by the linear re-
lationship between the mass loss in swelling and the
intercalate content mi, with a slope close to unity
(Fig. 4).
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CONCLUSIONS

(1) High-quality residual graphite hydrosulfate can
be obtained at extremely low consumption of the re-
agents by oxidation of graphite with a concentrated
aqueous solution of sodium dichromate in the presence
of sulfuric acid, with the subsequent hydrolysis of
graphite hydrosulfate. The product obtained can be ef-
fectively swollen at relatively low temperature, which
makes it especially attractive for use as fire retardant.

(2) An empirical equation, according to which the
swelling coefficient is primarily determined by the
product of the reagent consumptions, was suggested
on the basis of an analysis of the experimental depen-
dence of swelling coefficient on the reagent consump-
tion in synthesis.

(3) Its was shown that the intercalate content in
the final product is the general characteristic of the
intercalation efficiency, and it is this value that deter-
mines, in the end, the swelling efficiency.
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Abstract�The chemical composition, specific surface area, and pore structure of a schungite sorbent were
studied as influenced by the conditions of thermal treatment.

It is known [1�3] that schungite rocks from Karelia
are used as sorbents in treatment of waste and reused
water. Schungite rocks consist of various minerals
(e.g., quartz, aluminosilicates, carbon, etc.) and show
promise as complex sorbents combining the properties
of carbon and silicate materials.

The sorption properties of schungite rock can be
improved by thermal treatment [4]. However, data on
how the heating conditions affect the schungite prop-
erties are scarce, the possible modes of thermal treat-
ment for schungite modification have not been sub-
stantiated.

Samples of schungite sorbents (SSs) were prepared
by crushing and sieving a schungite rock from Zazho-
ginskoe deposit to size grade of 2.5�0.5 mm. The ther-
mal transformations were studied in air in the 20�
1000�C temperature range using a 3434-S (model 907)
derivatograph (10 deg min�1 heating rate, 50-mg sam-
ple weight, platinum crucibles, and �-Al2O3 reference).

The thermal oxidative treatment of the schungite
sorbent was performed at three temperatures corre-
sponding to the characteristic points in the DTA curve
of the initial sample (Fig. 1): maximum of the exo-
thermic peak at 528�C and two inflection points of
the curve at 411 and 750�C at which structural trans-
formations of the material occur. As seen from the TG
curve, a pronounced weight loss by the material be-
gins at about 500�C.

The thermal treatment of the SS samples (35�40 g)
were performed in a muffle furnace in air for 1, 2, 3,
4, and 8 h. The rate of heating of the muffle furnace
to a given temperature was 5 deg min�1; the temper-
ature was controlled with an accuracy of �3�C.

The treated samples are denoted as SS-411, SS-528,
and SS-750, in accordance with heat treatment tem-
peratures.

Data on the effect of thermal treatment on the
chemical composition of schungite sorbents are listed
in Table 1.

As seen, the content of carbon in the samples de-
creases with increasing temperature, whereas the con-
tent of silicon and aluminum oxides grows. We as-
sume that the rapid weight loss at temperatures higher
than 500�C (Fig. 1) is due to burning-out of carbon,
whose content decreases by a factor of 1.4 and 3.4
for SS-528 and SS-750, respectively.

Fig. 1. TG and DTA curves of the initial schungite sorbent:
(�m) weight change and (�) time.
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Table 1. Chemical composition of the initial and thermally treated SS samples
������������������������������������������������������������������������������������

Sample
� Composition, wt %
����������������������������������������������������������������������
� C � SiO2 � Al2O3 � Fe2O3 � CaO � MgO � MnO � K2O � Cr2O3 � TiO2

������������������������������������������������������������������������������������
Initial � 31.00 � 54.50 � 4.62 � 2.04 � 1.50 � 0.66 � 0.02 � 1.15 � 0.03 � 0.22
SS-411 � 28.10 � 59.10 � 4.87 � 0.89 � 0.28 � 0.66 � 0.01 � 1.40 � <0.02 � <0.02
SS-528 � 21.80 � 64.81 � 5.00 � 0.79 � 0.28 � 0.64 � <0.01 � 1.37 � <0.02 � <0.02
SS-750 � 9.12 � 77.35 � 6.74 � 1.84 � 0.28 � 0.88 � 0.01 � 1.90 � <0.02 � <0.02

������������������������������������������������������������������������������������

The dependences of the sample weight loss on the
duration of thermal treatment at the chosen tempera-
tures are shown in Fig. 2.

For SS-411 sample, the weight loss is insignifi-
cant (about 3%) and occurs during the first hour of
thermal treatment. SS-528 loses up to 6% of its weight
during the first hour, on further heating the rate of
weight loss decreases, and after 4-h annealing the total
weight loss reaches 15% relative to the initial weight
of the sample. The dependence for SS-750 sample is
steeper: the weight loss in 1 and 4 h is 8 and 20%,
respectively.

As seen from Table 2, the duration of thermal treat-
ment at various temperatures affects the specific sur-
face area Ssp of the sorbents, determined by the BET
procedure from thermal desorption of argon adsorbed
at low temperature [5]. Annealing of schungite at 411
and 528�C makes Ssp greater, and its value depends
on the heating time. For example, the specific sur-
face area of schungite increases by a factor of 1.5 and
3 after heating at 411�C for 1 and 8 h, respectively.

After heating the schungite sorbent at 528�C for
1 h, Ssp was the greatest; with increasing annealing
time at this temperature, Ssp gradually decreased. On
heating the schungite sorbent at 750�C for 1 h, Ssp
remained unchanged and decreased by nearly a factor
of 3 after a 4-h treatment.

The pore structure of the sorbent was studied using
the samples with the largest specific surface area at
each treatment temperature: SS-411 (8 h), SS-528
(1 h), and SS-750 (1 h).

It is known that the micro-, meso-, and macro-
pores on the surface of solids affect their sorption,
diffusion, mechanical, capillary, and other properties
and determine the features of sorption processes. Ac-
cording to the IUPAC classification [6], pores with
average size smaller than 2 nm, 2�50 nm, and greater
than 50 nm are micro-, meso-, and macropores, re-
spectively.

Real solids may contain a set of pores ranging
from macropores through meso- and micropores to

Table 2. Specific surface area of the SS samples as influ-
enced by thermal treatment duration � (Ssp of the initial
sample 9.0 m2 g�1)
����������������������������������������

Sample
�Ssp (m2 g�1) at indicated heating time �, h
����������������������������������
� 1 � 2 � 3 � 4 � 8

����������������������������������������
SS-411 � 13.8 � 20.3 � 24.2 � 25.2 � 28.0
SS-528 � 29.3 � 22.8 � 16.4 � 17.2 �
SS-750 � 9.0 � � � 3.2 �
����������������������������������������

�subatomic� pores as gaps between the cleavage
planes or dislocations and point defects.

Data on the pore structure, obtained by sorption of
iodine and acetone using known procedures [7, 8],
are listed in Table 3.

As seen, the sorption capacity for iodine increases
at 411 and 528�C, which indicates that the micro-
pore structure of the material is developed by thermal
treatment; in the case of SS-411, nearly a two-fold in-
crease in comparison with the initial sample is ob-
served. With the temperature increasing to 528 and
750�C, the interpore partitions break down and meso-
pores are formed. As a result, the sorbent porosity
increases by a factor of 1.5 (acetone sorption). In
the case of SS-750 sample, the sorption capacity for
iodine (i.e., the content of micropores) decreases.

Mercury porosimetry is the best suitable for eval-
uating the size of macro- and coarse mesopores. The
measurements were performed on a 2000 Macropore
Unit Model 120 high-pressure mercury porosimeter,

Fig. 2. Weight loss by the samples (�m) vs. the annealing
time �. (1) SS-411, (2) SS-528, and (3) SS-750.
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Fig. 3. Pore volume V distribution with respect to pore radius r. (1) Initial SS, (2) SS-411, (3) SS-528, and (4) SS-750.

using the procedures described in [9]. The principle
of operation of this unit is based on the behavior of
a nonwetting liquid (mercury) in the sample capillar-
ies (bottles and cylinders).

The total pore volume and typical pore size in the
initial and thermally modified samples, determined by
mercury porosimetry, are listed in Table 3.

These data show that the total pore volume of
SS-411 and SS-750 sorbents is greater by more than
an order of magnitude than that of the initial sample,
and a macroporous structure is formed. In SS-528 sor-
bent, the mesopore structure is predominant, and its
total pore volume is smaller by almost a factor of 2.

The distribution of pore volumes with respect to
the pore radius is illustrated by histograms Fig. 3.

Table 3. Properties of the SS samples after thermal trea-
tment.
����������������������������������������

Properties
� Initial �

SS-411
�

SS-528
�

SS-750
� SS � � �

����������������������������������������
Treatment tem- � � � 411 � 528 � 750
perature, �C � � � �
Treatment dura- � � � 8 � 1 � 1
tion h � � � �
Sorption capacity �11.4 � 23.17 � 16.07 � 9.84
for iodine, mg g�1� � � �
Porosity for �33.9 � 21.05 � 33.58 � 31.33
acetone, vol % � � � �
Total pore � 0.025� 0.289� 0.175� 0.300
volume, cm3 g�1 � � � �
Typical pore �13 � 596 � 106 � 596
size, nm � � � �
����������������������������������������

The initial SS sample is characterized by approxi-
mately bidisperse structure with the first maximum
in the mesopore range (11�21 nm), extending as
a shoulder to the macropore range (64�160 nm) and
the second diffuse maximum at 800 nm covering the
350�1000 nm macropore range.

As seen from Fig. 3, SS-411 and SS-750 have sim-
ilar pore volume distributions in the 500�700 nm
range, with a shoulder at 130�350 nm and a small
maximum in the mesopore range (11�16, 21 nm).
These data suggest that prolonged heating (8 h) of
the SS sample at 411�C yields the same macro- and
mesopore structure as treatment for 1 h at 750�C.

At a smaller total pore volume, the pore size dis-
tribution in SS-528 is more symmetrical with a max-
imum at 90�180 nm, a broad shoulder at 31�11 nm,
and insignificant amount of fine 3�8-nm mesopores.

The development of the sorbent pore structure in
the course of thermal treatment and its rather complex
variation with heating may be probably due to re-
moval of water vapor from sorbent pores at low tem-
peratures and burning-out of schungite carbon at high
temperatures. To understand in detail the mechanism
of formation of the pore structure upon thermal treat-
ment of a schungite sorbent, additional studies are
required.

As seen from the above data, the schungite sorbent
can be modified by thermal oxidative treatment in air,
which raises the specific surface area and allows con-
trol of the pore structure. The changes in the chem-
ical composition, specific surface area, and pore struc-
ture on heating of the schungite sorbent should be
taken into account when choosing the modes of ther-
mal oxidative modification and thermal regeneration
of the sorbents.
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CONCLUSIONS

(1) Thermal oxidative treatment of schungite sor-
bents in air raises the specific surface area and allows
development of the sorbent pore structure.

(2) During thermal oxidative treatment at 528 and
750�C, the content of carbon in the schungite sorbent
decreases by a factor of 1.4�3.4.

(3) The specific surface area of the schungite sor-
bents increases upon heating at 411 and 528�C and
depends on the treatment duration.

(4) The total pore volume at any temperature of
thermal treatment of the schungite sorbent increases
by an order of magnitude (mercury porosimetry), and
the pore size distribution depends on the treatment
temperature.
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Abstract�Fe(CN)6
3� and Fe(CN)6

4� anions are sorbed from aqueous solutions of their potassium and cesium
salts on �-Ni(OH)2 by the mechanism of anion exchange with hydroxy groups. Alkali metal cations (K+, Cs+)
are also partly sorbed on nickel(II) hydroxide in the form of anionic complexes (K,Cs)zFe(CN)6

(n � z)�,
where n = 3 or 4 (0 < z < n). The chemical composition of the new phase appearing in contact of nickel(II)
hydroxide with aqueous potassium and cesium hexacyanoferrates(II, III) was determined by X-ray phase
analysis and IR spectroscopy.

Inorganic ion exchangers are successfully used for
treatment of industrial wastewater and natural waters
to remove toxic metal ions and radionuclides [1, 2].
As compared to organic ion exchangers, these sor-
bents exhibit higher selectivity and have lower price
[1, 3]. However, all the commercially available inor-
ganic sorbents are mainly cation exchangers. Only
a few types of inorganic anion exchangers have been
prepared up to now [4], and the mechanism of their
sorption activity is poorly understood. These factors
hinder progress in the practical use of these sorbents.

In this study, we analyzed sorption of Fe(CN)6
3� and

Fe(CN)6
4� anions on �-Ni(OH)2. Toxic hexacyanofer-

rate(II, III) anions get into wastewater from units for
treatment of industrial wastes to remove cyanides [5].

EXPERIMENTAL

Nickel(II) hydroxide has two crystalline modifica-
tions: �-Ni(OH)2 and �-Ni(OH)2 [6, 7]. The �-Ni(OH)2
modification has the hydrotalcite lattice with the in-
terplanar spacing d003 from 0.7 to 0.8 nm. The inter-
layer space in this structure is occupied by H2O mo-
lecules and anions (e.g., NO3

�, CO3
2�). In the �-Ni(OH)2

lattice, the interplanar spacing decreases to d = 0.46 nm
which hinders penetration of foreign anions into the
interlayer space. Therefore, the mechanism of anion-
exchange sorption on �-Ni(OH)2 is simpler, and we
chose this modification of nickel hydroxide as a sor-
bent. In our experiments, �-Ni(OH)2 was prepared by
hydrolysis of Ni(NO3)2 in aqueous solution by the
method reported in [8]. However, we failed to obtain
nickel hydroxide free of foreign anions.

The initial nickel hydroxide and that after treat-
ment with aqueous solutions containing hexacyanofer-
rate(II, III) anions were characterized by powder X-ray
diffraction and IR spectroscopy. The X-ray diffraction
measurements were carried out on a DRON-2.0 X-ray
diffractometer with monochromatic radiation (CuK

�

,
primary beam). The IR spectra (KBr pellets) were re-
corded on Specord 75-IR and UR-20 spectrometers.
The chemical composition of solid samples (after pre-
liminary dissolution) was determined on an AAS-30
atomic-absorption spectrophotometer. The content of
hexacyanoferrate(II, III) anions in solutions was de-
termined by volumetric titration [8, 9].

Sorpion of hexacyanoferrate(II, III) anions on nickel
hydroxide from aqueous solutions was studied by
a common technique under both dynamic and static
conditions [10]. The sorption kinetics was studied
at constant Fe(CN)6

n� and OH� concentrations. These
studies were carried on a laboratory setup including
a pH meter (an IPL-102 ionometer), a buret for auto-
matic titration, and a controlling computer. In the
course of sorption experiments, the solid and liquid
phases were vigorously stirred to ensure their uniform
distribution in the reaction vessel. The sorption rate
was estimated by the titration time.

Sorption of Fe(CN)6
3� and Fe(CN)6

4� on �-Ni(OH)2
under dynamic conditions was studied on a column
about 10 cm high. The K3[Fe(CN)6] and K4[Fe(CN)6]
content in the initial solutions was 1.0 � 10�3 M.
The maximal total sorption capacity of the sor-
bent in our experiments was 0.33 mg-equiv g�1 for
Fe(CN)6

3� and 0.32 mg-equiv g�1 for Fe(CN)6
4�. In



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 8 2003

SORPTION OF HEXACYANOFERRATE(II, III) ANIONS ON NICKEL(II) HYDROXIDE 1239

the course of sorption, the pH of the sorbate increases,
which shows that the sorption occurs by the mechan-
ism of anion exchange Fe(CN)6

n� �� OH�. Hexacyano-
ferrate(II, III) anions were desorbed from nickel hy-
droxide by passing 1 M NaOH through the column.
The degree of desorption was 70�80%.

The equivalence of the anion-exchange sorption
was studied under the came conditions, taking into
account the joint sorption of anions and cations. We
found no significant difference in the sorption charac-
teristics of Fe(CN)6

3� and Fe(CN)6
4� anions and, there-

fore, only the data on sorption of Fe(CN)6
4� are listed

in the table. In the first experimental series, the sorp-
tion was studied from a 1.0 � 10�3 M K4[Fe(CN)6] so-
lution. In the second experimental series, the liquid
phase additionally contained CsNO3 (4 � 10�3 M).
The data on sorption of anions and cations, obtained
by the chemical analysis of two first 50-ml fractions
of the solution, are listed in the table.

These results show that not only Fe(CN)6
4� anions,

but also alkali metal cations are sorbed on Ni(II)(OH)2.
Sorption of these cations (especially Cs+) decreases
the amount of OH� anions displaced from nickel hy-
droxide by Fe(CN)6

4�. As can be seen from the table, in
both the experimental series, the difference in the first
filtrate fraction between the amounts of Fe(CN)6

4� and
alkali metal cations sorbed on nickel(II) hydroxide is
approximately equal to the amount of the OH� anions
displaced from the sorbent. At the same time, in the
second filtrate fraction, the amount of displaced OH�

anions was considerably less than this difference. We
believe that this is due to the fact that, in the course of
sorption, not only OH� groups, but also other foreign
anions entering into the composition of the sorbent are
displaced by Fe(CN)6

4� into the filtrate. In our numer-
ous experiments, we found that the molar ratios of de-
sorbed OH� anions and sorbed hexacyanoferrate(II, III)
anions OH�/ Fe(CN)6

4� and OH�/ Fe(CN)6
3� do not ex-

ceed 3.4 and 2.2, respectively.

The kinetic curves of sorption of Fe(CN)6
3� on nick-

el(II) hydroxide at pH 9 and 10 are shown in Fig. 1.

The kinetic curve of sorption of Fe(CN)6
3� at pH 10

is typical of diffusion-controlled ion-exchange sorp-
tion with diffusion in transport pores of granules as
the limiting stage. This kinetic curve shows that
the sorption rate is high initially and then decreases
virtually to zero. In the kinetic curve obtained at pH 9,
an inflection point appears, after which the sorption
rate becomes constant. Such a shape of the kinetic
curve suggests that, in the initial stage of ion-ex-
change sorption, nuclei of a new phase originate, and
further sorption gives a separate phase.

Joint sorption of Fe(CN)6
4� anions and K+, Cs+ cations on

nickel(II) hydroxide
����������������������������������������

Experi- � Sorbed ions, mg-equiv �Desorbed
��������������������������mental � � OH�,

series no.� Fe(CN)6
4�� K+ � Cs+ �(I+ + I�)*�mg-equiv

����������������������������������������
First � 0.180 �0.093� � � 0.087 � 0.073

� 0.180 �0.068� � � 0.112 � 0.085
Second � 0.180 �0.084�0.069� 0.027 � 0.025

� 0.180 �0 �0.062� 0.118 � 0.045
����������������������������������������
* (I+ + I�) Difference between the amounts of sorbed Fe(CN)6

4�

and alkali metal cations

To elucidate the nature of this new phase and con-
ditions of its formation, the sorption was studied at
a solid to liquid phase ratio of 1 : 50 and hexacyano-
ferrate(II, III) concentration of 0.1 M under static con-
ditions. In these experiments, the effect of sorption
on the structure and chemical composition of nick-
el(II) hydroxide was studied by X-ray phase analysis
(Fig. 2) and IR spectroscopy (Fig. 3).

The powder X-ray diffraction pattern (Fig. 2, cur-
ve 1) shows that the initial sorbent mainly consists of
�-Ni(OH)2. This result is confirmed by the IR spec-

Fig. 1. Kinetic curves of sorption of Fe(CN)6
3� on nick-

el(II) hydroxide at (1) pH 9 and (2) pH 10. (E ) Sorption
of Fe(CN)6

3� on nickel(II) hydroxide and (t) time.

Fig. 2. Powder X-ray diffraction patterns of (1) initial nick-
el(II) hydroxide and that upon sorption of (2) Fe(CN)6

4�,
(3) Fe(CN)6

3�, and (4) mixed Ni,K hexacyanoferrate(III)
(I ) intensity and (2�) Bragg angle.
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Fig. 3. IR spectra of (1) initial nickel(II) hydroxide and
that upon sorption of (2) Fe(CN)6

3� at pH � 10 (static con-
ditions), (3) Fe(CN)6

3� at pH � 9 (static conditions) and
(4) mixed Ni,K hexacyanoferrate(III). (D) Transmission
and (�) wave number.

trum of a Ni(II) hydroxide sample (Fig. 3, curve 1).
The spectra of the initial sorbent contain the band of
OH stretching vibrations �(OH) at 3640 cm�1, the
band of the stretching vibrations of hydrogen-bonded
OH groups at 3425 cm�1, and the band of OH bend-
ing vibrations �2(H2O) at 1635 cm�1. The band at
1460 cm�1 is apparently due to �3(CO3) vibrations.
The bands at 1350 and 1000 cm�1 can be assigned to
�3(NO3) (D3h) and N�O (C2�) vibrations. These spec-
troscopic data show that the initial nickel hydroxide
contains foreign CO3

2� and NO3
� anions. However,

the powder X-ray diffraction pattern of our sample of
nickel(II) hydroxide (Fig. 2, curve 1) shows no
changes in the interplanar spacing (00l) as compared
to the standard values. This fact suggests that the
foreign anions present in our nickel(II) hydroxide are
impurities.

The powder X-ray diffraction patterns in Fig. 2,
(curves 2 and 3) show that sorption of Fe(CN)6

4� and
Fe(CN)6

3� anions on nickel hydroxide is accompanied
by formation of a new phase, mixed Ni,K hexacyano-
ferrate(II, III) with cubic structure ( Fm3m space
group). For comparison, Fig. 2 (curve 4) shows an
X-ray diffraction pattern of mixed Ni,K hexacyano-
ferrate prepared by a common technique [12]. These
results show that, upon sorption of Fe(CN)6

4� and
Fe(CN)6

3� anions, all the main reflections of mixed
Ni,K hexacyanoferrate appear in the powder X-ray
diffraction pattern of nickel(II) hydroxyde. At the
same time, the initial �-Ni(OH)2 phase is retained in

significant amount even after contact of the sorbent
with a hexacyanoferrate(II, III) solution for several
days.

A study of the sorption of Fe(CN)6
4� and Fe(CN)6

3�

anions from aqueous solutions of their potassium salts
on �-Ni(OH)2 under static conditions showed that
mixed Ni,K hexacyanoferrate(II) and Ni,K hexacyano-
ferrate(III) phases are formed only at pH < 11.0 and
<9.7, respectively. These processes are accompanied
by an increase in pH, and, when alkalization reaches
the above-noted levels, the formation of new phases
stops. Although the phase formation stops, sorption of
hexacyanoferrate(III) under these conditions continues
by a common anion-exchange mechanism. This pro-
cess can be observed, e.g., under dynamic conditions.

The IR spectrum of nickel(II) hydroxide containing
sorbed Fe(CN)6

3� anions ( pH > 10) (Fig. 3, curve 2)
shows an absorption band at 2100 cm�1 which can be
assigned to �6 vibrations of �free� Fe(CN)6

3� anions
with terminal N atoms. At the same time, in sorption
at pH < 9.7 (Fig. 3, curve 3), two separate bands ap-
pear at 2170 and 2100 cm�1, which are typical of the
bridging �CN� groups in the structure of Ni,K hexa-
cyanoferrate(III) [12] (Fig. 3, curve 4). The bands of
the bridging �CN� groups are also observed in the IR
spectra of nickel(II) hydroxide containing sorbed
Fe(CN)6

4� anions. However, this spectrum is char-
acterized by more complicated splitting of the ab-
sorption bands, pesumably due to partial oxidation
of hexacyanoferrate(II) to hexacyaoferrate(III) by at-
mospheric oxygen.

Thus, Fe(CN)6
4� and Fe(CN)6

3� anions are sorbed
from aqueous solutions of their potassium and cesium
salts by a complicated mechanism involving anion ex-
change and formation of a new phase. The contribu-
tion of anion exchange to the overall sorption of
Fe(CN)6

4� can be described by the reaction equation

Ni(OH)2 � x (CO3)x /2 + y Fe(CN)6
4�

�� Ni(OH)2 � x � 4y (CO3)x /2 [Fe(CN)6]y + 4y OH�. (1)

The exchangeable OH� anions are located on both
the surface planes of �-Ni(OH)2 crystals and in defec-
tive sites in which the interlayer spaces at the surface
of crystallite blocks are expanded [6]. Along with an-
ions, K+ and Cs+ cations are also sorbed on nickel
hydroxide. We believe that these cations are sorbed
in the form of Kz[Fe(CN)6]

(n � z)� anionic complexes,
where n = 3 or 4 and 0 < z < n. The possibility of
joint ion-exchange sorption of Na+ and SO4

2� on dou-
ble Zn�Cr(III) hydroxide was reported in [13]. Thus,
ion-exchange sorption of Fe(CN)6

4� anions from aque-
ous solutions of their potassium and cesium salts on
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nickel(II) hydroxide gives a new multicomponent
phase whose chemical composition can be expressed
by the formula

Ni(OH)2 � x � (4 � z)y (CO3)x /2 [KzFe(CN)6
4�]y

This formula shows that the sorption is accompa-
nied by displacement of (4 � z)yOH� anions from the
sorbent into the liquid phase.

As the anion-exchange capacity of nickel hydrox-
ide is exhausted owing to a decrease in the amount
of the OH� anions available for ion exchange, the for-
eign anions present in nickel(II) hydroxide can get in-
volved in the exchange. It should be noted that nitrate
anions of Ni2(OH)3NO3 basic salt are strongly bound
to the nickel cation by covalent bonds and, there-
fore, are unexchangeable [11], so these anions are
not included into the formula reflecting the sorbent
composition. At the same time, it is known that car-
bonate anions of the basic salts are typical exchange-
able groups [14]. Since the diffusion coefficient of
CO3

2� is considerably lower than that of OH� anions,
carbonate anions must be displaced from the sorbent
after exhaustion of hydroxy anions.

Sorption of Fe(CN)6
3� and Fe(CN)6

4� is accompanied
by formation of nuclei of a mixed Ni,K(Cs) hexa-
cyanoferrate(II, III) phase. At K(Cs) hexacyanofer-
rate(II, III) concentration in the initial aqueous phase
equal to 1.0 � 10�1 M, these initial nuclei are con-
verted into separate phases at pH < 9.7 and <11.0 for
Fe(CN)6

3� and Fe(CN)6
4�, respectively. The main mech-

anism by which the new phase is formed (e.g., in
sorption of Fe(CN)6

4�) can be described by the follow-
ing chemical reaction:

(2 � x)Ni(OH)2 + 2 xM+ + Fe(CN)6
4�

�� M2xNi2 � x[Fe(CN)6] + 2(2 � x)OH�, (2)

where M is K+ and Cs+, 0 < x < 2 (predominantly
x = 1.3�1.5).

In going from Na+ to Cs+, the formation of mixed
Ni,M hexacyanoferrates(II, III) increases with strength-
ening of the ion-exchange sorption of these cations
[12]. Although the new phase is formed very slowly,
it has time to build its own structure, e.g., when the
sorption is performed in the batch mode. To ensure
the most favorable conditions for phase formation
under these conditions, pH must be lower than its
maximum permissible level.

CONCLUSIONS

(1) Fe(CN)6
3� and Fe(CN)6

4� anions are sorbed on
nickel(II) hydroxide mainly by ion-exchange substitu-

tion of hydroxy groups. Sorption of hexacyanofer-
rate(II, III) anions is accompanied by ion-exchange
sorption of alkali metal cations present in the sorbate
and ion exchange of the foreign anions present as im-
purities in nickel(II) hydroxide.

(2) In sorption of hexacyanoferrate(II, III) anions
on nickel(II) hydroxide, a new phase of Ni-M hexa-
cyanoferrate(II, III) is formed, where M is alkali metal
cation. At the initial hexacyanoferrate(II, III) concen-
tration of 1.0 � 10�1 M, this phase is formed at pH
lower than 9.7 and 11.0 for Fe(CN)6

3� and Fe(CN)6
4�,

respectively.
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Abstract�Cyclic voltammetry and graphical calculation of corrosion currents in short-circuited systems
Ag�Pd and Cu�Pd in a 38% H2SO4 solution were applied to study the mechanism and evaluate the intensity
of corrosion of silver and copper anodes at base of pores of a cathode coating, palladium black, in an aqueous
solution of sulfuric acid.

Silver and copper are used as cathode materials in
manufacture of tantalum electrolytic capacitors (TEC)
[1�3]. These two metals have high electrical conduc-
tivity and corrosion stability in unoxidizing acids [4].
Palladium or platinum black is deposited onto the in-
ner surface of the case (cathode) [2, 3], which results
in that the anode capacity of the capacitor is utilized
to fuller extent [1]. The resulting bimetallic system,
which is constituted by the metal and the porous coat-
ing in sulfuric acid (working electrolyte of TEC),
is a short-circuited galvanic cell.

Theoretically, in comparison of the standard poten-
tials E0 of the metals, a contact of silver with palla-
dium can be characterized as corrosion-safe, since
�E0 = 0.987 � 0.799 < 0.400 mV [5]. A contact of
copper with palladium is inadmissible (�E0 = 0.987 �

0.337 > 0.400 mV). In both cases, the support metal,
being more electropositive than palladium, may suf-
fer corrosion destruction, which leads to changes in
the working parameters of a capacitor or to its failure
[6, 7].

Since irreversible steady-state potentials Est of
these metals are established in the working electrolyte
of a capacitor (38% H2SO4 solution), the actual pat-
tern of the process and the risk run in using one or
another cathode material may differ significantly from
those predicted. Experimental studies of short-circu-
ited electrochemical systems of this kind are scarce,
and there is no published evidence concerning the cor-
rosion-electrochemical behavior of Ag�Pd and Cu�Pd
systems.

The aim of this study was to analyze the mechan-
ism and evaluate the intensity of corrosion of silver

and copper anodes at base of pores of a cathode coat-
ing, palladium black, in a 38% aqueous solution of
sulfuric acid.

EXPERIMENTAL

As objects of study were used stationary silver
[Sr999 GOST (State Standard) 6836�80] and copper
(M0b, vacuum-smelted, GOST 859�78) electrodes.
Palladium plating electrolytes were prepared from
PdCl2 (30 g l�1, for coating of silver) or PdSO4
(0.64 g l�1, for coating of copper) from pure or chem-
ically pure reagents and twice-distilled water.

Potentials were measured and polarization measure-
ments performed as in [8]. A 38% H2SO4 solution
served as working electrolyte, the working temperature
range was 20�60�C (temperature control accuracy
�0.1�C). The electrode capacity C was measured with
an R 5021 ac bridge at a frequency of 1 kHz in a 38%
H2SO4 solution, with platinum-plated platinum as
counter electrode. The loss of mass from the electrode,
�m, was determined gravimetrically on a VLR 200
balance. The corrosion currents of the short-circuited
electrochemical system constituted by a metal and
porous coating were found graphically by a procedure
described in [5].

The values of Est of silver and palladium, measured
at 20�C in a 38% H2SO4 solution, are 0.44�0.45 and
0.82�0.83 V, respectively; with �Est close to the
critical value �Ecr. At the same time, the potential
of Pd with palladium black deposited on it electro-
chemically (Pd/Pd) is less positive and, depending on
the current density jPd of palladium plating, falls with-
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Fig. 1. Cyclic voltammograms of (a) (1) silver and (2) silver palladium plated at j = 10 mA cm�2, (b) (1) copper and (2) copper
with plated palladium for 60 s, and (c) (1) palladium and (2) palladium plated with palladium at j = 10 mA cm�2. Electrolyte
38% H2SO4 solution. T = 20�C, V = 10 mV s�1. ( j ) Current density and (E ) potential.

in the range 0.675�0.690 V. Under the conditions
of contact between a silver substrate and palladium
black, comparison of Est of silver and Pd/Pd elec-
trodes is more adequate.

The steady-state potential of palladium-plated sil-
ver, EAg/Pd, depends on jPd (Table 1). EAg/Pd occupies
an intermediate position between Est for Ag and Pd
because of the presence of through pores in the coat-
ing and low voltage drop in these pores [5]. The rise
in EAg/Pd with increasing jPd points to a decrease in the
number of through pores. Simultaneously decreases
the surface capacity C, and the color of palladium
black changes from gray to black. Presumably, finely
crystalline palladium deposits having much more de-
veloped structure and weakly shielding the substrate
surface are formed at low current densities.

The mechanism of the anodic process on Ag and
Cu was studied by cyclic voltammetry, since this
method allows recording of the electrochemical re-
sponse of the substrate metal in the presence of through
pores in a coating.

In anodic polarization of silver in sulfuric acid,
there occurs an EC process [8]

2Ag + SO4
2�(HSO4

�) �� Ag2SO4 + 2e (+H+)
�

(1)

2Ag++SO4
2�

This process is manifested in a cyclic voltammo-
gram (CVA) as two conjugated current peaks: anodic
in electrochemical formation of a resistive porous
Ag2SO4 layer, and cathodic in its reduction. Figure 1
shows CVA of Ag and Ag/Pd electrodes in a 38%
H2SO4 solution. These voltammograms are character-
ized by identical positions of the anodic and cathodic
current peaks, with the electrochemical response of Pd
not distorting the pattern of a redox process involv-

ing Ag. At any temperatures and potential sweep rates
V, the main features of the anodic behavior of silver
in sulfuric acid [8, 9]: number and position of anodic
and cathodic peaks in CVA and linear dependence of
the current density jm

a and anodic peak potential Em
a

on V0.5, are preserved for the bimetallic system. This
indicates that the mechanisms of anodic oxidation of

Table 1. Effect of palladium-plating modes on capacity
of silver and copper electrodes and on their electrochem-
ical properties in 38% H2SO4 solution at 20�C
����������������������������������������

� � � � �Palladium- � � � � �
plating � � � � �
mode � � � � �� � � � �

����������������������������������������
Silver Sr999

j,* A cm�2: � � � � �
0 � � � 0.45 � 21.4 � � � �
3 � 8.0 � 0.51 � 1.1 � 0.05 � �
5 � 5.7 � 0.53 � 1.7 � 0.08 � �
7 � 4.9 � 0.56 � 1.8 � 0.08 � 2.8

10 � 4.2 � 0.60 � 2.1 � 0.10 � 3.8
20 � 1.8 � 0.62 � � � � � 4.2
30 � 1.6 � 0.65 � 2.6 � 0.12 � 4.6
40 � 0.6 � 0.66 � 3.4 � 0.16 � �
50 � 0.5 � 0.67 � 3.6 � 0.17 � �

Copper M0b

�, s: � � � � �
0 � � � 0.24 � 105 � � � �

30 � 24.4 � 0.24 � 97 � 0.92 � 9.6
60 � 18.3 � 0.245 � 96 � 0.91 � 9.6
90 � 16.3 � 0.245 � 92 � 0.88 � 9.6

120 � 17.0 � 0.245 � 92 � 0.88 � 9.6
����������������������������������������
* Q = 1.25 A s cm�2.
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Fig. 2. Polarization corrosion diagrams of short-circuited
electrochemical systems constituted by silver and palladium
black and by copper and palladium black. Palladium black
deposited at current density of 10 mA cm�2, corrosion
medium 38% H2SO4 solution. T = 20�C. ( jcor ) Corrosion
current density and (E ) potential.

silver as individual metal and silver in contact with
a porous palladium coating coincide.

The decrease in jm
a in polarization of the Ag/Pd

electrode can be attributed to two factors. The first and,
presumably, foremost is the shielding of a part of the
silver surface by palladium, since the current is a func-
tion of the potential and the electrochemically active
part of the electrode surface under potentiodynamic
conditions of polarization. The second factor is the ap-
pearance of additional hindrance to migration of the
reacting anions (SO4

2�, HSO4
�) within pores of the

palladium coating (limiting stage of the process [9]).

The intensity of Ag corrosion in a short-circuited
Ag/Pd system is characterized by the corrosion current,
which can be determined from polarization corrosion
diagrams (Fig. 2). In the given case, cathodic poten-
tiostatic polarization curves reflect the polarization
behavior of palladium black. The anodic portion of
the polarization diagram is obtained by connecting the
point on the potential axis, which corresponds to Est
of Ag, and that on the cathodic polarization curve of
palladium, corresponding to Est of Ag/Pd.

Table 2. Loss of metal, �m, in anodic polarization of
silver and palladium-plated (at j = 10 mA cm�2) silver
electrodes (Q = 1.5 A s cm�2)
����������������������������������������

Metal
� �m (mg cm�2) at j a, mA cm�2

���������������������������������
� 0.5 � 5 � 50 � 250

����������������������������������������
Ag �1.55�1.60�1.45�1.60�0.75�1.0 � 0.80�0.85
Ag/Pd �0.55�1.15�0.75�1.15�0.45�1.15� 0.35�0.45
����������������������������������������

In the system constituted by silver and palladium
black, the support metal is polarized to a greater ex-
tent than the coating metal, which may be due to the
significant difference between Est and the equilibrium
potential of the anodic reaction (1) on silver. The value
of jcor grows with increasing current density of palla-
dium plating (Table 1) because the potential of the
coating becomes more positive and the polarization
of the cathodic process is enhanced. The cathodic
process occurs in the kinetic mode (effective activa-
tion energy Aeff = 36.6 kJ mol�1), and the rate of
the anodic process is limited by the transport stage
(Aeff = 14.4 kJ mol�1), which is, presumably, migra-
tion of the salt-forming anion into the reaction
zone [9].

The shielding action of the Pd coating also tells
upon the cathodic loss of metal, �m, making it much
smaller (Table 2). Under these conditions, a potential
corresponding to the occurrence of process (1) is es-
tablished at the anode. The decrease in the loss of
metal is due to an increase in the anodic current den-
sity on the silver surface not shielded by palladium
and to passivation of this surface.

Thus, the safest in regard to corrosion is the contact
of silver with palladium coatings deposited at low cur-
rent densities. However, account should be taken of
the circumstance that TEC must remain in working
state at elevated temperatures (up to 85�C) and un-
der the action of anodic currents. Palladium black
formed at lower cathodic current densities is more
subject to anodic dissolution than that deposited at
the potentials of hydrogen ion discharge [10]. There-
fore, in choosing the palladium-plating mode, prefer-
ence should be given to medium current densities in
the J range considered.

Change of silver for copper in TEC is rather attrac-
tive because of the comparatively low cost of the lat-
ter metal [2, 3, 11]. The rather significant difference
between the steady-state potentials of Cu and Pd re-
sults in contact deposition of the more noble palladi-
um on copper in the form of a black. The black de-
posited in this way does not have sufficient adhesion
to the substrate, which reflects on the electrochemical
characteristics of the bimetallic system.

The difference of Est of Cu and Pd in a 38% H2SO4
solution is 0.44 V, which is much lower than the theo-
retical value, but exceeds somewhat �Ecr.

Figure 1 shows CVA of copper and palladium-
plated copper electrodes in 38% H2SO4 solution.
As also in the case of silver, redox processes on both
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the electrodes coincide. In contrast to silver, anodic
oxidation of copper in H2SO4 solutions is a more
complex multistage process including electrochemical
and chemical stages. For example, depending on the
concentration of acid and dissolved oxygen, anodic
oxidation of copper may proceed by an ECC or EEC
mechanism (E and C stand for, respectively, electro-
chemical and chemical stages of the electrode pro-
cess), but the primary product of electrochemical re-
action is, invariably, copper(I) oxide forming a resis-
tive porous layer [12]:

���� Cu2O ���� CuOCu

����� �

��������

	

	

	

	
�e, �H+

+H2O

�e, �H+

+H2O
�
	

�
	

CuSO4

H2SO4

�

�

low-concentration H2SO4

DPP

+O2, DPP

(2)

where DPP is the disproportionation process.

In potential cycling, the palladium coating flakes
off the copper substrate, which is due to the formation
of a Cu2O layer. The large number of through pores
reflects on the experimental values of the capacity C
and Est (Table 1), and the Est of the Cu/Pd electrode
remains inchanged.

When in contact with palladium, copper undergoes
corrosion oxidation with very low polarization, where-
as the cathode of the galvanic pair is strongly polar-
ized (Fig. 2). The corrosion currents exceed by ap-
proximately a factor of 3 that in the Ag/Pd system.
The Aeff in corrosion of copper in the given system
is 16.3 kJ mol�1. Apparently, the primary product of
copper oxidation in corrosion will be Cu2O, whose
further chemical conversion into soluble products will
proceed at a rate depending on external factors, tem-
perature and concentration of acid, presence of dis-
solved oxygen.

CONCLUSIONS

(1) According to the results obtained, the anodic
processes occurring in pores of the palladium coating

at the Ag�electrolyte and Cu�electrolyte phase inter-
faces are virtually identical to those on individual met-
als and consist in anodic formation of, respectively,
Ag2SO4 and Cu2O passivating films.

(2) Combined, the contact coating with poor adhe-
sion and the more negative value of Est make the
Cu/Pd system less reliable than the Ag/Pd system, as
regards their use as cathodes in tantalum electrolytic
capacitors. At the same time, the reliability of the
Cu/Pd system can be, undoubtedly, much improved
by using a number of technological procedures, and
its corrosion stability can be made close to that of
Ag/Pd.
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Abstract�Results obtained in studying gravimetrically and electrochemically the corrosion resistance of
the most widely used construction metals and alloys in liquid bromine trifluoride BrF3 under steady-state
conditions are presented.

Halogen fluorides are rather strong oxidizing and
fluorinating agents, which can be used in gas and liq-
uid phases both individually and in mixtures with one
another. Therefore, corrosion of construction materials
is a topical problem in working with this class of com-
pounds. Among liquid halogen fluorides, BrF3 is one
of the most corrosive. This is mainly due to its sus-
ceptibility to self-ionization and high electrical con-
ductivity (8.02 � 10�3 ��1 cm�1), which exceeds by
many orders of magnitude that of other halogen fluo-
rides. For this reason, BrF3 is a strong ionizing sol-
vent and complexing agent [1]. The whole set of these
properties indicates that not only chemical, but also
electrochemical corrosion may occur in solutions con-
taining BrF3. Consequently, a contact with an electro-
chemically different material can strongly affect the
corrosion rate, i.e., contact corrosion may occur.

Published data on this issue are rather incomplete
and refer only to the gravimetric method for determin-
ing the corrosion rates of steels and alloys not manu-
factured in Russia [2]. It was of interest to study in
sufficient detail the corrosion resistance of various
widely used stainless steels in liquid BrF3. Particular
attention is required by corrosion of metals brought
in contact, which depends of the potentials of the met-
als in the given medium.

In this context, the aim of this study was to deter-
mine the rates and potentials of corrosion of a num-
ber of construction metals that are of particular practi-
cal interest: NP2 nickel, GOST (State Standard) 492�
73; M2 copper GOST 859�66; steels: 12Kh18N10T,
08Kh18N10T, 14Kh17N2, 08Kh18N11M3G2F [metal
for EA-400/10U electrodes, TU (Technical Specifica-
tion) 5.965-4027�72], 04Kh20N9 (metal for OZL-36

electrodes, GOST 9466�75), 04Kh19N11M3 (GOST
2246�70, wire for welding). Also, their electrochem-
ical compatibility was to be assessed.

The stability of construction materials brought in
contact with fluorinating agents is based on the for-
mation of a dense passivating film on the surface of
a material. Nickel and copper�nickel and chromium�
nickel alloys are materials the most resistant to BrF3.
The results of corrosion tests of metals in liquid bro-
mine trifluoride, reported by the Argonne National
Laboratory [2], indicate that nickel, monel, K-monel,
and inconel exhibit enhanced corrosion resistance and
can be used in BrF3. Copper is less stable than nickel
or monel. Static tests for 20 weeks at 125�C and dy-
namic tests for 650 h at 70�C demonstrated that, in
the second case, the corrosion rate of a number of ma-
terials increases by a factor of 4�20. High-alloy chro-
mium-nickel steels with austenitic structure (such as
Kh18N10T) are widely used in chemical machine
building [3]. Their suitability for operation in BrF3
is difficult to judge, but experience shows that their
corrosion rate much exceeds that of nickel, monel,
K-monel, and inconel.

Metal corrosion may proceed, in the overwhelming
majority of corrosive media, by the chemical and elec-
trochemical mechanisms [4�6].

A real corrosion process is characterized by steady-
state or corrosion potential Ec [7]. The current density
ic and the potential of corrosion can be found graphi-
cally from a polarization diagram in the form of a de-
pendence of the rates of anodic and cathodic processes
on potential [4]. The processes occurring when two
dissimilar metals are brought in contact in an ionizing
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solvent with relatively high electrical conductivity can
be represented as processes in a galvanic cell in which
a more negative metal starts to act as anode, and the
more positive, as cathode. The rate of contact corro-
sion of the anode in the pair is determined by polari-
zation characteristics of the contacting metals, ratio
of their areas, and the ohmic resistance of the system
[3, 4]. The corrosion potentials of construction metals
and alloys and their polarization characteristics in liq-
uid BrF3 could not be found in the literature.

EXPERIMENTAL

When gravimetric or electrochemical methods are
used to determine the corrosion resistance of metals,
the metal surface should be subjected to standard pre-
treatment and thoroughly polished. The strongest
smoothing of the surface microprofile is achieved
with electrochemical polishing [8]. Preliminarily,
samples were polished with fine emery paper, washed,
degreased, and dried.

As cathode in electrochemical polishing served
a hollow perforated lead cylinder with height of 50
mm, inner diameter of 30 mm, and wall thickness of
5 mm. Electrically polished samples were washed
with 3% phosphoric acid solution, degreased with

Fig. 1. Schematic of setup for determining the polarization
characteristics of metals and alloys in liquid BrF3. (9) Col-
umn with NaA zeolite for argon drying, (10) voltage sta-
bilizer, (11) thermostat, (12) cell holder and, simultane-
ously, external vessel, (13) electrolytic cell, (14) perforated
steel support plate, (15) thermostat cover; A, feed of argon
from a cylinder; V, discharge of gas into ventilation sys-
tem; for other designations, see text.

Table 1. Polishing modes and electrolyte compositions
����������������������������������������

� ia,
� T, � �, � Electrolyte

Material � � � � composi-
�A cm�2

� �C �min� tion, wt %
����������������������������������������
Steel: � � � �

08Kh18N10T � 0.30 � 80 � 20 ��� � � ��12Kh18N10T � 0.45 � 80 � 15 ��� � � �� 60 H3PO4,04Kh19N11M3 � 0.45 � 80 � 15 ��� � � �� 20 H2SO4,04Kh20N9 � 0.45 � 80 � 15 ��� � � �� 20 H2O08Kh18N11M3G2F � 0.45 � 80 � 15 ��� � � ��14X17H2 � 0.30 � 80 � 20 ��
M2 copper � 0.35 � 35 � 15 �� 70 H3PO4,� � � ��NP2 nickel � 0.30 � 30 � 20 �� 6 CrO3,� � � ��� � � �� 24 H2O
����������������������������������������

acetone, and dried. To rule out the possibility of for-
mation of an oxide film on the surface of electrically
polished samples in storage, the polishing was done
immediately before the beginning of each corrosion
test.

The polishing modes and electrolyte compositions
chosen in the study are listed in Table 1.

The steady-state (corrosion) potentials and corro-
sion rates were found from polarization characteris-
tics of the metals and alloys using the potentiostatic

Fig. 2. Electrolytic cell for determining polarization char-
acteristics of metals and alloys in liquid BrF3. (1) Case of
electrolytic cell, (2) working electrode, (3) fluoroplastic
tubes for gas inlet and outlet, (4) fluoroplastic cover�holder
of the working electrode, (5�7, 9) current leads, (8) current
lead insulation, and (10, 11) nuts.
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Fig. 3. (1) Cathodic and (2) anodic E�log i dependences
obtained on (a) nickel and (b) 08Kh18N10T steel in liquid
BrF3 (16 � 1�C). (a) log icor = �0.73, Ecor = 0.00 V;
(b) log icor = 1.76, Ecor = �0.42 V.

method for measuring steady-state polarization curves.
The potentials were measured by the Nernst�Glazer
method [9]. As reference and, simultaneously, auxil-
ary electrode served the nickel case of the electrolytic
cell. The experimental setup is shown schematically
in Fig. 1.

A certain potential was applied to a working elec-
trode under study and the current was monitored with
a P-5827M potentiostat 1 and F136 microvoltnano-
ammeter 2. The prescribed temperature in the ther-

mostat was maintained with an electric heater 3,
KSM3 automatic bridge 4, resistance thermometer 5,
and attachment 6 for position control. The argon feed
was controlled with an RM-A 0.063G UZ rotameter
7; discharged argon was purified to remove fluorine-
containing gases on a column with lime chemical ab-
sorber 8. To eliminate the influence exerted on the
sample corrosion products by products of decomposi-
tion of bromine trifluoride (Br2, BrF), the space over
the surface of liquid BrF3 was purged, through pipes
(Fig. 2) with argon dried on an NaA zeolite in the
column 9 to the dew point of �50�C.

The electrolytic cell is shown schematically in
Fig. 2. The cylindrical case 1, serving simultaneously
as auxiliary and reference electrodes is made of NP2
nickel. Polarization characteristics were determined
for working electrodes 2 having the form of cylinders
3 mm in diameter and 20 mm high.

Potentiostatic standardization of the initial state
of the surface was done by keeping the working elec-
trode in BrF3 at a constant anode potential. This po-
tential was chosen experimentally: if the anode cur-
rent did not stabilize for a long time, the potential
was raised to a value at which sufficiently fast current
stabilization was observed (0.5�1.0 h). Then the work-
ing electrode was subjected to electrochemical aging
to improve the reproducibility of electrochemical
measurements [10]. After the measurement results
became reproducible, the polarization characteristic
of the working electrode was determined. The current
was measured beginning with potentials of potentio-
static standardization +2�+4 V (depending on a ma-
terial), with the potential shifted in discrete steps to
negative values (�1.8��2.4 V). Each time the poten-
tial of the working electrode was changed after the
current attained a steady-state value. The duration
of a run in which the polarization characteristic of
a working electrode was determined was 6�20 h.

The polarization characteristics of construction
materials (typical dependences are shown in Fig. 3)
were used to find graphically the steady-state poten-
tial of the corrosion process and the corresponding
logarithm of the current density of anodic dissolution.

The relationship between the corrosion current den-
sity icor (A cm�2, steady-state current density of anodic
dissolution) and the mass factor of the corrosion
rate, Km (g cm�2 h�1) is described by the equation

icor = Km nF/A, (1)

where n is the degree of oxidation of a metal; F =
26.8 A h mol�1, the Faraday number; A, the atomic
mass of the metal (g mol�1).
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Table 2. Results of electrochemical and gravimetric* studies of the corrosion resistance of construction materials in
liquid BrF3 (temperature 16 � 1�C)
������������������������������������������������������������������������������������

� � � � Corrosion resistance on a ten-point scale,

Material
�

Ecor, V
�

icor, �A cm�2 � Kp, mm yr�1 � GOST (State Standard) 13 819	68
� � � ���������������������������������
� � � � point � resistance group

������������������������������������������������������������������������������������
� � � 2.0 
 10�3** � �

NP2 nickel � 0.00 � 1.86 
 10�1 � ������� � 2 � Highly resistant
� � � 2.3 
 10�3

� �
� � � 4.7 
 10�2 � �

M2 copper � 	1.12 � 4.07 � ������� � 4 � Resistant
� � � 4.9 
 10�2

� �
Steel: � � � � �

� � � 1.8 
 10�2 � �
12Kh18N10T � 	0.46 � 2.29 � ������� � 4 � �

� � � 2.1 
 10�2
� �

� � � 4.5 
 10�1 � �
08Kh18N10T � 	0.42 � 57.54 � ������� � 6 � Lower-resistant

� � � 	 � �
� � � 7.5 
 10�2 � �

14Kh17N2 � 	0.82 � 9.55 � ������� � 5 � Resistant
� � � 	 � �
� � � 1.1 
 10�3 � �

04Kh19N11M3 � 	0.4 � 1.38 
 10�1 � ������� � 2 � Highly resistant
� � � 	 � �
� � � 1.1 
 10�3 � �

04Kh20N9 � 	0.29 � 1.38 
 10�1 � ������� � 2 � �
� � � 1.6 
 10�3

� �
� � � 8.6 
 10�5 � �

08Kh18N11M3G2F � 	1.05 � 1.10 
 10�2 � ������� � 1 � Perfectly resistant
� � � 	 � �

������������������������������������������������������������������������������������
* Gravimetric measurements were done for NP2 nickel, M2 copper, and 12Kh18N10T and 04Kh19N11M3 steels.

** Kp found electrochemically, numerator, and gravimetrically, denominator.

The corrosion depth factor Kp (m yr�1, corrosion
permeability) is related to Km and icor by

Kp = ������ = �������
Km 
 8.76 
 104 icor A 
 8.76 
 104


M n 
 26.8
M

= �� 
 3268.7,
n
M

� �

icor A
(2)

where �M is the metal density, and 8.76 � 104 is the
conversion factor.

The values of Ecor and icor, determined for metals
and alloys from their polarization characteristics
(Fig. 3), and the corresponding values of Kp are listed
in Table 2.

Among the alloyed construction steels studied,
12Kh18N10T steel has the highest corrosion resis-
tance. The corrosion rate Kp of this steel is 4 times
smaller than that of 14Kh17N2 steel and 25 times
smaller than that of 08Kh18N10T steel. The corrosion
resistance of 04Kh19N11M3 and 04Kh20N9 steels
in liquid BrF3 exceeds that of 12Kh18N10T and

08Kh18N11M3G2F steels by respectively, factors of
16 and 450. For alloyed steels, intercrystallite and
pitting corrosion in an electrically conducting liquid
is not improbable. This kinds of corrosion were be-
yond the scope of this study.

The corrosion rate of NP2 nickel is an order of
magnitude lower than that of 12Kh18N10T steel, and,
therefore, this brand of nickel is the most preferable
construction material to be used in liquid BrF3. The
corrosion rate of copper in BrF3 exceeds that of nick-
el and 12Kh18N10T steel by factors of 20 and 2.5,
respectively.

To verify the electrochemically obtained data and
to distinguish the electrochemical component in the
overall corrosion process, the corrosion rates of the
metals and alloys were determined in liquid bromine
trifluoride under steady-state conditions by means of
gravimetry in the course of 152 days.

NP2 nickel, M2 copper, 12Kh18N10T steel, and
04Kh20N9 steel (metal of OZL-36 welding electrode)
were chosen for gravimetric determination of the cor-
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Fig. 4. Schematic E�log I dependences obtained in liquid
BrF3 (16 � 1�C) on M2 copper at S = 1 cm2 (bcd ) and NP2
nickel with varied surface area. S Ni (cm2): (e�f �g� ) 0.25,
(e fg) 1, (e"f "g" ) 24.

rosion rate. Cylindrical samples 20 mm long and 3 mm
in diameter (15 samples) were used. The tempera-
ture of bromine trifluoride was 16 � 1�C. The results
obtained are listed in Table 2.

It can be seen from Table 2 that the corrosion rates
determined by gravimetry are somewhat higher than
those found electrochemically, which points to the ex-
istence of a chemical component in the overall corro-
sion process. The average conversion factor of elec-
trochemically determined corrosion rates with respect
to the true corrosion rates is 1.2. Such an increase
in corrosion permeability (Table 2) does not change
the corrosion characteristics (corrosion severity and
group of corrosion resistance) of the materials in ques-
tion.

The compatibility of construction materials brought
in contact in liquid bromine trifluoride can be judged
from the corrosion potentials determined relative to a
nickel (NP2) reference electrode (Table 2). Corrosion
becomes stronger in contact with a more electronega-
tive metal or alloy, and weaker or zero, in contact
with a more electropositive material.

The most corrosion resistant 12Kh18N10T steel
can be welded using 04Kh19N11M3 welding wire and
OZL-36 electrode made of 04Kh20N9 steel. The weld
metal will be protected from corrosion by the con-
struction metal. The increase in corrosion of the con-
struction itself will be insignificant because its surface

area is many times the weld area. The corrosion rate
of the metal of EA-400/10U electrodes is more than
an order of magnitude lower under steady-state con-
ditions than that of the welding wire and the metal of
OZL-36 electrodes (Table 2), and the corrosion poten-
tial is more negative than that of 12Kh18N10T steel
by 0.59 V, i.e., the weld metal will undergo anodic
dissolution. The dissolution rate will be low in the
case of a uniform corrosion over the weld surface,
but occurrence of pitting and intercrystallite corrosion
cannot be ruled out.

The polarization dependences obtained by extra-
polation of real polarization curves can be used to
determine the current of the anodic component of cor-
rosion for a pair of contacting metals at any ratio of
their surface areas. The steady-state potentials Ecor (V),
necessary for graphical construction, and the corre-
sponding current densities icor (�A cm�2) of anodic
dissolution are listed in Table 2. The constants appear-
ing in the Tafel equation for the cathodic and anodic
processes, bc = tan �c and ba = tan �a (Fig. 3), found
from the polarization curves for the metals are given
below:

Material bc, V ba, V

NP2 nickel 0.57 0.55
M2 copper 0.42 1.45
Steel:

12Kh18N10T 0.52 1.42
08Kh18N10T 0.82 1.17
14Kh17N2 0.52 1.72
04Kh20N9 0.79 0.52
08Kh18N11M3G2F 0.41 0.98
04Kh19N11M3 0.90 0.69

The dependences of the logarithm of current on
potential, obtained for both the constituents of a pair
of contacting metals, were recalculated in accordance
with their areas and plotted in a common polarization
diagram as logarithm of current against potential.

Figure 4 shows polarization curves for copper and
nickel samples with surface area SCu = 1 cm2 (bcd )
and S1

Ni = 1 (efg), S2
Ni = 0.25 (e	f 	g	), and S3

Ni = 24 cm2

(e" f "g"). At area ratios of the contacting metals
SCu : SNi = 1 : (0.25�24), the anodic process occurs
at copper, and cathodic, at nickel. The corrosion rate
and the common corrosion potential of the system
were determined from the intersect of the anodic com-
ponent for copper and cathodic component for nickel,
i.e., the corrosion potential changed from point c to
point f " on varying the nickel area.
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At SCu : SNi = 1 : (<0.25) the common corrosion
potential of the system takes the value equal to the
corrosion potential of copper (Ecor

Cu = �1.12 V). The
current of the anodic process of copper dissolution
remains invariable and equal to Icor

Cu. For the condi-
tion of equality of the rates of the anodic and cathodic
processes to be satisfied at decreasing nickel area, it is
necessary to take into account the current of the cath-
odic process occurring at copper (at SNi < 0.25 cm2,

 Ic = Ic

Ni + Ic
Cu = Ia

Cu = Icor
Cu ).

At SCu : SNi = 1 : (>24), the common potential of
the system takes a value equal to the nickel corrosion
potential (Ecor

Cu�Ni = 0.00 V). For the condition of
equality of the rates of anodic and cathodic corrosion
processes to be satisfied in this case with increas-
ing nickel area, it is necessary to take into account
the anodic dissolution of nickel, since the current of
the cathodic process on nickel remains invariable and
equal to Icor

Ni.

Graphical construction (Fig. 4) yielded an equation
for calculating the logarithm of the current of the anod-
ic component of corrosion for a pair of contacting
metals. For example, at SCu : SNi = 1 : 1 (dependences
bcd and efg), log ICu is determined by the altitude
of the triangle aahac:

log ICu = �������� = ���� ,
ac 	 aa ac 	 aa

tan� a
Cu + tan �c

Ni bc
Ni + ba

Cu
�(3)

where ac and aa are constants equal numerically to
the potentials at current density equal to unity for the
cathodic process occurring at nickel (ef ) and anodic
process at copper (cd ).

The constants were found from the equations

Ecor
Cu 	 aa = log Icor

Cu tan �a
Cu, (4)

aa = Ecor
Cu 	 log Icor

Cu tan �a
Cu, (5)

Ecor
Ni = ac 	 log Icor

Ni tan �, (6)

ac = Ecor
Ni + log Icor

Ni tan �c
Ni. (7)

The current densities of anodic dissolution in steady
state, icor, necessary for determining the current Icor =
icorS and Ecor are listed in Table 2, and the values
tan �a

Cu = bc
Cu and tan �c

Ni = bc
Ni are given in text.

Use of these data and Eqs. (5) and (7) at SCu : SNi =
1 : 1 yielded aa = �1.12 � log (0.186 � 1) � 1.45 =
�2.00 V and ac = 0.00 + log (4.07 � 1) � 0.57 =
�0.42 V. According to Eq. (3),

log I Cu = ������ = 0.782, I Cu = 6.06 �A,
	0.42 + 2.00
0.57 + 1.45

iCu = I Cu (SCu )�1 = 6.06 
 1�1 = 6.06 �A cm�2.

At SCu : SNi = 1 : (�0.25), iCu = icor
Cu = 4.07 �A cm�2,

at SCu : SNi = 1 : (�24), iCu = 24.00 �A cm�2).

Thus, at area ratio SCu : SNi = 1 : (0.25�24), the cur-
rent density of anodic dissolution of copper grows
on bringing the metals in contact from the steady-
state value (4.07 �A cm�2) to the maximum value
(24.00 �A cm�2) by a factor of 6.

For an arbitrary pair of contacting metals, Eq. (3)
takes the form

log I a = ����.
ac

c 	 aa
a

bc
c + ba

a (8)

The limiting conditions for the area ratio of the
metals for expression (8) are determined from graph-
ical constructions similar to those in Fig. 4. The in-
ternal resistance of a system in contact was taken to
be zero. The given calculation procedure is inferior
in precision to that using the real polarization de-
pendences, but is much simpler and sufficiently reli-
able.

CONCLUSIONS

(1) Polarization characteristics of the most widely
used construction materials in liquid BrF3 were de-
termined. These characteristics make it possible to
calculate the rate of contact corrosion of the materials
studied at varied ratio of contacting surface areas.

(2) It was found that nickel and copper can be re-
commended as construction materials that can work
in liquid BrF3, but contact between these materials
is inadmissible because of their electrochemical in-
compatibility. Among high-alloy steels, 12Kh18N10T
steel, which is compatible with 04Kh20N9 and
04Kh19N11M3 steels, is the most resistant. However,
the alloyed steels studied can only be recommended
for work in liquid BrF3 after carrying out additional
tests for pitting and intercrystallite corrosion.
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Abstract�The catalytic activity of composites constituted by a porous metallic or ceramic support, in-
termediate layers of oxide nature, and perovskite coatings, including those doped with silver, was studied
in reactions of deep oxidation of CO and organic compounds of various classes. The relationship between
the catalytic activity of a composite and its composition and nature of substances being oxidized was
analyzed.

Reactions of deep oxidation of organic substances
and carbon monoxide CO are used in developed coun-
tries to protect the environment, prevent discharge of
toxic wastes formed in chemical industry, fuel and
energy industry, etc. Catalysts based on platinum
metals, and also lower-cost complex-oxide catalysts
of, e.g., perovskite type, containing lanthanum, transi-
tion metals (manganese, cobalt, iron, chromium), and
other elements are widely used for this purpose.

One of techniques for effective use of catalysts
consists in developing composite catalysts including
a foamed, e.g., foamed-metal, support [1], an inter-
mediate, or transition layer, and a complex-oxide coat-
ing [2�7]. In contrast to compact elements, catalytic
elements of this kind allow economic use of materials,
ensure good contact with a gas flow at moderate gas-
dynamic resistance, and exhibit fire-extinguishing
properties.

An important issue in the development and use of
catalysts is that the properties of the composites ob-
tained are rather closely associated with the mutual
influence of their components, which is manifested in
mechanical and chemical-thermal stabilization of the
systems. Among the possible effects are mutual dop-
ing via diffusion interaction of components, formation
of new phases, and promotion of the catalytically ac-
tive layer by underlying surfaces [8].

The present study is concerned with the relative
activities of composite catalysts of varied composi-
tion and platinum-containing catalysts on foamed-
nickel or mullite-silica supports in reactions of oxida-
tion of CO and organic substances of varied nature:
n-heptane, benzene, ethanol.

EXPERIMENTAL

The catalysts were prepared by impregnating sup-
ports with solutions of polymer-salt formulations
[9, 10]. As starting substances served lanthanum(III)
nitrate hexahydrate and silver nitrate of chemically
pure grade, manganese(II) nitrate hexahydrate and
strontium nitrate of analytically pure grade, �pure�
cobalt(II) nitrate hexahydrate, and polyvinyl alcohol
of 11/2 brand. Solutions of salts necessary for syn-
thesizing the catalysts were prepared, and then a solu-
tion of polyvinyl alcohol was added. Supports made
of K-20 foamed-nickel supports with thickness of
20 mm, pore diameter in the range 1.8�3.5 mm, den-
sity of 0.3�0.4 g cm�3, and air permeability of 5.5 �
10�8 m2 were submerged in the resulting working so-
lution. Then the supports were removed from the solu-
tion, excess amounts of the solution were allowed to
flow down, and the supports were dried and subjected
to pyrolysis and thermal treatment at 650�C for 4 h.
The procedure was repeated again and again until
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Table 1. Crystallographic data for complex oxides with perovskite structure
������������������������������������������������������������������������������������

� Temperature of � a � c � Occupation number �
Bragg’s

� ����������������������� �Sample � annealing and normalizing � � of lanthanum sub- �
� aging, �C � � � lattice with silver �

R factor

������������������������������������������������������������������������������������
La0.9 MnO3 � y � 1100/600 � 5.5105(7)* � 13.337(2) � 0.913(18)** � 6.02
La0.9 Ag0.1 MnO3 � y � 1100/600 � 5.5032(3) � 13.307(1) � 0.108(14) � 6.77
La0.9 Ag0.1 MnO3 � y � 650*** � 5.4975(6) � 13.322(2) � 0.071(7) � 2.49
La0.7 Ag0.3 MnO3 � y � 650*** � 5.4999(10) � 13.349(4) � 0.263(10) � 2.85
La0.7 Ag0.3 MnO3 � y � 1100/600 � 5.5031(1) � 13.3235(4) � 0.262(10) � 3.90
La0.75 Ag0.5 MnO3 � y � 650*** � 5.4987(8) � 13.342(3) � 0.198(10) � 4.93
������������������������������������������������������������������������������������

* Error in determining the last significant digit of a parameter is given in parentheses.
** Occupation number is given for lanthanum.

*** Slow cooling to indicated temperature instead of normalizing annealing.

the required amount of a catalyst was obtained on
a support. Coatings on mullite-silica foamed materials
with about the same porosity and permeability were
deposited in a similar way. The specific surface area
of the composite catalysts was monitored by the meth-
od of low-temperature sorption of nitrogen with ther-
mal desorption, using Sorpty-1750 and Sorptomatic-
1900 instruments. Part of supports were preliminarily
covered with aluminum oxide deposited from an alka-
line aluminate solution and stabilized with lanthanum
oxide. The mass fraction of such an intermediate layer
was 10�12%. An X-ray phase analysis was made on
a standard DRON-3 diffractometer with CuK

�

radia-
tion. Local analysis of the distribution of element
concentrations was performed with a Jeol-Super-probe
733 microanalyzer.

The catalytic activity in oxidation of carbon
monoxide (CO) to carbon dioxide was studied on
a setup comprising a gas tank, furnace, and system
for uniform supply of the gas mixture into a catalytic
reactor. The gas tank was filled with a gas mixture
of air, carbon monoxide, and inert carrier-gas (ni-
trogen or argon). The oxidizing and reducing agents
were taken in a ratio 1 vol % O2 : 0.3 vol % CO, with
the inert gas the rest. This mixture was passed at
a rate of 30 l h�1 through a quartz tube with a catalyst
at a prescribed temperature (measured with a ChA68
thermocouple directly in the reaction zone). Prelim-
inarily, the content of CO in the mixture was mon-
itored, the gas mixture was also analyzed at the outlet
of the catalytic unit with an IMR-3000P gas analyzer
or with indicator tubes of the TI SO-1.0 type, com-
bined with an AM-5.M aspirator.

The catalytic activity in oxidation of organic com-
pounds (n-heptane, benzene, and ethanol) was deter-

mined at their content of 5 g m�3 and gas flow rate of
15 l h�1 through the reactor with a catalyst. The spe-
cific load on the catalytic reactors did not exceed
1000 h�1. The mass fraction of the active component
in the catalytic compositions was 4�10%. As ref-
erence samples served Pt�Pd�Rh samples with con-
tent of 0.7�1.3 wt % on foamed-nickel supports with
a sublayer of aluminum oxide stabilized with lantha-
num oxide.

Heterogeneous catalysts of the system La�Ag�
Mn�O [10�13], in which perovskite phases are
formed and a minor amount of metallic silver is con-
tained, are rather active in reactions of oxidation of
CO and organic substances [2�7]. In particular, cat-
alysts with empirical formula La0.75 Ag0.25 MnO3 � y
stand out. These catalysts were chosen as an object
of study. It was found that the perovskite phases ob-
tained in the above system do contain silver [11]
even upon annealing at temperatures exceeding its
melting point. This is confirmed by processing of
the results of an X-ray phase analysis of samples an-
nealed at 600�1100�C and having an empirical for-
mula La1 � x Agx MnO3 � y (x in the range from 0.1
to 0.3) by full-profile Ritwild’s analysis (Fullprof
software) with calculation of the occupation numbers
of the lanthanum sublattice (Table 1).

For equilibrium with respect to oxygen to be at-
tained, the samples were subjected to normalizing an-
nealing (Table 1), since oxygen nonstoichiometry
strongly affects characteristics of the samples. Rais-
ing the total content of silver in the system to, e.g.,
x = 0.5, does not increase its content in the perovskite.
Above the melting point of silver, there occurs evap-
oration of the existing metallic form; silver contained
in the perovskite is not removed in the process,
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which is confirmed by chemical analysis of the sam-
ples. At 1100�1200�C, depending on composition,
the perovskite phase starts to decompose, with sec-
ondary silver appearing and possing into the gas phase
[11]. After annealing at 1400�C for 24 h with slow
cooling, a diffusion zone is present around silver
grains, in which the metal is contained in a complex
oxide (Fig. 1).

The contradiction between the low magnetic mo-
ment of the manganese ion and the occurrence of dop-
ing of the lanthanum sublattice with silver, noticed in
[10], is eliminated, since it is more correct to compare
properties of silver-doped samples not with samples
of composition LaMnO3 � y, as it has been done pre-
viously, but with lanthanum-deficient La1 � xMnO3 � y,
where x corresponds to the amount of silver introduced
into the system. Such a composition would be formed
upon consumption in the course of synthesis of
the whole amount of lanthanum and manganese if
silver were not incorporated in the perovskite. It can
be seen that silver-substituted and lanthanum-deficient
kinds of perovskite have different lattice constants
(Table 1). The constants were calculated in terms of
the R3

�

c space group (hexagonal packing). Also of
interest are perovskite catalysts containing no silver;
the most active of these are compositions containing
manganese and cobalt. Their activity increases be-
cause of the substitution of lanthanum by, e.g., stron-
tium ions.

The efficiency in CO oxidation of four variants of
catalysts on foamed nickel, with the complex-oxide
coating constituting 3�4% of the total mass of
the composite catalyst, was studied. The results ob-
tained are presented in Fig. 2 and Table 2. The highest
efficiency was observed for composite no. 1. This fact
can be explained as follows. The active complex-
oxide in the system La�Ag�Mn�O is a heterogeneous
mixture, and catalysts for heterogeneous reactions,
which have complex composition, frequently exhibit
higher activity. Presence of silver in the perovskite
structure favors generation of additional defects,
which makes higher the catalytic activity of the per-
ovskite phase itself in oxidation-reduction processes.

The composition La0.84 Sr0.16 Mn0.8 Co0.2O3 � y also
exhibited high efficiency under the positive influence
exerted by the presence of cobalt ions characterized
by low energy of bonding to oxygen [8, 14]. Doping
of the perovskite LaMnO3 � y with strontium also
gives rise to additional defects of the type [M4+],
with, however, one defect of this type formed per each
Sr2+ ion, and two defects, per Ag+ ion. Composite

Fig. 1. Element concentration profile in La0.75Ag0.25MnO3 � y
samples after annealing at 1400�C. (a) Microphotograph
taken in characteristic X-ray emission of silver. To light
areas corresponds the maximum concentration of silver;
the diffusion zone possibly corresponds to secondary dis-
solution of silver in perovskite. (b) Ag, Ln, and Mn content
profiles in arbitrary units of characteristic emission intensity
along the scanning line shown in Fig. 1a. (I ) Current of
electron discharge on the sample.

Fig. 2. Conversion c vs. temperature T in the reaction of
CO afterburning (initial concentration 700 mg m�3) for
catalysts on foamed nickel. Digits 1�4 correspond to catalyst
numbers in Table 2.
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Table 2. Characteristics of catalysts on foamed nickel
in oxidation of carbon monoxide
����������������������������������������

� � �
�

Coating/sublayer
� �

� � �
� � �
� � �

����������������������������������������
1 �La0.75Ag0.25 MnO3 � y /Al2O3 � 3.0 � 150
2 �La0.84 Sr0.16 Mn0.8 Co0.2O3 � y /Al2O3 � 2.6 � 160
3 �La0.75 Ag0.25 MnO3 � y / LaMnO3 � y � 1.9 � 185
4 �La0.75 Ag0.25 MnO3 � y /� � 0.5�0.8 � 180
����������������������������������������

no. 2 contains a virtually homogeneous perovskite
phase. For this reason, it is somewhat inferior in ef-
ficiency to composite no. 1.

Efficiency measurements at relatively low specific
load on the catalysts and temperatures close to the
combustion point demonstrated that an Al2O3 sublayer
(intermediate support) strongly affects the efficiency.
The possible reason is that the specific surface area
of the composites grows, also possible are other
mechanisms of this effect. The aluminum oxide layer
isolates the perovskite from the nickel substrate and
hibnders the mutual diffusion of nickel and manga-
nese ions between the support and the complex-oxide
layer [15].

The possibility of a diffusion interaction was con-
firmed by modeling the system LaMnO3 � y by means
of contact annealings (850�C, 20 h) of ground-to-
gether plates of the corresponding materials. The com-
ponent exchange between the support and coating
occurs within a zone comparable in thickness with the
zone of nickel oxide formation via oxidation (Fig. 3),
being equal in this case to about 4�6 �m. At the same
time, this value is comparable with the layer thickness
of the catalytic coating.

Fig. 3. Element concentration profile in the zone of contact
between nickel and LaMnO3 � y along a line perpendicular
to the interface in arbitrary units of characteristic X-ray
emission intensity.

Perovskites containing manganese and cobalt are
the most active catalysts in CO oxidation, since
the bonding energy of oxygen in the structure of ox-
ides is the lowest for these metals [8, 14], which facil-
itates oxygen desorption from the catalyst surface and
accelerates the oxidation process. For this reason, dop-
ing of a catalyst with nickel in synthesis and operation
of this catalyst may presumably depress its activity
(sample no. 3). Use of an intermediate LaMnO3 � y
layer (economically doped sample no. 4) is less effec-
tive than that of an Al2O3 layer. The properties of
sample nos. 3 and 4 are about the same (Fig. 2), de-
spite the differences in specific surface area, which,
in the authors’ opinion, does not play a key role. In
this case, no reliable diffusion barrier appears (com-
pared with the case of aluminum oxide), and the total
amount of silver on the surface of sample no. 4 may
be lower because of the equalization of its concentra-
tion in perovskite layers. Also possible, in the pres-
ence of an Al2O3 layer, is a promoting effect of
aluminum oxide on the catalyst [8].

The promoting influence can also be exerted by
a spinel of the MnAl2O4 type, formed in the zone
of contact between compounds containing Mn, Co,
and Al2O3. The formation of this complex oxide of
brown color was recorded by X-ray phase analysis in
modeling two methods for obtaining a catalytic coat-
ing on an aluminum oxide sublayer. The spinel ap-
peared upon annealing between 650 and 850�C if
the aluminum oxide powder was impregnated with
a manganese oxide solution with addition of polyvinyl
alcohol or upon pyrolysis (with subsequent annealing)
of similar solutions containing manganese and alu-
minum nitrates simultaneously. A similar compound
of blue color (CoAl2O4) is formed in the cobalt-con-
taining system.

Compositions without Al2O3 sublayer were advan-
tageous from the standpoint of mechanical strength of
the catalytic coatings. The adhesion strength of a coat-
ing was evaluated by compressing a catalyst on
foamed-nickel support, with its volume decreasing by
a factor of 2�4, and then subjecting it to vibration.
Up to 5�10% of the deposited composite detached
from catalysts with an Al2O3 sublayer at the interface
between the sublayer and the support. For sample
nos. 3 and 4, the loss of deposited composite was
no more than 1�2%. Thus, direct interaction of the
catalytic layer with the support ensured its better ad-
hesion. This result is important for catalysts intended
for operation under nonsteady conditions, e.g., for
neutralization of automobile exhaust gases.

The problem of deep oxidation of organic sub-
stances is frequently encountered under conditions of
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Table 3. Relative activities of composite catalysts in oxidation of organic substances*

������������������������������������������������������������������������������������
Cata- � � Oxidation � Activity of composites

� � ����������������������������������������lyst � Coating/sublayer � of �
no. � � substances � A � H � B
������������������������������������������������������������������������������������

1 �La0.75Ag0.25MnO3 � y on Ni/� � A> H> B �� � �
� � �� � �

2 �La0.75Ag0.25MnO3 � y on ceramic/Al2O3 � A> H� B �� � �
� � �� � �

3 �La0.84Sr0.16Mn0.8Co0.2O3 � y on Ni/Al2O3 � A> B > H �� 3� 1 > 2 > 5 > 4 � 1 > 2� 3 > 4 > 5 �4� 3 > 2� 1 > 5
� � �� � �

4 �Pt, Pd, Rh** on ceramic/Al2O3 � B > A> H �� � �
� � �� � �

5 �La0.75Ag0.25MnO3 � y on Ni/Al2O3 � A> H> B �� � �
������������������������������������������������������������������������������������
* A stands for ethanol; B, for benzene; H, for n-heptane.

** Mass ratio Pt : Pd : Rh 2 : 10 : 2 or 3 : 10 : 1.

stationary arrangement of thermocatalytic devices,
when it is possible to use as catalyst supports ceramic
foamed materials having somewhat lower mechanical
strength than foamed metals. In oxidation of organic
substances, the catalytic activity strongly depended on
the nature of these compounds and on the composition
of composite catalysts. As an example, Fig. 4 shows
temperature dependences of the efficiency of some
samples. The data obtained can be summarized to give
the corresponding series in Table 3.

Complex-oxide catalysts were in all cases more
efficient in alcohol oxidation than the samples contain-
ing noble metals. The highest activity was observed
for the sample containing no silver. Benzene is the
most readily oxidized on catalyst no. 4 (Table 3).
Of the compounds studied, it is aromatic hydrocarbon
that is the most readily oxidized on noble metals.
Such a situation may be due to different abilities of
organic substances to be sorbed on the catalyst sur-
face: noble metals tend to adsorb aromatic compounds,
whereas the oxygen-containing alcohols show higher
affinity for oxide materials.

The activity of the catalysts in oxidation of heptane
is intermediate, but this compound better reacts with
oxygen in the presence of silver-containing catalysts.
Catalysts of this type are also sufficiently active in
oxidation of natural gas components [6]. Sample no. 1
(Table 3, Fig. 4) exhibits higher activity than no. 2 in
oxidation of alcohol and heptane and is comparable
with sample no. 2 in oxidation of benzene, despite the
smaller total specific surface area of catalyst no. 1.
Catalysts of composition La0.75Ag0.25MnO3 � y on
foamed nickel without a sublayer were more active
than the same composition with an intermediate alu-
minum oxide layer (Fig. 4, Table 3). Probably, the
effect of promotion by aluminum oxide is absent, and,
by contrast, doping a catalyst with silver is favorable,

in the case of oxidation of organic substances. More-
over, it is known that nickel exerts strong catalytic in-
fluence on those reactions of organic compounds, which
involve addition or elimination of a hydrogen atom.

Fig. 4. Conversion c vs. temperature T in reactions of
deep oxidation of organic substances on various cata-
lysts. (1) Ethanol, (2) n-heptane, and (3) benzene.
(a) La0.75Ag0.25MnO3 � y catalyst on nickel support with
Al2O3 sublayer, (b) the same without sublayer, and
(c) catalyst based on platinum metals.
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The data in Table 2 support the assumption that, in
CO oxidation, too, the difference in specific surface
area between the catalysts may be not a decisive factor
at relatively low loads on a catalyst. Surely, it is
desirable to compare catalysts with the same surface
area for making more correct conclusions. It can be
seen that, depending on the nature of compounds
being oxidized and catalysts, manifestations of se-
lectivity in the corresponding reactions in mixtures
would be expected. To improve the efficiency of
oxidation of a sum of toxic compounds, catalytic el-
ements of different types and compositions can be
combined [16].

It should be noted, to conclude, that one more type
of perovskite catalysts with a silicon carbide SiC sup-
port was tested. This catalyst is of interest for devel-
oping elements heated by electric current to the work-
ing temperature because of their intrinsic electrical
resistance. Measurements demonstrated that their ac-
tivity is comparable with that of sample nos. 2 and 5
(Table 3) in oxidation of alcohol, sample nos. 4 and 5
in oxidation of heptane, and sample nos. 1 and 2 in
oxidation of benzene.

CONCLUSION

Catalysts constituted by a porous support, inter-
mediate oxide layer, and complex-oxide coating are
proposed for use to protect the atmosphere from
noxious substance discharges. Their activity is com-
parable with that of catalysts based on platinum-group
metals. The catalytic activity is strongly affected by
the nature and composition of the substances being
oxidized and the catalysts, with an important role
played by the interaction between the underlying sur-
face with a catalytic coating. In particular, the perov-
skite structure is doped with silver in silver-containing
perovskite compositions. Oxidation of CO is the most
efficient just on perovskite catalysts of this kind with
a sublayer of aluminum oxide, and that of n-heptane,
on a similar catalyst without aluminum oxide sub-
layer. Alcohol and benzene are more readily oxidized,
on a catalyst based on a mixture of cobaltite, man-
ganite, lanthanum, and strontium.
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Abstract�A Pt-containing catalyst for conjugated oxidation of CO and reduction of NO was developed with
the use of a synthetic porous ceramic as a support. The catalyst is modified with oxides of a number of metals
to improve its efficiency.

The presently topical problem of catalysis is a search
for effective catalysts for purification of exhaust gases
of combustion engines [1]. The most promising are
catalysts for conjugated oxidation of CO and hydro-
carbons and reduction of nitrogen oxides. As shows
analysis of published data, most of catalysts for the
given process, containing no noble metals, have been
tested only in laboratory and are rapidly deactivated in
prolonged operation even under these conditions [2].
Cu- and Co-containing zeolites, intensively developed
in Japan in recent years, have also proved inefficient
when tested under industrial conditions [1]. In this
context, development of new Pt-, Pd, or Rh-contain-
ing catalysts optimized by making lower the content
of noble metals, simplifying the technology of catalyst
manufacture, and using modifiers [3] remains a top-
ical task.

Previously, catalysts for deep oxidation of CO have
been obtained on supports in the form of a synthetic
porous ceramic (SPC) with large specific surface area
(�90 m2 g�1). The catalysts based on SPC are distin-
guished by simplicity of fabrication.

The aim of this study was to develop SPC-based
Pt-containing catalysts modified with some promising
additives and to test the activity of the catalysts in
reaction of conjugated oxidation of CO and reduction
of NO. To compare the activities of catalysts on SPC
and conventional supports, a catalyst with equivalent
amount of platinum supported by �-Al2O3 was pre-
pared. The activities of the catalysts studied were also
compared with that of Pt-containing catalysts for the
process in question, fabricated on various alumina-
borosilicate and silica supports [7].

Since published evidence points to the positive
influence exerted by addition of alkaline-earth, rare-
earth, and transition metals on the activity of catalysts
for purification of exhaust gases of combustion en-
gines, Pt-containing catalysts modified with equal
amounts of Na, Ce, and V compounds were prepared.
Vanadium was introduced directly into SPC in the form
of V2O5 in preparing a ceramic, since it was estab-
lished earlier [8] that catalysts based on SPC + V2O5
exhibit higher activity than SPC-based catalysts.

EXPERIMENTAL

The catalysts were prepared by impregnating a sup-
port with aqueous solutions of H2PtCl6, NaNO2, and
Ce(NO3)3 � 6H2O in amounts (percent relative to
support mass) Pt 0.7 and 1.4, Ce 8, and Na 8. The im-
pregnation was repeated 3 or 4 times. First, Pt(IV)
was deposited, and then modifying additives were de-
posited onto a dried and calcined Pt catalyst. As men-
tioned above, vanadium(V) was introduced directly
into SPC in the form of V2O5 in amount of 8% rela-
tive to the support mass. All the catalysts prepared
in this way were dried in air at 100�C and then cal-
cined in a flow of helium at 500�650�C.

The catalytic activity of the samples was studied
in reactions of conjugated oxidation of CO and re-
duction of NO to N2 in a pulsed microcatalytic in-
stallation (pulse volume 2 cm3, flow rate F of carrier
gas 1 cm3 s�1). The reaction products were analyzed by
gas chromatography, with katharometer as detector
and carrier-gas helium. N2, NO, and CO were sepa-
rated on a column with 5-� NaX molecular sieves
(200 � 3 mm, 50�C). IR spectra of samples of the
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1.4% Pt/(SPC + V2O5) catalyst in Vaseline oil were
recorded on a Specord 75-IR spectrophotometer.
The spectra in Fig. 1 were obtained by subtracting
the base absorption spectrum of Vaseline oil.

The compositions of the catalysts prepared are listed
in Table 1.

The activity of the catalysts in the reaction of con-
jugated oxidation of CO and reduction of NO was
studied using the pulsed method with chromatographic
analysis of the reaction products. The temperature de-
pendence of the conversion � of CO into CO2 and NO
into N2 on the catalysts studied is shown in Fig. 2.

Complete reduction of NO to N2 could not be ob-
served on any of the catalysts. Complete reduction of
NO with propane has not been achieved, either, on
industrial catalysts [9], which is probably due to in-
complete reduction of NO to N2O.

As a comparative characteristic of catalyst activity
was chosen the temperature at which a conversion of
0.5 is achieved. The following activity series of the
catalysts studied in oxidation of CO and reduction of
NO were obtained for � = 0.5: IV > VI = II > I > V >
III and IV > VI > II > III � I > V, respectively.

It can be seen that the highest activity in the reac-
tion of conjugated oxidation-reduction of a CO + NO
mixture is exhibited by catalysts IV and VI, i.e., V(V)
and Ce(III) are effective modifying additives. Raising
the amount of Pt from 0.7 to 1.4% also makes higher
the activity of the SPC-based catalyst. Introduction
of Na ions into an SPC-based Pt-containing catalyst
impairs its activity.

Thus, the results obtained suggest that metal oxides
with low oxygen� metal bonding energy are effective
additives to catalysts for conjugated oxidation of CO
and reduction of NO. However, the bonding energy in
a modifying oxide must exceed the energy of bonding
between oxygen and a noble metal (in the given case,
the oxygen�sodium bonding energy is lower than that
for oxygen and platinum, and, therefore, addition of
sodium ions is inefficient).

Fig. 1. IR spectra of (1) catalyst IV and (2) catalyst IV
treated with CO at 500�C. (A) Absorption and (�) wave
number.

Fig. 2. Conversion � of (1) CO into CO2 and (2) NO into
NO2 on the catalysts vs. temperature T. M = 0.5 g, starting
mixture (vol %): 6NO + 12CO + 82He. Catalyst: (a) I,
(b) II, (c) III, (d) IV, (e) V, and (f) VI.

The activity of the Al2O3-supported catalyst being
tested was found to be lower than that of the SPC-
supported catalysts. Comparison of the activities of
the SPC-based catalysts and those supported by Al2O3

Table 1. Composition of catalysts for conjugated oxidation of CO and reduction of NO
������������������������������������������������������������������������������������

Catalyst � Catalyst composition, wt % � Catalyst � Catalyst composition, wt %
������������������������������������������������������������������������������������

I � SPC + 0.7 Pt � IV � (SPC + V2O5) + 1.4 Pt
II � SPC + 1.4 Pt � V � SPC + 1.4 Pt + 8 Na
III � �-Al2O3 + 1.4 Pt � VI � SPC + 1.4 Pt + 8 Ce

�����������������������������������������	������������������������������������������
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Table 2. Kinetic parameters of the reaction of CO oxidation to CO2 and NO reduction to N2 on Pt-containing catalysts.
������������������������������������������������������������������������������������

� CO oxidation to CO2 � NO reduction to N2

�������������������������������������������������������������������������Catalyst
� T, �C � Ea

app, kJ mol�1 � ln k0
eff � T, �C � Ea

app, kJ mol�1 � ln k0
eff

������������������������������������������������������������������������������������
I � 330�484 � 64.6 � 2.9 � 0.43 � 0.02 � 450�500 � 176.1 � 12.4 � 17.02 � 1.24
II � 320�480 � 45.9 � 1.8 � �2.23 � 0.09 � 460�520 � 130.0 � 9.6 � 10.48 � 0.79
III � 420�522 � 107.4 � 18.1 � 6.41 � 1.11 � 350�540 � 45.39 � 0.8 � �3.29 � 0.07
IV � 320�400 � 185.2 � 29.9 � 24.41 � 4.01 � 348�438 � 103.0 � 12.6 � 7.68 � 0.99
V � 390�600 � 55.6 � 2.6 � �1.26 � 0.06 � 472�520 � 139.6 � 35.3 � 10.33 � 2.77
VI � 320�490 � 65.6 � 1.8 � 1.45 � 0.04 � 320�540 � 59.6 � 2.8 � �0.39 � 0.01

������������������������������������������������������������������������������������

and various fiber glass supports [7] shows that SPC-
based catalysts compare well in efficiency with the
latter in the comparable temperature range.

Table 2 lists kinetic parameters of the reaction of
CO oxidation to CO2 and NO reduction to N2 on Pt-
containing catalysts. The parameters were calculated
using the procedure described in detail in [8].

To determine the composition of a catalyst and
elucidate the mechanism of reactions occurring at its
surface, the IR spectrum of one of the most active
catalysts [1.4% Pt/(SPC + V2O5)] was analyzed be-
fore and after its treatment with carbon monoxide at
500�C (Fig. 1).

The IR spectrum of the catalyst (Fig. 1, curve 1)
contains a strong broad band and several low-intensity
bands in the frequency range 800�400 cm�1. These
latter can be assigned to vibrations of silicate groups
contained in the ceramic. The low-intensity band
peaked at 900 cm�1 and broad bands in the range
1700�1200 cm�1 are associated with vibrations of
phosphate groups, and the strong band at 1200�
900 cm�1 most probably results from superposition of
vibrations of phosphate and silicate groups. The bands
peaked at 1000, 955, 915, 880, and 840 cm�1 corre-
spond to vibrations of the V=O bond (spectrum of
vanadium-containing catalyst was compared with
that of SPC).

Figure 1 (curve 2) also shows the spectrum of a Pt-
containing catalyst pretreated with carbon monoxide
at 500�C. This temperature corresponds to the max-
imum conversion of CO into CO2 and NO into N2
on the given catalyst at the following composition of
the reaction mixture (vol %): 6NO + 12CO + 82He.
When a reaction mixture containing 12 vol % CO and
88 vol % He was passed through the 1.4% Pt/(SPC +
V2O5) catalyst, complete oxidation of CO to CO2 by
oxygen contained in the catalyst was observed ini-
tially, but then the conversion of CO into CO2 started
to decrease gradually. The run was terminated when

CO ceased to oxidize completely. Comparison of
curves 1 and 2 shows that passing carbon monoxide
through the catalyst at 500�C leads to a decrease in
the intensity of the band corresponding to vibrations
of the V=O bond. The data obtained suggest that CO
is oxidized by oxygen from V2O5. This hypothesis is
also supported by a change in the catalyst color on
passing CO through it from red-yellow to dark gray,
which corresponds to transition of V(V) to a more
reduced form.

Thus, it may be assumed that, in passing a CO +
NO mixture through a 1.4% Pt/(SPC + V2O5) catalyst,
CO is adsorbed on active centers of the catalyst and is
oxidized by their oxygen. NO is adsorbed on the
same centers, but subsequent dissociation of NO to
give a nitrogen molecule requires a sufficient number
of active centers reduced by carbon monoxide. Ex-
periments with catalysts based on SPC and SPC +
V2O5 demonstrated that the key role in the reactions
of conjugated oxidation-reduction is played by a noble
metal, since only oxidation of CO occurs in its ab-
sence. It may be assumed that the function of a noble
metal is to catalyze dissociation of an adsorbed NO
molecule.

CONCLUSIONS

(1) A Pt-containing catalyst supported by an origi-
nal synthetic porous ceramic was developed and tested
in the reaction of conjugated oxidation of CO and re-
duction of NO.

(2) The catalyst was modified with oxides of a
number of metals. It was found that the Pt-containing
catalysts developed compare well in efficiency with
the known Pt-containing catalysts on various supports.

(3) An analysis of IR spectra of one of the cata-
lysts yielded data on its composition and allowed an
assumption concerning the mechanism of the reaction
of conjugated oxidation of CO and reduction of NO.
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Abstract�The possibility of obtaining suspensions with very small particle radius and low polydispersity
coefficient in tubular turbulent apparatus though specific hydrodynamics of reagent motion in fast chemical
reactions was studied.

Chemical technology widely employs processes for
obtaining suspensions by the condensation method in
the course of a chemical reaction involving precipita-
tion. In many cases, it is necessary to obtain homo-
geneous finely dispersed suspensions, in particular, in
preparing highly active heterogeneous and microhet-
erogeneous Ziegler�Natta catalytic systems for poly-
merization of olefins and dienes, antiagglomeration
agents for synthetic caoutchoucs, pigments for paints,
etc.

Under industrial conditions, fast chemical reactions
are frequently carried out with suspensions obtained
by mixing starting homogeneous reagents in the tur-
bulent mode effected by blades of centrifugal pumps.
However, this may lead, with high probability, to fail-
ure of moving elements of the pumps and to their
clogging, and in the case of corrosive media, special
corrosion-protective coatings are to be deposited the
working surfaces of apparatus.

Chemical reactions used to prepare finely dispersed
suspensions are commonly of ion-exchange type and,
as a rule, proceed at high rate. Therefore, it is appar-
ently advisable to use in this case a new type of chem-
ical technological apparatus: small-size high-through-
put tubular turbulent apparatus of jet type [1]. The
specific features of operation of these apparatus have
been studied sufficiently well, and they are widely
used in industry [2] to perform fast homogeneous
chemical reactions. However, there have been no pub-
lications concerned with the possibility of their use for
carrying out fast chemical reactions combining homo-
geneous fluid flows with suspension formation.

The aim of this study was to analyze the possibility
of using tubular turbulent apparatus of diffuser-con-
fuser design for obtaining homogeneous finely dis-
persed suspensions by the condensation method in
a fast chemical reaction and to compare their efficien-
cy with that of volume apparatus with mechanical
agitation.

As model served the following fast chemical reac-
tion

H2SO4 + BaCl2 � BaSO4� + 2HCl.

Three methods were used to synthesize suspen-
sions: (1) reaction of barium chloride with sulfuric acid
in a volume mixing apparatus (70%-filled 500-cm3

three-necked vessel) with a rotating rabble operating
as a centrifugal pump and creating high-intensity tur-
bulent flows in the axial direction of the reaction vol-
ume (Fig. 1a); (2) method similar to variant 1 but dif-
fering in that a deflector partition is installed within
the volume of the reaction mixture (Fig. 1a), which
results in higher power consumed for agitation and
intensifies the turbulent mixing of flows [3]; (3) re-
action of the starting reagents (aqueous solutions of
H2SO4 and BaCl2) directly in a six-section tubular
turbulent apparatus of diffuser-confuser design (diam-
eter of diffuser 24 mm, that of confuser 10 mm, sec-
tion length 48 mm) at linear flow velocity of the re-
agents V � 0.5 m s�1 (Fig. 1b). In order to make great-
er the ratio of nucleation and crystal growth rates, so
that systems as finely dispersed as possible could be
obtained, concentrated (0.52 M) and diluted (0.03 M)
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aqueous solutions of, respectively, BaCl2 and H2SO4
were used.

Dispersion analysis of the BaSO4 suspensions ob-
tained was made by the method of sedimentation in
a gravitational field on a torsion balance by the con-
ventional procedure [4]. To diminish the probability
of particle interaction in the course of sedimentation,
diluted solutions of BaSO4 suspensions were obtained
(�0.35 wt %). The results of sedimentation analysis
were processed by means of graphical differentiation
of the sedimentation curves (Fig. 2). For this purpose,
the sedimentation dependences of the mass of pre-
cipitate, m, on time � were approximated with a sig-
moid three-parameter function of the type

m(�) = ���������.
1 + exp _ ���

� _ x0
b

a

�
�

�
�

(1)

The coefficients a, b, and x0 in Eq. (1) and the
error in approximation of the experimental sedimenta-
tion curves (Fig. 2) are listed in the table.

In this case, in accordance with the Svedberg�Oden
equation [4], the mass mi of a fraction of suspension
particles with radius r > ri, sedimented by instant of
time �i, was calculated as

_ �i �����������.
b 1 + exp _ ����

2�i
_ x0
b

exp _ ���� a
b

�i
_ x0

mi = ����������
a

1 + exp _ ����
�i

_ x0
b

�
�

�
�

�
�

�
�

	 

� �

(2)

A microscopic analysis of the suspensions obtained
demonstrated that BaSO4 particles show clearly pro-
nounced anisometry (have the form of rods with length
to diameter ratio of about 4, which accounts for the
sigmoid shape of sedimentation curves with an inflec-
tion). At the initial instant of sedimentation, rotation
of a rod-like particle is possible, which gives rise to
an additional resistance to its motion and leads to
slowing down of sediment accumulation. In addition,
nonspherical particles are oriented in the motion di-
rection in free sedimentation in such a way that the
highest resistance to motion is created. This also
makes slower the sedimentation of solid particles in
a fluid and hinders determination of their true dimen-
sions. Because of this circumstance, the equivalent
radius re (radius of a spherical particle sedimenting at

Fig. 1. Schematic of experimental setup. Suspension syn-
thesis: (a) in a volume apparatus of mixing (variants 1 and 2)
and (b) in tubular turbulent apparatus. (1) Deflector par-
tition; (2) rabble operating as centrifugal pump; (3) elec-
tric drive of rabble; (4) three-way valve; (5) tubular tur-
bulent apparatus; (6, 7) vessels for, respectively, H2SO4
and BaCl2 solutions.

Fig. 2. Sedimentation curves for BaSO4 particles. (m) Sed-
iment mass and (�) time. Agitation rate N (rpm): (vari-
ant 2) (1) 300, (2) 1500, and (3) 2500; (4) tubular appara-
tus. Points, experiment; lines, approximating function.

the same velocity) was determined from the results of
sedimentation analysis.

It can be seen from Fig. 2, that, with increasing
agitation rate, the sedimentation curves shift to the
range of smaller particles (longer sedimentation time),
i.e., the mean particle radius decreases with increasing
intensity of turbulent mixing in the reaction zone. In
view of the fact that the differential particle size dis-
tribution of the dispersed phase, F(re ), is a typical
distribution function of a random variable, the most
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Approximation characteristics (correlation factor R = 0.99)
����������������������������������������

N, � a � b � x0rpm � � �
����������������������������������������

Volume apparatus of mixing (variant 2)

300 � 295.1 
 2.1 � 6.6 
 0.2 � 32.4 
 0.2
1500 � 289.8 
 3.2 � 14.2 
 0.6 � 72.8 
 0.8
2500 � 293.3 
 1.8 � 19.1 
 0.6 � 88.9 
 0.8

Tubular turbulent apparatus

� 303.2 
 2.6 � 30.7 
 1.1 � 138.7 
 1.4
����������������������������������������

probable (integral-average) radius rmp of suspension
particles was calculated using the relation

�mp = �����.
� reF(re )dre

�

� F(re )dre

�

0

0

(3)

It can be seen (Fig. 3) that, in the case when vo-
lume apparatus of mixing (variants 1 and 2) are used
to obtain suspensions, rmp decreases with increasing
agitation rate N (from rmp = 4.6 �m without agitation
to rmp = 1.2 �m at N = 5000 rpm). In the given case,
the reaction mixture is sufficiently diluted under the

Fig. 3. Most probable radius rmp of BaSO4 particles
vs. agitation rate N. (1) Tubular turbulent apparatus; vol-
ume apparatus of mixing: (2) variant 1, (3, 4) variant 2,
(4) after preliminary forming without agitation and aging
for 90 min; the same for Fig. 4.

Fig. 4. Polydispersity coefficient rw /rn of BaSO4 particles
vs. agitation rate N.

experiment conditions and raising the intensity of tur-
bulent agitation cannot intensify significantly the
mass transfer and, as a consequence, make higher the
growth rate of crystals and, in the end, their size.
A noticeable decrease in the particle radius of the
dispersed phase occurs because of the high rate of
micromixing, whose intensity grows when dissipation
of the specific kinetic energy of turbulence, �, be-
comes stronger with increasing agitation rate [5].

At high rate of micromixing, the ratio of nucleation
and crystal growth rates grows, which leads to an in-
crease in the number of nuclei of the new phase and
to a decrease in rmp. This is, in particular, observed
with the deflection partition (variant 2), which makes
higher the intensity of turbulent mixing in the volume
apparatus. In this case, the relative rate at which rmp
decreases with increasing rotation rate N of the rabble
is higher than that in variant 1. It is noteworthy that,
with the agitation rate in the volume apparatus (vari-
ants 1 and 2) increasing up to the maximum possible
in laboratory (N � 5000 rpm), rmp approaches the
particle size (rmp � 1.1 �m) of a suspension obtained
in a tubular turbulent apparatus with high intensity of
turbulent agitation ensured exclusively by the channel
geometry and hydrodynamic energy of the flow [1].

In order to evaluate the degree of polydispersity of
the suspensions obtained on the basis of the sedimen-
tation curve (Fig. 2), the weight-average (rw) and
number-average (rn) radii of particles were calculated:

rw /rn = ���� ,
� ri nwi

� ri nni
(4)

where nwi and nni are the weight and number fractions
of particles with radius ri.

For a homogeneous suspension, the polydispersity
coefficient rw/rn = 1. With increasing intensity of ag-
itation in formation of solid particles in the system by
variant 1, the polydispersity coefficient decreases from
rw/rn = 2.8 without agitation to rw/rn = 1.55 at N =
5000 rpm (Fig. 4). The homogeneity of the suspen-
sion obtained by variant 2 remains virtually unchanged
(rw/rn � 1.77) with increasing intensity of turbulent
agitation. Carrying out a fast reaction with precipita-
tion in a tubular turbulent apparatus makes it possible
to obtain suspensions with rather high homogeneity:
rw/rn � 1.48 (Fig. 4).

Naturally, it seemed appropriate to analyze the char-
acteristics of suspensions subjected to hydrodynamic
treatment after preliminary aging without agitation,
rather than at the instant of formation. For this pur-
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pose, the starting reagents (aqueous solutions of H2SO4
and BaCl2 ) were brought into reaction in the absence
of agitation, with aging for 90 min and subsequent
turbulent agitation of the resulting suspensions by
variant 2 in a tubular turbulent apparatus.

It was found that, in this case, the mean particle
radius does not grow with suspension aging (Fig. 3,
curve 4). No sharp decrease in the radius of solid par-
ticles obtained without agitation (Fig. 3, curve 4)
with respect to that in suspensions obtained at varied
rotation rates of the rabble (Fig. 3, curves 2 and 3) is
observed with increasing intensity of turbulent agita-
tion of a mixture containing the preliminarily formed
suspension. This was also demonstrated in [6]. How-
ever, highly dispersed particles with rmp = 1.2 �m are
formed under high-intensity hydrodynamic treatment
in a volume apparatus (N = 5000 rpm). Use of a tu-
bular turbulent apparatus for treatment of a mixture
aged for 90 min yields dispersed systems with even
smaller particles with rmp � 1.1 �m (Fig. 3, curve 1).

A similar situation is observed for the polydisper-
sity coefficient rw/rn of the suspensions obtained
(Fig. 4). Use of a tubular turbulent apparatus both
at the instant of suspension synthesis and in treat-
ment of a preliminarily obtained, and aged for 90 min,
dispersed system yields rather uniform particles with
polydispersity coefficient rw/rn � 1.48 (Fig. 4, curve 1).

Thus, it was found that it is advisable to use small-
size high-throughput tubular turbulent apparatus when
performing fast chemical reactions to obtain homo-
geneous highly dispersed suspensions. In this case,
the residence time of the reaction mixture in the ap-
paratus is 2�3 s, which makes lower the probability
of secondary processes. As a result, it is necessary to
use tubular turbulent apparatus for obtaining Ti�Al,
V�Al, Nd�Al, and other highly active microhetero-
geneous Ziegler�Natta catalytic systems in (co)poly-
merization of olefins and dienes (cis-1,4-isoprene,
ethylene-propylene, cis-1,4-butadiene, and other caou-
tchoucs), antiagglomeration agents (M2+ stearates) for

synthetic caoutchoucs, pigments (in particular, those
based on TiO2 ), and other homogeneous highly dis-
persed suspensions formed in interaction of homoge-
neous fluid flows. Apparently, apparatus of this type
compare well in efficiency of suspension synthesis
with pump-type or other energy-intensive equipment.

CONCLUSION

Use of tubular turbulent apparatus of diffuser-con-
fuser design both directly in synthesis and in treat-
ment of a finished BaSO4 suspension makes it pos-
sible to obtain finely dispersed systems with mean
equivalent particle radius of the dispersed phase, rmp �

1.1 �m, and polydispersity coefficient rw/rn � 1.48,
which is ensured in a volume apparatus with mechan-
ical stirrer only at agitation rates exceeding 2000 rpm.
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Abstract�The structure of flows was studied experimentally in continuous flow-through apparatus in various
flow modes.

In studying the structure of flows in continuous
flow-through apparatus and reactors, it is commonly as-
sumed that there is no concentration gradient in the
radial direction [1, 2], i.e.,

�c/�r = 0. (1)

However, this assumption is only valid for low-vis-
cous media in the case of a turbulent flow and geo-
metric simplex [3]

l/d > 100. (2)

In industrial tubular apparatus and reactors, the
media being processed have considerable viscosity
and the length of the tubes commonly exceeds their
diameter by only an order of magnitude, since these
geometric dimensions are chosen in accordance with
the results obtained in solving simultaneously the
equations of material and heat balance [4]. The au-
thors of the present communication studied experi-
mentally the dependence of the indicator concentra-
tion on tube radius.

The experimental setup had the form of a hol-
low tube with inner diameter of 58 mm and length
of 1 m, i.e., with a geometric simplex l/d = 17.3
(Fig. 1). Service water with kinematic viscosity � =
1.1 � 10�6 m2 s�1 was pumped through the tube. Three
concentration transducers were mounted in the middle
of the tube at x = l/2 (at the flow axis r = 0, in the mid-
dle of the radius r = R/2, and at the inner wall r = R).

The experiments were carried out as follows. Water
was fed into the tube inlet at a prescribed flow rate.
Then, at instant of time � = 0, an indicator, 1 ml of

a concentrated solution of common salt, was intro-
duced into the flow in pulsed mode. Preliminarily,
the concentration transducers were calibrated using
balance resistance bridges. The ratio between the vol-
ume of the indicator and that of the fluid in the tube
was less than 0.04, i.e., satisfied the requirement that
the indicator should not affect the structure of the
main flow [1, 2]. The concentration curves obtained
are shown in Fig. 2.

As seen from the concentration curves, no concen-
tration equalization occurs in the laminar flow. Mo-
lecular diffusion cannot ensure, even for such a low-
viscous fluid as water, a uniform distribution of the
reaction mass along the radius. In the intermediate
mode (Fig. 2b), the influence of convective mass trans-
fer on the concentration equalization along the radi-
us is noticeable. Turbulent pulsations and vortices
(Fig. 2c) well equalize the concentration along the ra-
dius. In this case, there is no need for static or dy-
namic mixers, even though the longitudinal mixing
gives no way of describing the concentration curve of
the turbulent flow by the �one-seventh� law valid for
a developed turbulent flow with Re > 105 [5]:

Fig. 1. Schematic of the setup used to determine the depen-
dence of the indicator concentration on radius. (1) Tube,
(2) pipe for introduction of indicator, and (3) concentration
transducer. l = 1 m is the pipe length.
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v = v0(1 � r/R)1/7,

C = 14(�0
7/�9)[1 � (�0/�)7], �

�
�
�

�
(3)

where v0 = (120/98)vav; vav, the average flow veloc-
ity; C, the response function of the turbulent flow; � =
�/�av, dimensionless time; �, running time; �av, the av-
erage residence time equal to the ratio of the apparatus
volume to the flow rate through the apparatus; �0 =
�0/�av, the relative residence time at the flow axis; �0,
the residence time at the flow axis.

At the same time, in the case of Poiseuille’s veloc-
ity profile, the response function [second equation in
the system (4)] is �broadened� for the laminar flow,
too, by molecular diffusion in a low-viscous fluid.
This occurs both in the longitudinal and in the radial
directions:

v = 2vc[1 � (r/R)2],

C = 1/(2�3). �

�
�
�

�
(4)

To equalize the concentrations in the radial direc-
tion and to diminish the effect of reverse mixing, it
is necessary to decelerate the flow along the axis of
an apparatus or reactor and to raise the velocity in
the peripheral zone. In addition radial mixing is to be
simultaneously ensured in both the zones.

Both these tasks can be accomplished in a contin-
uous ribbon screw mixer (Fig. 3). This mixer com-
prises a cylindrical casing 1, drive 2, charging orifice
3 displaced toward the drive 2, discharging unit 4 at
the opposite end of the casing 1, ribbon screw actuator
in the form of a twin screw mixing element with in-
ternal coil 5 and external ribbon coils 6. A planetary
mechanism 7 with central tooth gear 8 and pinions 9
engaged with the gear is mounted coaxially with the
drive and with the internal ribbon coil 5. The pinions 9
are mounted in line with the external ribbon coils 6.

The rotation of the ribbon coils gives no way of
mounting static concentration transducers within the
casing. However, comparison of the response function
of a tubular apparatus with that of the apparatus with
the ribbon screw mixer described here shows that, at
an adequate choice of the ratio of the angular veloc-
ities �1 and �2, the variance of the response function
decreases by a factor of 3�4 in the case of a lami-
nar flow (Fig. 4). A characteristic feature of the flow
structure in the apparatus of the design proposed is
the presence of two concentration peaks, which is ac-
counted for by the existence of a central and periph-
eral zones. Undoubtedly, the reduction gear and three

Fig. 2. Indicator concentration ci vs. time � after indicator
introduction. Flow type: (a) laminar (Re = 530), (b) inter-
mediate (Re = 5300), and (c) turbulent (Re = 21100). Flow
line radius r (1) 0, (2) 0.5R, and (3) R; the same for Fig. 6.

Fig. 3. Schematic of a continuous ribbon screw mixer.

Fig. 4. Response curves of (1) hollow apparatus, (2) ap-
paratus with continuous ribbon mixer at �1 = 15 and � =
45 s�1, and (3) mixing reactor. (ci) Indicator concentration
and (�) relative dimensionless time. Apparatus scheme:
(1) Fig. 1, (2) Fig. 3, (3) Fig. 5.
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Fig. 5. Schematic of mixing reactor.

Fig. 6. Indicator concentration ci vs. time � after indicator
introduction in the case of a laminar flow (Re = 530) and
Reynolds number of the stirrer, Res = 340.

ribbon screws make the apparatus design more com-
plex.

To simplify the design, a mixing reactor with a sin-
gle screw, ensuring longitudinal flow with good radial
mixing, can be used. The schematic of the design sug-
gested is shown in Fig. 5 [6]. Analysis of the response
curve of this apparatus shows (Fig. 4, curve 3) that
the variance decreases by a factor of 1.2�1.3, i.e., is
lower than that in the ribbon screw mixer described
above. However, the last design is simpler in fabrica-
tion and operation. Moreover, with a radial slit cut in
the ribbon of screw 2 as far as the shaft 1, concentra-
tion transducers can be easily mounted in accordance
with Fig. 1.

The result obtained in studying the dependence of
the indicator concentration on the flow line radius are
shown in Fig. 6. Comparison of the concentration
curves in Fig. 6 with similar curves for a hollow tube
shows that a screw with propeller agitators at coil
crests equalized the concentrations along the radius
and makes the variance of the curves lowr by a factor
of 1.6�1.8.

Compared with the screw of the conventional de-
sign, the variance of the response curves is virtually
unchanged, but the dependence of the concentration

curves on radius is preserved (as shown in Fig. 2a,
even though the curves themselves become narrower
and higher).

Thus, in the case of a turbulent flow, auto-equal-
ization of the flow concentrations along the radius
is caused by pulsations and vortices, but ideal plug
flow cannot be ensured at l/d � 20.

Mounting screw mixers of special design in con-
tinuous apparatus makes it possible to make the flow
close to the ideal plug flow (variance < 0.1) and to en-
sure the ideal mixing along the radius in the case of
a laminar flow.

CONCLUSIONS

(1) Analysis of experimental response curves ob-
tained for the internal volume of the apparatus shows
that, to intensify the radial mixing and to level the ve-
locity profile along the radius, it is necessary to mount
additional mixing devices, especially at low flow ve-
locities of the reaction mass and its high viscosity.

(2) On the basis of analysis of the response curves
obtained, new designs of flow-through continuous ap-
paratus are suggested.
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Abstract�Results obtained in determining experimentally the mean volume-surface drop diameter of
the dispersed phase in a multistage bubble extractor are presented.

The experience gained in designing and introduc-
ing into industrial practice fluid extractors with pneu-
matic agitation shows that bubble extractors of the
mixing-settling type are the most efficient under
the conditions of multistage counterflow extraction
[1]. Particularly important for apparatus of this kind is
that data obtained on pilot installations and even in
laboratory are quite reliable and can be used to pass to
industrial conditions [2].

In carrying out extraction processes in bubble ex-
tractors, one of liquid phases is dispersed into drops
under the action of the inert gas used for agitation. As
a rule, the dispersed phase is a polydisperse system
of drops whose size distribution (or interfacial area)
affects, first, the rate of mass exchange across the
phase boundary and, second, the rate and extent of
phase separation in the settling part of each stage of
the extractor.

Theoretical description of mass transfer in a poly-
disperse system of drops involves severe difficulties,
and, therefore, to simplify calculations, most of re-
searchers replace the polydisperse system with a mono-
disperse one, with particle size equal to mean particle
size of the polydisperse system. This allows relations
obtained for a single drop to be used when calculating
the mass-transfer coefficients [3].

Passing from a polydisperse to monodisperse sys-
tem for calculating the coefficients of mass transfer
from drops into the continuous medium was sub-
stantiated in [4], where it was shown theoretically that
relations for an isolated drop can be used if the drop

diameter is replaced with a volume-surface mean drop
diameter in the polydisperse system.

The specific area of the phase boundary can be
calculated using the relation [5]

Fsp = 6� /dvs , � = Vd /(Vc + Vd ), (1)

where � is the volume fraction of the dispersed phase;
Vc and Vd, the flow rates of the continuous and dis-
persed phases (m3 s�1); dvs, the mean volume-surface
drop diameter (m).

The severity of difficulties encountered in attempts
to describe analytically the disintegration of drops
in fluid�fluid systems for any method used to supply
external energy forced authors of numerous studies to
take an empirical approach to this problem [6].

The mean volume-surface drop diameter was de-
termined under the conditions of pneumatic agitation
in a particular industrial process of double extrac-
tion of caprolactam [7] on a three-stage model bub-
ble extractor. The drop diameters were found photo-
graphically [8] on a special-purpose laboratory instal-
lation.

The model extractor had the following geometric
dimensions (mm): inner diameter of the glass casing
104, diameter of the external pipe of the mixer 50,
diameter of the internal pipe of the mixer 33, section
(extraction stage) height 400.

In the experiments, the flow rates of fluids and
the inert gas were varied within the following ranges
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Table 1. Physicochemical properties of fluids
����������������������������������������

�Continuous phase� Dispersed phase � �
��������������������������� �
� �c , ��c�103,� �d, ��d�103,� �

�

�kg m�3� Pa s �kg m�3� Pa s � �
����������������������������������������

1 � 880 � 0.88 � 1036 � 2.8 � 2.77 �0.193� � � � � �
2 � 868 � 0.62 � 1028 � 1.4 � 5.6 �0.138� � � � � �
3 � 859 � 0.53 � 1023 � 1.00 � 10.8 �0.096

����������������������������������������

(l h�1): light fluid 80�240, heavy fluid 25�80, inert
gas (nitrogen) 77�306. The physicochemical prop-
erties of the fluids studied are listed in Table 1.

The sizes of all drops were measured using a mi-
croscope, with a calibrated wire 1 mm in diameter,
placed in the settling zone of an extractor stage, serv-
ing as a scale for determining the true sizes of
drops.

In each run, data for 250�600 drops were cal-
culated, depending on dispersity.

The whole range of drop sizes obtained was
divided into intervals of 10 �m and the mean di-
ameter di and number of drops in each interval were
determined. Further, the total volume of drops in
a group, volume of drops smaller than di in size, and,
finally, volume fraction of drops smaller than di were
determined.

The figure shows the drop size distributions, de-
pending on physicochemical properties of fluids and
conditions of their dispersion in a stage of the bubble
extractor.

Distribution y of drops over sizes d in pneumatic disper-
sion. w�g (m s�1): (1, 4) 0.1, (2, 5) 0.05, and (3, 6) 0.025.
�av (s): (1�3) 10.6 and (4�6) 5.3.

Previously, a relation for determining the admis-
sible diameter of drops carried away from the settl-
ing zone, in calculating the diameter of a bubble ex-
tractor, has been obtained by processing of exper-
imental data [9]:

d5 = 4.96�10�6 (�0.35�0.8)/(�wg
0.2 �av

0.45�c
1.1), (2)

where d5 is the drop diameter corresponding to rel-
ative drop volume fraction of 5%; �, the interfacial
tension (N m�1);

�
wg, the reduced gas flow velocity in

the mixer (m s�1); �av, the average residence time of
fluids in the mixer (s); �c and �d, the viscosities of
the continuous and dispersed phases (Pa s); �c and �d,
the densities of the continuous and dispersed phases
(kg m�3).

Analysis of the type of variation of the parameters
appearing in relation (2) shows that they are totally
dependent on the mechanism of drop disintegration
[5, 6, 8].

The mean volume-surface drop diameter dvs from
the logarithmic probability equation for the upper
limit is given by the expression [10]

dvs = dmax / [1 + aexp(0.25� 	�)], (3)

where dmax is the maximum drop diameter in the
emulsion (m); a and � are constant distribution pa-
rameters.

According to [11], it is recommendable to take
� = 0.725 and to determine the distribution parameter
a from the equality

a = (dmax � d50 ) / d50 , (4)

where d50 is the drop diameter corresponding to rel-
ative drop volume fraction of 50%.

In its turn, dmax can be found from the relation

dmax / d50 = [d50 (d90 + d10 ) � 2d90 d10 ] / (d 2
50 � d90 d10 ),

(5)

where d90 and d10 are the drop diameters correspond-
ing to volume drop fractions of 90 and 10%.

The results obtained in processing the experimental
data from the figure by relations (3)�(5) are listed
in Table 2.

The data in Table 2 suggest that the mean volume-
surface drop diameter dvs in a multistage bubble ex-
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Table 2. Results of experimental data processing
������������������������������������������������������������������������������������

Parameter
� Curve no. in figure
��������������������������������������������������������������������������
� 1 � 2 � 3 � 4 � 5 � 6

������������������������������������������������������������������������������������
d90 , �m � 490 � 585 � 690 � 710 � 780 � 870
d50 , �m � 400 � 470 � 530 � 600 � 640 � 682
d10 , �m � 305 � 350 � 395 � 438 � 465 � 490
dmax , �m � 730 � 870 � 980 � 816 � 975 � 1360
a � 0.825 � 0.85 � 0.9 � 0.36 � 0.52 � 1.0
dvs , �m � 376 � 442 � 480 � 578 � 610 � 635
d5, �m � 278 � 310 � 360 � 420 � 435 � 470
K � 1.35 � 1.35 � 1.34 � 1.37 � 1.37 � 1.35
������������������������������������������������������������������������������������

tractor can be calculated using the dependence ob-
tained for d5 [9] with a constant K = 1.35 introduced:

dvs = 1.35 d5 = 6.7 � 10�6 (�0.35�0.8) / (�wg
0.2 �av

0.45�c
1.1)
(6)

Thus, the experimentally determined curve of the
drop volume distribution over drop size can be used to
determine with sufficient accuracy important param-
eters of a fluid�fluid system, such as the admissible
diameter of carried-away drops, d5, necessary for cal-
culating the dimensions of the settling zone of an ap-
paratus, and the mean volume-surface drop diameter
dvs, depending on physicochemical properties of fluids
and conditions of pneumatic agitation in the mixing
zone of the bubble extractor.
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Abstract�Oxidation of 1,3-diformyl-2,4,6-triethylbenzene with chromium anhydride in diluted H2SO4 to
form 1,3-di(hydroxymethyl)-2,4,6-triethylbenzene was studied.

Synthesis of nitrile oxides [1], which are used as
efficient cross-linking agents, has become industrially
important for production of polymeric formulations
containing porophore-like compounds. 1,3-Di(nitrile
oxide)-2,4,6-triethylbenzene, whose stability is ensured
by three alkyl substituents screening the nitrile oxide
groups, is among such compounds.

The synthesis of the above compound includes
the stage of preparation of 1,3-diformyl-2,4,6-triethyl-
benzene (I) as an intermediate [1]. This stage may
proceed with the formation of the largest amount of
impurities and is, in the end, responsible for the qual-
ity and yield of the target product. Industrially,
compound I is commonly obtained by oxidation of
1,3-di(hydroxymethyl)-2,4,6-triethylbenzene (II) with
Cr(VI) in an aqueous solution of sulfuric acid, with
the yield of the reaction product not exceeding 50�
55% [2].
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As is known [3], transformation of a hydroxymeth-
yl compound into a formyl compound can be accom-

panied by further oxidation of aldehyde groups to
carboxy groups [3]. Dimerization and polymerization,
involving the initial and final products of this stage
[4], and also oxidation of alkyl groups to aldehyde
and carboxy groups, may proceed simultaneously [5].
The rates of the above reactions are comparable, and
their extent depends on the reaction conditions, i.e.,
component ratio, temperature, and time.

Therefore, when formylation is performed under
nonoptimal conditions, the reaction product may
contain a wide variety of impurities, from the starting
diformyl compound to dicarboxylic acid and triethyl-
benzene. In addition, Cr(VI) is apparently transformed
not only into chromium(II) sulfate removable by wash-
ing with water, but also into water-insoluble chromi-
um(III) oxides. The presence of these latter in the re-
action mass hinders isolation of the target product and
results in its contamination.

In this study, the optimal conditions of formylation
of compound I were determined to obtain the target
product in maximum yield with high content of
the main substance.

The complex composition and instability of the fi-
nal reaction product make a kinetic study of the pro-
cess difficult. For this reason, we solved this problem
using the mathematical experiment design [7�9],
which allows construction of a mathematical model of
the process and its optimization with minimum ex-
perimental effort [10�12].

EXPERIMENTAL

The whole set of tests was performed under identical
conditions on an installation consisting of a 500-ml
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jacketed glass reactor with bottom drain (see figure).
The apparatus was equipped with a four-blade high-
speed agitator, thermometer, and a thermocouple con-
nected to a KSP-4 recorder. The jacket of the reactor
was connected to a U-2 thermostat and a cold-water
line by two heat-transfer-agent circuits, which ensured
control of the reactor temperature in the range from
10 to 90�C. The volume of the reaction mass was
constant in all the tests (400 ml). Calculated amounts
of compound II and diluted H2SO4 were charged into
the reactor. The mixture was agitated for 30 min to
create a uniform suspension and warmed to 25�C
(fixed temperature of the reaction onset), and then
a 50% aqueous solution of CrO3 was added. After
that, the reaction mass was heated to the required
temperature for 5�10 min and kept at 53�55�C for
60 min.

In the first stage of the study, the reaction mass
was allowed to stay for 1 h. In the second stage,
the reaction mass was heated, on adding a CrO3 so-
lution, to a temperature determined from the disign
matrix of a full factorial experiment (FFE) and kept
at this temperature for a time also determined by
the FFE matrix. Then, cold water was fed into the re-
actor jacket to cool the reaction mass to 15�20�c, and
the target product I was extracted with carbon tetra-
chloride. The extraction was done with three portions
of the solvent: the volume of the first portion was
numerically equal to the mass of compound II taken
for the reaction. The volumes of the second and third
portions were half the above mass. The extraction time
was 10�15 min, and the separation time, 20�30 min.
The layers were separated in a separating funnel. Since
the target product I is unstable, the joint extract was
immediately used for preparing 1,3-diformyl-2,4,6-tri-
ethylbenzene dioxime (III) (reaction proceeds in
quantitative yield [5, 6]) by the known procedure [3].
The oximes were formed in a 1000-ml three-necked
flask equipped with a high-speed agitator rotating at
fixed rate and a thermometer.

Water was poured into the reactor, and NaOH (sol)
was added under agitation. After NaOH was dis-
solved, the extract containing aldehyde I and then
(NH2OH2) � H2SO4 were added. The pH of the reac-
tion mass was measured every 10�15 min and adjust-
ed to 6.5�7.0 with NaOH(sol) or (NH2OH2) � H2SO4.
The reaction mass was heated to 45�50�C and kept at
this temperature for 1 h. After that, NaOH(sol) was
added in an amount necessary for oxime III to be
transformed into the corresponding disodium salt.
The reaction mass was kept at 45�50�C for another
1 h, cooled to 20�25�C, poured into a separating
funnel, and allowed to settle for 0.5 h. The lower

Schematic of the formylation set-up: (1) reactor; (2) agi-
tator; (3) thermometer; (4) thermocouple; (5) KSP-4 re-
corder; (6) U-2 thermostat; (7) valve; (8) T-joint;, h.w and
c.w stand for hot and cold water, respectively.

(organic) layer was separated, whereas the aqueous
solution of disodium salt of oxime III was placed in
the reactor again and its pH was adjusted to 6.5�7.0.
For a sediment of product III to be formed, the solu-
tion was kept at room temperature for 1 h. The sed-
iment was filtered off, washed with water, and dried at
50�55�C in a thermostat to constant mass. The mass
of the substance, its boiling point, and the content of
the main substance were determined by liquid chro-
matography (LC).

A quantitative analysis was done on a Milikhrom
liquid chromatograph with a 64 � 2-mm KAKh-2 col-
umn packed with Separon-C18 (grain size 5 �m). As
eluent served a mixture of dioxane, acetonitrile, and
water (volume ratio 1 : 4.5 : 4.5).

An analysis of an a priory information about for-
mylation made it possible to reveal a number of in-
fluencing factors (independent variables), examine
them, and arrange them in order of increasing priority
for the problem to be solved. To these factors we as-
signed, in the first place, the relative amounts of the
starting components and the process temperature and
time.

As optimization criterion (response function) served
the yield of the target product, with account taken
of the content of main substance in the target product,
i.e., its quality.

In the first stage of the study, a FFE was carried
out (Table 1, run nos. 1�8). To eliminate, to the max-
imum possible extent, the effect of interaction, the fol-
lowing three factors, determining the relative amounts
of the starting components, were used originally: x1,
the excess of CrO3 with respect to its amount re-
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Table 1. Results of realization of OCCD matrix*

����������������������������������������
Run � Concentration of main substance (%) � Yield,
no. � in parallel runs � %
����������������������������������������

1 � 99 � 63
2 � 99 � 63
3 � 98 � 66
4 � 98 � 65
5 � 97 � 56
6 � 81 � 48
7 � 92 � 51
8 � 86 � 55
9 � 98 � 57

10 � 100 � 64
11 � 98 � 59
12 � 100 � 61
13 � 82 � 58
14 � 88 � 54
15 � 99 � 62
����������������������������������������
* Values averaged over two parallel runs.

Table 2. Estimate of the experiment reproducibility*

����������������������������������������

Characteristic
� Value of
� criterion

����������������������������������������
Maximum of the estimated reproduci- � 31.75
bility variances, Ssp �
Sum of estimated reproducibility � 15.82
variances, Si

2 �
Cochran criterion, Gcal [8, 9] � 0.50
Cochran criterion Gtab for P = 0.95 � 0.68
and N = 8 �
Estimated reproducibility � Gtab > Gcal
Number of runs N � 8
Number of parallel runs k � 2
Number of degrees of freedom f for Sj

2 � 1
( f = k � 1) �
Estimated reproducibility variance Sy

2 � 3.97
Number of degrees of freedom for Sy

2 � 8
[ f = N(k � 1)] �
Estimated variance of the mean Sy

2 value � 1.98
Number of degrees of freedom � 15
����������������������������������������
* Calculations were based on the data of Table 1.

quired by stoichiometry (%); x2, the H2SO4 amount
[mol mol�1 of initial compound II]; x3, the acidity
of the reaction mass in terms of H2SO4 concentra-
tion in the total amount of water used in the pro-
cess (%).

The levels of factors and their variation ranges
were chosen on the basis of an a priory information.
The other formylation factors, i.e., the temperature of
the beginning of introduction of a Cr2O3 solution,
time of introduction, and also exposure temperature
and time, were also fixed on the basis of a priory
information at the levels considered to be optimal.
The systematic experimental error was compensated
for by the randomization method. The reproducibility
of the experiment was estimated (Table 2), the coef-
ficients of the regression equation (1) were calculated,
the significance of the regression coefficients was de-
termined, and the adequacy of the model was verified:

y = 58.31 + 0.83x1 � 0.94x2 + 5.94x3

+ 1.36x1x2 � 1.59x1x2x3. (1)

The high value (5.94) of the coefficient of x3 shows
that the factor x3 (H2SO4 concentration) strongly af-
fects the optimization parameter, i.e., the yield of
the target product I. The sign �+� means that, with
the given factor increasing, the optimization param-
eter increases too, in good agreement with the data of
[13, 14], according to which the oxidizing capacity
of Cr(VI) strongly depends on the acidity of the reac-
tion mass and on the ability of Cr(VI) ions to form
complex compounds. Thus, the sulfuric acid concen-
tration in the oxidizing system affects rather strongly
the oxidation direction and the purity of the target
product.

Application of the steep-ascent method failed to
find a maximum in the region studied. This may be
a consequence of the possible curvature of the re-
sponse surface, which is indicated, despite the formal
adequacy, by the significance coefficients of the dou-
ble and triple interaction terms. For adequate math-
ematical description of the process, we used the sec-
ond-order regression equation derived using the or-
thogonal central composition design (OCCD). The
OCCD matrix is standard for all the three factors [8]
and is not randomized. The design of the first order,
the FFE matrix, was completed to the OCCD plan
by runs carried out at the center points (Table 1, run
nos. 10�15). The results of its realization are listed in
Table 1. These data were used to determine the coef-
ficients of the second-order regression equation (2)
and to estimate the significance of the equation coef-
ficients and its adequacy.

y = 60.43 � 0.95x2 + 4.69x3 + 1.36x1x2

(2)� 1.59x1x2x3 � 2.77x3
2.
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Table 3. Results of tests of potentially optimal modes
������������������������������������������������������������������������������������

� � � � Product � Product yield, %
� � � ������������������������������������������������������

Run � x1
� x2

� x3
� � content � experimental �

Box’s� � � � � ������������������������no.
� � � � Tmp,* � of main � raw � recalculated to � calculation
� � � � � substance, % � � 100% content �

������������������������������������������������������������������������������������
1 � 19.7 � 2.0 � 15.0 � 105 � <60 � � � � � 72
2 � 0.3 � 2.0 � 15.0 � 110.5 � 74 � 67 � 50 � 67
3 � 0.3 � 3.0 � 15.0 � 115.5 � 87 � 69 � 60 � 66
4 � 3.5 � 3.0 � 15.0 � 120 � 100 � 69 � 69 � 70
5 � 3.5 � 3.0 � 22.0 � 113 � 81 � 67 � 54 � 77
6 � 3.5 � 3.0 � 26.4 � 109 � 69 � 67 � 47 � 79

������������������������������������������������������������������������������������
* The melting point of recrystallized sample is 121�C.

The equation is adequate to the experimental data
within the range of the influencing parameters, studied
here.

The second-order model developed was optimized
using Box’s complex method [12], which made it
possible to calculate the coordinates of the maximum
of the target function.

The data of Table 3 show that the maximal yield is
achieved at the boundary of the factor space. An at-
tempt to perform the experiment at the point obtained
in optimization (Table 3, run no. 1) failed owing to
the impossibility to separate the reaction mass in ex-
traction.

Apparently, at large excess of chromium anhydride
and stoichiometric amount of sulfuric acid (Table 3,
run no. 1), we presumably obtain a considerable
amount of water-insoluble chromium(III) oxide, which
serves as emulsifier, facilitates formation of a stable
emulsion, and impedes layer separation.

As a result, only inconsiderable portion of a poor-
quality final product could be separated from the re-
action mass in this run (Table 3, run no. 1). With
the amount of chromium anhydride diminished to
a nearly stoichiometric value under otherwise invari-
able conditions (Table 3, run no. 2), the yield of
the raw product increased, but its quality remained
poor (content of the main substance 74%).

In the next run (Table 3, run no. 3), at a minimum
excess amount of chromium anhydride and the same
x3 factor (H2SO4 concentration), the amount of sul-
furic acid increased [to x2 = 3.0 mol mol�1 of initial
compound II] with respect to stoichiometric amount
(2.0 mole). The comparatively poor quality of the raw
product at its sufficiently high (69%) yield can be
apparently accounted for by the insufficient amount of

chromium anhydride, which is confirmed by the pres-
ence of unreacted bishydroxymethyl derivative of tri-
ethybenzene in the reaction mass.

In the next run (Table 3, run no. 4), chromium an-
hydride was taken in a 3.5% excess with respect to
the stoichiometry at the same amount of sulfuric acid
and its same concentration in the reaction mass. As
a result, a 99.5% pure product was obtained in 69%
yield (recalculated to 100% content of the main sub-
stance). In run nos. 5 and 6 (Table 3), we studied
whether an increase in the x3 factor (H2SO4 concen-
tration) outside the factor space to, respectively, 22
and 26% affects the yield of the target product. The
raw product was obtained in rather high yield, but
with drastically impaired quality. This result can be
accounted for by the fact that, under these conditions,
the rate of side oxidation reactions and the fraction
of their products in the raw product grow, in good
agreement with the data on how the oxidation depth
and the purity of the target product depend on the sul-
furic acid concentration [13, 14].

The first stage of the study resulted in the follow-
ing conclusion: to perform formylation with high
yield and to obtain a high-quality product, it is neces-
sary to use CrO3 in a 3�4% excess with respect to
the stoichiometry, and H2SO4 in an amount of 3 mole
per 1 mole of initial compound II, and to maintain
its concentration in the reaction mass within the range
14�15 wt %.

In the second stage, a mathematical model of for-
mylation was constructed, which describes the rela-
tionship between the process temperature and time,
on the one hand, and the optimization parameter (re-
sponse function), i.e., the yield of the target product,
on the other (with account taken of the content of ini-
tial substance in it).
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Table 4. Results of realization of FFE design matrix
����������������������������������������

Run � Content of main � Yield,
no. � substance, % � %

����������������������������������������
1 � 91 � 56
2 � 90 � 49
3 � 87 � 56
4 � 89 � 41
5 � 94 � 60

����������������������������������������

The FFE was also performed. As indicated above,
the yield of the target product was used as response
function, with account taken of the content of main
substance in it. We chose two influencing parameters,
z1 and z2, i.e., the reaction temperature (�C) and re-
action time (min), respectively. The level of factors
and their variation range were chosen on the basis of
an a priory information. The FFE standard matrix
for two factors was randomized.

The results of FFE are listed in Table 4. These data
were used to calculate the coefficients of the regres-
sion equation, determine their significance, and verify
the adequacy of the model. A first-degree regression
equation adequately describing the response surface
was obtained:

y = 61.57 + 5.47z1 + 2.06z2 � 2.25z1z2. (3)

Analysis of Eq. (3) shows that the coefficient of
the z1 factor exceeds that of z2, which confirms
the positive effect exerted by a rise in temperature.
The significant coefficient of the pair-interaction term,
having �minus� sign, indicates that for the optimiza-
tion parameter to grow, the z1 factor must increase,
rather than decrease.

To optimize the process, we used the steep-ascent
method. However, it failed to find a maximum in
the region studied. This may be a consequence of
the curvature of the response surface, as evidenced,
despite the formal adequacy, by the significant coef-
ficients of the pair-interaction term and by the differ-
ence between the free term of the regression equation
and the yield at the center of the design (Table 4, run
no. 5).

The use of Box’s complex method for optimizing
the resulting first-order equation made it possible to
avoid additional experiments to search for local ex-
trema. This enabled calculation of the coordinates of
the maximum of the target function.

The maximum yield is achieved at the boundary of
the factor space. An experiment with factors calcu-

lated by Box’s method, a 10-min exposure time and
a 69.5�70.0�C temperature, were carried out. As a re-
sult, the product containing 99.5% main substance
was obtained in 70% yield, which is rather close to
Box’s value (71%).

The recommended relative amounts of the reagents,
and the process temperature and time worked very
well under pilot plant conditions: oxime III was ob-
tained with high content of the main substance (95�
98%) in good yield (66�68%), close to the expected
value. This result shows that the process conditions
chosen ensure predominant oxidation of the initial
compound II to dialdehyde I.

CONCLUSIONS

(1) Synthesis of 1,3-diformyl-2,4,6-triethylbenzene
from 1,3-di(hydroxymethyl)-2,4,6-triethylbenzene by
oxidizing the latter with CrO3 in diluted H2SO4 was
studied using a mathematical method of experiment
design. The model of the process was constructed and
optimized.

(2) Under the optimal process conditions [CrO3
taken in 3�4% excess with respect to stoichiometry,
and H2SO4 in an amount of 3.0 mol mol�1 of initial
compound II, 14�15 wt % H2SO4 concentration in
the reaction mass, and 10-min keeping of the reac-
tion mass at 69.5�70�C the yield of the final product
is as high as 67�70%.
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Abstract�3-Allyloxy-1,2-epithiopropane was synthesized; its treatment with amines yielded N, N-disub-
stituted 3-allyloxy-1-amino-2-propanethiols, which were tested for antimicrobial activity.

Among products of thiirane ring opening, 1,2-ami-
no thiols are of great practical importance [1�5]. For
example, an aminoethanethiol moiety is a structural
fragment of coenzyme A, playing a major role in
the vital activity of living bodies [6]. Amino thiols
and their derivatives are physiologically active com-
pounds; they are widely used in medicine. Also they
find growing application as effective components of
polymeric materials enhancing the radiation resistance
of polymers, suppressing oxidation and corrosion pro-
cesses, etc.

In this context, we prepared in this study N,N-
disubstituted 3-allyloxy-1-amino-2-propanethiols and
tested them as antimicrobial additives to lubricating
oils. As starting compound we used 3-allyloxy-1-
chloro-2-propanol which, in turn, was prepared in
73% yield by treatment of epichlorohydrin with allyl
alcohol; this yield is appreciably higher than that with
concentrated sulfuric acid as catalyst (54%) [7]:

�� CH2�CHCH2OCH2CHCH2Cl.
��

OH

ZnCl2

CH2�CHCH2OH + CH3CHCH2Cl
��
O

I

�� CH2�CHCH2OCH2CHCH2Cl.
��

OH

ZnCl2

CH2�CHCH2OH + CH3CHCH2Cl
��
O

I

Dehydrochlorination of I in the presence of KOH
gave 3-allyloxy-1,2-epoxypropane II in 85% yield:

I + KOH �� CH2�CHCH2OCH2CH�CH2.
��
O

�H2O
�KCl

II

I + KOH �� CH2�CHCH2OCH2CH�CH2.
��
O

�H2O
�KCl

II

Treatment of II with thiourea in the presence of
sulfuric acid gave thiirane III in 79% yield:

II + NH2CHNH2 ���� CH2 + CHCH2OCH2CHCH2.
��
S

H2SO4

�(NH2)2CO����
S III

II + NH2CHNH2 ���� CH2 + CHCH2OCH2CHCH2.
��
S

H2SO4

�(NH2)2CO����
S III

Previously thiirane III has been prepared in 30%
yield by the reaction of 1,2-epithio-3-chloropropane
with allyl alcohol in the presence of KOH [8]. Ap-
parently, an oxathiolane ring is readily formed in
the presence of sulfuric acid, which increases the yield
of the target product.

We found that, with catalytic amounts of sulfuric
acid, the procedure is simplified and the yield of III
is increased.

Reactions of thiirane III with various primary and
secondary amines yielded N,N-disubstituted 3-allyl-
oxy-1-amino-2-propanethiols IV�XII (see table):

III + HNR1R2
� CH2�CHCH2OCH2CHCH2NR1R2,

��
SH

IV�XII

III + HNR1R2
� CH2�CHCH2OCH2CHCH2NR1R2,

��
SH

IV�XII

where R1 = R2 = C2H5 (IV); R1 = R2 = C4H9 (V);
R1R2 = (CH2)5 (VI); R1R2 = (CH2)O (VII); R1R2 =
(CH2)2O(CH2)2 (VIII); R1 = H, R2 = C6H5 (IX); R1 =
H, R2 = C6H5CH2 (X); R1 = R2 = H (XI); R1 = H,
R2 = C3H7 (XII).

The yields of the target products increase when the
amine is taken in excess (i.e., when it acts also as a
solvent). Access of air decreases the yield of amino
thiols because of the oxidation and polymerization of
the starting thiirane III. Therefore, amino thiols
IV�XII were prepared in sealed ampules at a thiirane :
amine ratio of 1 : 2.
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Yields, constants, and elemental analyses of allyloxy-substituted amino thiols IV�XII
������������������������������������������������������������������������������������

Com-
�

Yield, %
�

bp, �C
�

nD
20

� Found, %/Calculated, % �
Formula

�
Rf� � � ��������������������������������� �

pound
� �

( P, mm Hg)
� � C � H � N � S � �

������������������������������������������������������������������������������������
� � � � 59.23 � 10.24 � 6.78 � 15.49 � �

IV � 68 � 94�95 (2) � 1.4735 � ���� � ���� � ���� � ���� � C10H21NOS � 0.63
� � � � 59.07 � 10.41 � 6.89 � 15.77 � �
� � � � 64.98 � 11.06 � 5.57 � 12.43 � �

V � 61 � 100�101 (1.5) � 1.4817 � ���� � ���� � ���� � ���� � C14H29NOS � 0.51
� � � � 64.81 � 11.27 � 5.40 � 12.36 � �
� � � � 61.62 � 9.58 � 6.65 � 14.71 � �

VI � 74 � 97 (1.2) � 1.4855 � ���� � ���� � ���� � ���� � C11H21NOS � 0.72
� � � � 61.35 � 9.83 � 6.50 � 14.89 � �
� � � � 62.49 � 11.26 � 6.28 � 13.78 � �

VII � 80 � 108 (1) � 1.4919 � ���� � ���� � ���� � ���� � C12H23NOS � 0.46
� � � � 62.83 � 10.11 � 6.11 � 13.98 � �
� � � � 55.05 � 8.67 � 6.63 � 14.92 � �

VIII � 85 � 105 (0.9) � 1.5073 � ���� � ���� � ���� � ���� � C10H19NO2S � 0.69
� � � � 55.27 � 8.81 � 6.44 � 14.75 � �
� � � � 64.72 � 7.48 � 6.41 � 14.65 � �

IX � 82 � 128 (1.0) � 1.5495 � ���� � ���� � ���� � ���� � C12H17NOS � 0.58
� � � � 64.54 � 7.67 � 6.27 � 14.36 � �
� � � � 65.57 � 8.33 � 5.67 � 13.67 � �

X � 74 � 130 (0.8) � 1.5297 � ���� � ���� � ���� � ���� � C13H19NOS � 0.41
� � � � 65.78 � 8.07 � 5.90 � 13.51 � �
� � � � 48.73 � 8.78 � 9.43 � 21.93 � �

XI � 38 � 80 (0.8) � 1.4719 � ���� � ���� � ���� � ���� � C6H13NOS � 0.62
� � � � 48.95 � 8.90 � 9.51 � 21.78 � �
� � � � 57.22 � 10.05 � 7.56 � 16.79 � �

XII � 75 � 95 (0.9) � 1.5417 � ���� � ���� � ���� � ���� � C9H19NOS � 0.39
� � � � 57.10 � 10.12 � 7.40 � 16.94 � �

������������������������������������������������������������������������������������

Amino thiols IV�XII are colorless liquids turning
yellow on storage. The purity of all the compounds
was checked by thin-layer chromatography; the com-
position was confirmed by elemental analysis, and
the structure was determined by IR and 1H NMR
spectroscopy.

The IR spectra of compounds IX�XII containing
a secondary amino group exhibit narrow absorption
bands at 3375�3395 cm�1, characteristic of the N�H
bond. A very weak band at 2560�2580 cm�1 in the
spectra of IV�XII is due to S�H stretching vibrations,
and a band at 1060�1070 cm�1, to C�N vibrations.
The stretching vibrations of the C=C bonds in the
aromatic ring and allyloxy group are manifested at
1420�1440, 1490�1500, 1600�1610, and 1650�
1680 cm�1.

The 1H NMR spectra of IV�XII in the range 4.15�
5.90 ppm contain multiplets from allyloxy group pro-
tons. In the range 6.9�8.1 ppm, compounds IX and X
have signals due to nonequivalent protons of the aro-
matic rings. The proton signals of methylene groups
bound to the nitrogen atom (amino thiols IV�VIII)
are observed at 2.25�2.40 ppm. The methine proton
appears as a broadened multiplet at 2.8�3.4 ppm due
to coupling with the adjacent methylene protons.
The two methylene groups at the oxygen atom give
signals at 4.1�4.3 ppm.

It is known [9] that reactions of asymmetric thi-
iranes with amines follow the Krasuski rule, i.e.,
the ring opening occurs so that the thiol group in
the 1,2-amino thiol molecule appears at the most sub-
stituted carbon atom. In the reactions of III with
amines, this reaction pathway was confirmed by 1H
NMR spectroscopy. Namely, the 1H NMR spectra of
amino thiol VI were recorded before and after benzo-
ylation. In the spectrum of VI, the methine proton
appears as a quintet at 2.9 ppm due to coupling with
the two adjacent methylene groups. Benzoylation of
VI with benzoyl chloride (to give 3-allyloxy-1-piper-
idino-2-benzoylthiopropane XIII) shifts the methine
proton signal down-field by 1.3 ppm (to 4.25 ppm)
owing to the inductive effect of the benzoyl group.

A similar benzoylation experiment was performed
with a primary thiol, 1-octanethiol. In the 1H NMR
spectrum of 1-octanethiol, the protons of the methyl-
ene group bound to the SH group appears as a triplet
at 2.55 pm, and, upon benzoylation to give benzoyl
octyl sulfide XIV, this triplet is shifted downfield to
3.00 ppm (�� 0.45 ppm). Published data [10] on acy-
lation of primary and secondary hydroxy groups show
that, upon acylation, the signals of the �-CH protons
are shifted downfield by 0.5 ppm in primary alcohols
and by 1.0�1.15 ppm in secondary alcohols. The
1.35 ppm shift observed in VI suggests that, in 1,2-
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amino thiols IV�XII, the thiol groups are located at
the secondary carbon atom.

The amino thiols obtained were tested as antimi-
crobial additives to DS-II lubricating oil and to Soli-
dol (lubricating grease). We found that all compounds
IV�XII added in amount of 0.5�1.0 wt % ensure
long-term protection of DS-II and Solidol from bio-
damage. The width of the suppression zone, with in-
dustrially used sodium pentachlorophenolate taken as
reference, was 0.7�1.3 cm for bacteria and 0.7�1.4 cm
for fungi, i.e., the compounds exhibit antibacterial
and fungicidal activity, with the fungicidal properties
being somewhat more pronounced.

We revealed no clear correlation between the struc-
ture and antimicrobial activity of IV�XII. However,
we found that phenyl and benzyl substituents (com-
pounds IX and X) appreciably enhance the antimicro-
bial activity.

EXPERIMENTAL

The IR spectra were recorded on a Specord 75-IR
spectrophotometer; liquid samples were prepared as
thin films, and solid samples, as KBr pellets. The 1H
NMR spectra were recorded at 27�C on a Bruker AV
spectrometer (300 MHz, CCl4, internal reference
HMDS).

3-Allyloxy-1-chloro-2-propanol I. A mixture of
7.2 g (0.12 mol) of allyl alcohol, 7.2 g (0.08 mol) of
epichlorohydrin, and 0.2 g of zinc chloride was heated
for 4 h at 95�100�C, after which it was cooled and
vacuum-distilled. Yield of alcohol I 9 g (73%); bp
105�106�C (20 mm Hg), nD

20 1.4619. Published data
[7]: bp 86.5�C (9 mm Hg), nD

20 1.4635.

3-Allyloxy-1,2-epoxypropane II. Finely ground
KOH (11.2 g, 0.2 mol) was added to a solution of
15 g (0.1 mol) of alcohol I in 50 ml of anhydrous
diethyl ether; the reaction mixture warmed up. After
heating at 30�C for 2 h, the mixture was cooled, the
ether layer was separated, and the residue was treated
with three portions of anhydrous diethyl ether. The
ether solutions were combined, the solvent was dis-
tilled off, and the reaction product was distilled
at ambient pressure. Yield of oxirane II 9 g (79%),
bp 122�123�C, nD

20 1.1476. Published data [11]:
bp 121�123�C, nD

20 1.4159.

3-Allyloxy-1,2-epithiopropane III. A 3-ml portion
of dilute sulfuric acid (0.5 mol of H2SO4 in 350 ml of
water) was added to 7.6 g (0.1 mol) of thiourea. The
mixture was cooled to 5�10�C, and 11.4 g (0.1 mol)
of oxirane II was added dropwise over a period of

30 min with vigorous stirring, with the reaction tem-
perature maintained at 5�10�C. After that, the mixture
was stirred for an additional 1 h at room temperature
and hydrolyzed with a solution of 10.6 g (0.1 mol) of
sodium carbonate in 45 ml of water. The aqueous
layer was separated from the organic layer and treated
with two 20-ml portions of diethyl ether. The com-
bined organic phases were dried over sodium sulfate.
The solvent was distilled off, and the product was
vacuum-distilled. Yield of thiirane III 10.3 g (73%),
bp 79�81�C (12 mm Hg), nD

20 1.4892, d4
20 1.0215.

Found, %: S 24.56; MRD 36.80.
C6H10OS.
Calculated, %: S 24.63; MRD 36.88.

3-Allyloxy-1-diethylamino-2-propanethiol IV.
A mixture of 14.6 g (0.2 mol) of diethylamine and
13 g (0.1 mol) of thiirane III was heated in an ampule
at 80�90�C for 8 h. The ampule was cooled and
opened; excess diethylamine was distilled off in a
water-jet-pump vacuum. The reaction product was
vacuum-distilled. Yield of amino thiol IV 14 g (68%),
bp 94�95�C (2 mm Hg), nD

20 1.4735. TLC: Rf 0.68
(hexane�isopropyl alcohol, 5 : 1).

Found, %: C 59.23, H 10.24, N 6.78, S 15.49.
C10H21NOS.
Calculated, %: C 59.07, H 10.41, N 6.89, S 15.77.

Amino thiols V�XII were prepared similarly.

3-Allyloxy-2-benzoylthio-1-piperidinopropane
hydrochloride XIII. Freshly distilled benzoyl chlo-
ride (14 g, 0.1 mol) was added dropwise with cooling
to 0�5�C to a solution of 10.7 g (0.05 mol) of 3-allyl-
oxy-1-piperidino-2-propanethiol VI in 50 ml of anhy-
drous diethyl ether. The colorless crystalline precipi-
tate was filtered off, washed several times with anhy-
drous diethyl ether (total volume 100 ml), and recrys-
tallized from anhydrous acetone. Yield of XIII 14.7 g
(83%), mp 96�97�C.

Found, %: C 61.27, H 6.42, N 3.68, S 9.27.
C18H21NO2S � HCl.
Calculated, %: C 61.44, H 6.30, N 3.98, S 9.11.

CONCLUSIONS

(1) 3-Allyloxy-1,2-epithiopropane was prepared
by the reaction of 3-allyloxy-1,2-epoxypropane with
thiourea in the presence of sulfuric acid. This com-
pound was brought into reactions with amines to
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obtain N,N-disubstituted 3-allyloxy-1-amino-2-prop-
anethiols. The yields were high in all the steps.

(2) The N,N-disubstituted 3-allyloxy-1-amino-2-
propanethiols prepared exhibit antibacterial and fungi-
cidal activity in lubricating materials.
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Abstract�Bis(4-hydroxy-3-formylphenyl) and bis[3-alkyl(aryl)iminomethyl-4-hydroxyphenyl] disulfides were
prepared. Their reaction with cumylperoxy radicals was studied, and the inhibiting effect on the cumene oxi-
dation was examined.

We has show previously [1] that bis[3-alkyl(aryl)-
aminomethyl-4-hydroxyphenyl] sulfides effectively in-
hibit cumene oxidation. Proceeding with studies aimed
at preparing various classes of organosulfur compounds
and elucidating the mechanism of their inhibiting ef-
fect [2�4], we prepared in this work aromatic disul-
fides with azomethine fragments and evaluated their
antioxidative performance in oxidation of cumene.

The starting compound, bis(4-hydroxy-3-formyl-
phenyl) disulfide, was prepared by the reaction of
salicylaldehyde with S2Cl2 in the presence of zinc as
catalyst:

�
�
�OH + S2Cl2 ��

CHO

�2HCl ��S�S��
�
�OH

CHO�OHC

HO�

I

2�
�
�OH + S2Cl2 ��

CHO

�2HCl ��S�S��
�
�OH

CHO�OHC

HO�

I

2

Subsequent condensation of I with primary ali-
phatic and aromatic amines gave the corresponding
bis[3-alkyl(aryl)iminomethyl-4-hydroxyphenyl] disul-
fides II�V in high yields:

�2H2O ��S�S��
�
�OH

CH�NR�
HO�I + 2RNH2 ��

RN�HC

II�IV
�2H2O ��S�S��

�
�OH

CH�NR�
HO�I + 2RNH2 ��

RN�HC

II�IV

where R = CH3 (II), tert-C4H9 (III), C6H5 (IV),
C6H5CH2 (V).

The purity of II�V was checked by thin-layer chro-
matography, and the composition and structure were
confirmed by elemental analysis and by IR and 1H
NMR spectroscopies.

The IR spectrum of I contains characteristic ab-
sorption bands of the hydroxy group at 3320 cm�1.

The IR spectra of II�V contain azomethine bands at
1639�1640 cm�1, and the hydroxyl band is shifted to
3165 cm�1.

In the 1H NMR spectra of II�V, we have not re-
vealed, in contrast to the spectrum of I, the broadened
signal of the formyl proton (10.37 ppm). The spectra
contain proton signals of radicals R at the N atom;
the signals of nonequivalent protons of two symmet-
rically arranged benzene rings give a doublet at 7.0
and 7.4 ppm. The signals of the hydroxyl protons are
shifted downfield by 0.4 ppm relative to I, giving a
doublet at 10.9�11.6 ppm. This may be due to weaker
intramolecular hydrogen bonding between the hy-
droxy group and azomethine nitrogen atom, compared
to the carbonyl oxygen atom in I.

To evaluate the antioxidative performance of I�V in
elementary steps of inhibition of cumene oxidation, we
studied the reactions of these compounds with cumyl-
peroxy radicals (CPR) and cumyl hydroperoxide (CHP).

The capability of disulfides II�V to terminate oxi-
dation chains in reactions with peroxy radicals was
evaluated for the example of cumene oxidation at
60�C, initiated by azobis(isobutyronitrile) (AIBN), in
the presence of II (Fig. 1).

From the induction period, we calculated the stoi-
chiometric coefficient of inhibition, f, equal to the
number of oxidation chains terminating in molecule
of the inhibitor and its transformation products:

f = �vi / [In]0,

where v1 is the initiation rate (under the examined
conditions, v1 = 2 � 10�7 l mol�1 s�1, and [In]0 is
the initial inhibitor concentration.
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From the kinetics of oxygen uptake, we calculated
the rate constants of the reactions of the inhibitors
with CPR, k7 [5, 6]. For this purpose, the kinetic
curves of oxygen uptake were transformed from
the coordinates [O2]�� to the coordinates [O2]

�1
��
�1:

k7 = tan �k2 [RH]vi / f [In]0,

where tan� is the slope of the straight line in the co-
ordinates [O2]

�1
��
�1; k2 = 1.51 l mol�1 s�1, rate con-

stant of chain initiation [1, 2]; [RH] = 6.9 M, con-
centration of the substance subject to oxidation; and
vi , initiation rate (under our conditions, vi = 2 �

10�7 l mol�1 s�1).

The high antioxidative performance of II�V was
also confirmed by experiments on cumene autooxida-
tion at 110�C (Fig. 2), and the kinetic parameters
of the reaction were determined (Fig. 2). As seen from
Table 1, the parameters f for II�V vary in the range
from 1.8 to 2.4, and the rate constant k7 of the reac-
tion of inhibitors with peroxy radicals, from 1.92 �

104 to 2.72 � 104 l mol�1 s�1. The products of trans-
formations of II�V in reaction with CPR also show
a certain inhibiting effect: The oxidation rate after
the induction period is somewhat lower than the rate
of uninhibited oxidation (Fig. 1).

We found that all the compounds I�V actively
decompose CHP.

The kinetic curve of CHP decomposition in the
presence of I�V is typical of autocatalytic reactions
(Fig. 3). The autocatalytic character of the kinetic
curves shows that decomposition of CHP is effected
not by compounds I�V themselves, but by products
of their transformation in the first, slow, step of the
reaction with CHP.

To determine the reaction order, we studied how
the initial rate of catalytic decomposition of CHP
depends on the reactant concentrations. We found
that the reaction is first-order with respect to both
inhibitor and CHP.

To determine the reaction stoichiometry, CHP was
taken in excess. The stoichiometric coefficient � was
calculated by the formula

� = ��������������� ,
[ROOH]0 � [ROOH]�

[In]0
� = ��������������� ,

[ROOH]0 � [ROOH]�
[In]0

where [ROOH]0 and [ROOH]
�

are, respectively,
the initial and final CHP concentrations, and [In]0 is
the initial inhibitor concentration.

Fig. 1. Variation of CHP concentration [ROOH] with time �

in initiated oxidation of cumene (1) in the absence and
(2) in the presence of II. [AIBN] = 2 � 10�2, [In] = 3 �

10�4 M; 60�C.

Fig. 2. Volume VO2
of oxygen taken up in autooxida-

tion of cumene at 110�C vs. time �. Inhibitor added
([In] = 5 � 10�6 M): (1) none, (2) II, (3) III, and (4) V.

Fig. 3. Variation with time � of the CHP concentration
[ROOH] in the course of decomposition in the presence
of inhibitor I ([In] = 5 � 10�5 M, 110�C).

As seen from Table 1, one inhibitor molecule (with
its transformation products) decomposes more than
104 CHP molecules.

Table 1 shows that the coefficient f increases
from 1.6 to 1.8�2.4 in going from disulfide I to II�V.
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Table 1. Parameters of reactions of I�V with CPR and those of catalytic decomposition of CHP
������������������������������������������������������������������������������������

Com- �
f

� k7 � 10�4, �
�

� Com- �
f

� k7 � 10�4, �
�pound � � l mol�1 s�1 � � pound � � l mol�1 s�1 �

������������������������������������������������������������������������������������
I � 1.6 � 1.92 � 18 000 � IV � 2.2 � 2.5 � 26 000
II � 2.4 � 2.72 � 24 000 � V � 2.1 � 2.4 � 20 000
III � 1.8 � 2.12 � 38 000 � � � �
�����������������������������������������	������������������������������������������

Table 2. Characteristics of compounds II�V
������������������������������������������������������������������������������������

Com-
�

Yield, %
�

mp, �C
� Found, %/Calculated, % �

Formula� � 
��������������������������������������������pound
� � � C � H � S � N �

������������������������������������������������������������������������������������
� � � 57.42 � 5.19 � 19.80 � 8.91 �II � 55 � 144�145 � ���� � ���� � ���� � ���� � C16H16N2O2S2� � � 57.81 � 4.85 � 19.29 � 8.43 �
� � � 63.72 � 6.46 � 15.79 � 7.25 �III � 60 � 127�128 � ���� � ���� � ���� � ���� � C22H28N2O2S2� � � 63.44 � 6.77 � 15.39 � 6.73 �
� � � 68.10 � 4.67 � 13.60 � 6.39 �IV � 75 � 119�120 � ���� � ���� � ���� � ���� � C26H20N2O2S2� � � 68.41 � 4.41 � 14.05 � 6.14 �
� � � 62.65 � 5.15 � 13.61 � 5.33 �V � 80 � 131�132 � ���� � ���� � ���� � ���� � C28H24N2O2S2� � � 69.40 � 4.99 � 13.23 � 5.78 �

������������������������������������������������������������������������������������

This may be due to the presence of the N=C bond,
which also terminates oxidation chains. A similar
trend is observed with the parameter �. The highest �,
38000, is exhibited by tert-butyl-substituted disul-
fide III.

Table 1 shows that f and k strongly depend on
the radical R in II�V. As compared to the related
sulfides (� = 5680�9000), disulfides II�V have
higher �, i.e., their inhibiting power is considerably
higher; the k7 and f values are, by contrast, somewhat
higher for sulfides [ f = 1.36�6.00, k7 = (1.99�7.96) �
10�4 l mol�1 s�1] [1].

EXPERIMENTAL

The IR spectra were recorded on a Specord 75-IR
spectrophotometer, and the 1H NMR spectra, on a
Bruker spectrometer (300 MHz); the chemical shifts
(ppm) are given in the � scale relative to internal
TMS.

Cumyl hydroperoxide was purified as described in
[7], with the subsequent distillation; chlorobenzene
and cumene were purified by a common procedure
based on sulfonation of impurities with concentrated
sulfuric acid [8, 9]. The CHP concentration was deter-
mined by iodometric titration [7] of intermittently
taken samples. Experiments on CHP decomposition
were performed in chlorobenzene at 110�C in a glass

bubbler in an inert gas atmosphere; the CHP concen-
tration was varied within 0.16�0.64 M, and the con-
centrations of I�V, within 10�5�5 � 10�3 M.

Experiments on initiated oxidation of cumene were
performed on a manometric unit [9]; as initiator served
AIBN (initiation rate constant at 60�C 10�5 l mol�1 s�1

[10]). The initiator concentration was 2 � 10�2 M in
all the experiments, and the concentration of I�V,
(1�5) � 10�4 M.

Bis(4-hydroxy-3-formylphenyl) disulfide I. A so-
lution of 6.7 g (0.05 mol) of S2Cl2 in 20 ml of CCl4
was added with stirring to a solution of 12.2 g
(0.1 mol) of salicylaldehyde in 30 ml of absolute
CCl4. The mixture was allowed to stand for 24 h,
after which the solvent was distilled off and the re-
sidue was triturated with benzene. Yield of disulfide
II 6.5 g (72%), mp 105�C.

Found, %: C 54.49, H 3.68, S 20.56.
C14H10O2S2.
Calculated, %: C 54.90, H 3.29, S 20.93.

Bis[3-alkyl(aryl)iminomethyl-4-hydroxyphenyl]
disulfides II�V. A three-necked 100-ml flask equipped
with a stirrer, reflux condenser, and dropping funnel
was charged with a solution of 0.05 mol of disulfide I
in 30 ml of anhydrous CCl4, and 0.1 mol of appro-
priate amine was added dropwise over a period of 5 h
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with stirring and cooling with ice. Then the mixture
was stirred for 5 h at 30�40�C. The reaction product
was washed with water and dried over Na2SO4; the
solvent was distilled off, and the residue was re-
crystallized. The yields, melting points, and elemental
analyses of II�V are listed in Table 2.

CONCLUSION

Bis(4-hydroxy-3-formylphenyl) disulfide was pre-
pared; its reactions with primary amines gave the cor-
responding bis[3-alkyl(aryl)iminomethyl-4-hydroxy-
phenyl] disulfides. These disulfides inhibit cumene
oxidation and catalytically decompose cumyl hydro-
peroxide.
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Abstract�The birefringence of thin films of poly(1-trimethylsilylpropyne) with 55 : 45 ratio of units with
trans and cis configurations of the �C=C� bonds was studied by the method of an oblique polarized beam.
The surface birefringence coefficients were determined for films of various thicknesses. A theory of bire-
fringence in the surface layers of polymer films was suggested, based on the assumed exponential decrease
in the orientation order parameters of the molecular chain fragments with increasing distance from the film
surface.

Recent studies suggest that polymers hold much
promise for preparation of membranes. The relation-
ships between the permeability coefficients of mem-
branes, on the one hand, and the chemical structure,
preparation and treatment conditions, free polymer
volume, etc., on the other, have been studied. How-
ever, correlations often exhibit deviations inconsistent
with the generally accepted views [1�4].

Published data show that studies of polymer mem-
branes pay little attention to the scaling effect, i.e.,
the difference in the physical properties of polymers
in the bulk and surface layers [5, 6]. The influence of
the orientation ordering of the molecular chains rel-
ative to the surface on the membrane and film per-
meability has also been studied inadequately.

In this study, we analyzed the structure and proper-
ties of the surface layers of poly(1-trimethylsilylpro-
pyne) (PTMSP) films by the method of oblique polar-
ized beam [5�7]. It is known that PTMSP membranes
are highly permeable to gas and liquid molecules.
However, there are no published data on the factors re-
sponsible for the unprecedentedly high permeabilities.

Here, we studied, with the aim to explain these ef-
fects, the structure and orientation order of the chain
molecules of PTMSP in the surface layers of thin
polymer films.

The PTMSP samples were prepared in the presence
of TaCl5 catalyst, using an alkylating agent [8]. Poly-
merization was performed in a glass reactor equipped

with a magnetic stirrer under argon atmosphere. All
manipulations (drying the monomer and solvent, dos-
ing the catalyst, charging the reactants, and perform-
ing the polymerization) were carried under high-purity
argon. Powdered tantalum pentachloride (0.1�0.4-g
portions) was sealed into glass ampules under argon.
The sealed ampules containing the catalyst were kept
at �+4�C. The catalyst was charged by opening the
glass ampule. The amount of catalyst was determined
as the difference between the weights of the ampule
with and without the catalyst. Based on the weighed
portion of the catalyst, we calculated the weights of
the other components. After charging the catalyst,
the solvent was introduced, and the resulting mixture
was stirred for 30 min until complete dissolution of
the catalyst at the polymerization temperature. Next,
the monomer, 1-trimethylsilylpropyne, was added un-
der vigorous stirring, and the resulting mixture was
stirred for 24 h. When the polymerization was com-
plete, a sixfold (by volume) excess of methanol was
added to the jelly-like reaction mass. The precipitated
polymer was washed with straight methanol, dis-
solved in toluene, and reprecipitated with methanol.
The polymer was filtered off on a Schott filter and
dried in air for 24 h at room temperature, whereupon
the polymer dissolution, reprecipitation, and drying
runs were repeated. The resulting polymer was addi-
tionally vacuum-dried at room temperature for 8 h to
constant weight, and then the polymer yield was de-
termined.
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The chemical structure of the polymer macro-
molecule was studied by 13C NMR spectroscopy of
PTMSP solutions in CDCl3, whose signal served
as reference for assigning the chemical shifts of the
carbon atoms (the 13C NMR spectra were recorded on
a Bruker MSh-300 instrument at 75.47 MHz, with
accumulation for 12 h).

According to the 13C NMR data, PTMSP is a ran-
dom copolymer with 55 : 45 ratio of units with trans
and cis configurations of the �C=C� bonds.

An X-ray diffraction study showed the glassy struc-
ture of the sample studied.

The molecular weight of the PTMSP sample was
determined by the method of molecular hydrodynam-
ics. The hydrodynamic measurements were carried out
in hexane at 25�C (density �0 = 0.774 g cm�3, vis-
cosity �0 = 0.859 � 10�2 P), and viscosity measure-
ments of the PTMSP solution, in cyclohexane in an
Ostwald viscometer; the solvent flow time was 105 s.
The intrinsic viscosity [�] = 1.3 � 103 cm3 g�1 was
determined by extrapolating the experimental �sp /c
values to zero concentration.

The forward diffusion coefficient D0 = 0.55 �
10�7 cm2 s�1 was estimated from the time dependence
of the smearing of the diffusion boundary formed by
layering of the solution under the solvent in a glass
cell. The measurements were carried out at polymer
concentrations c of (3�5) � 10�4 g cm�3.

High-speed sedimentation was studied on an MOM-
3180 analytical centrifuge in a two-sector cell; an ar-
tificial boundary was created. The sedimentation co-
efficient was determined from the shift of the sedimen-
tation boundary with time. The measurements were
carried out in the polymer concentration range (6�8) �
10�4 g cm�3. The sedimentation coefficient S0 = 5.6 �
10�13 s�1 was determined by plotting the concentration
dependence of 1/S.

Using the S0, D0, and [�] values obtained, we cal-
culated the molecular weight MSD = 10.5 � 105 by
the Svedberg formula

RTS0 /[D0 (1 � ��0)].

Here, �0 is the solvent density; R, gas constant;
T = 298 K, absolute temperature; and (1 � ��0 ) =
0.24, floatability factor.

To study the birefringence of the PTMSP sam-
ple, we produced films with various thicknesses by
casting a polymer solution (in toluene and CCl4) on
cellophane, followed by drying to constant weight.

The film thickness was determined by the geometric
method, with the density taken to be � = 0.82 g cm�3.

The properties of the surface layers of the polymer
films are determined not only by the chemical com-
position of the surface but also by its physical struc-
ture, including the orientation order of the chain mol-
ecules near interfaces. As quantitative measure of
the orientation order of the molecular fragments rel-
ative to the surface serves the orientation order pa-
rameter

S = � 3cos2 � � 1 .� �
� �
����1

2 (1)

Here, � is the angle between the direction of the
chain molecule fragment and the normal to the film
surface.

In the case of the lacking predominant orientation
of the molecular chains relative to the film surface,
cos2 � = 1/3
���

and S0 = 0. For S � 0, when the polar-
ized beam passes at an angle i to the film normal,
a birefringence arises in the film, with the phase dif-
ference between the ordinary and extraordinary beams
[5�7] given by

	 = B(1 � cos 2i ). (2)

Here, B is the surface birefringence coefficient.

It can be shown that, when S is independent of
the film thickness, the surface birefringence coeffi-
cient is [7]

B = ����� ����� ����� SH .

NA�

n�

a|| � a�
M0

n2 + 2

3

2� �
� �
�� (3)

Here, � is the polymer density; n, refractive index;
NA, Avogadro number; 	, wavelength; (a | | � a

�
), dif-

ference between the main polarizabilities of the mono-
mer unit; and M0, molecular weight of the monomer
unit.

It is seen that, in terms of the model of a film char-
acterized by a uniform orientation order, the coeffi-
cient B is proportional to the film thickness H. How-
ever, in real films, the local value of the orientation
order parameter decreases with increasing distance
from the surface [6, 9, 10]. It can be shown that this
decrease is described by the exponential law [10]

S = S0 exp(�H/H0). (4)

Here, S0 is the order parameter near the surface,
and H0, the effective thickness of anisotropic surface
layer of the polymer film.
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Fig. 1. Variation of � with the beam incidence angle i
onto the polymer film surface. Film thickness H � 103, cm:
(1) 0.48, (2) 1.55, (3) 2.78, and (4) 3.28; the same for
Fig. 2.

Fig. 2. Variation of the optical phase difference � with
(1 � cos 2i ).

Fig. 3. Variation of the experimental B/H values with
the film thickness H. The films were prepared from solu-
tions in (1) toluene and (2) CCl4.

In this case, the surface birefringence coefficient
is given by [10]

B = B0 (1 � exp(�H/H0), (5)

where

B0 = ����� ����� ����� S0 H0 .

NA�

n3�

a|| � a�
M0

n2 + 2

3

2� �
� �
�� (6)

By expanding the exponent into a series and retain-
ing two terms, we obtain

� = ����� ����� ����� S0 1 � ��� .
B 
NA�

n3�

a|| � a�
M0

n2 + 2

3

2� �
� �
��

�
�
�

H0H

H �
�
�(7)

Based on formula (7), we can propose a new meth-
od for determining the orientation order parameter S0
near the film surface and the effective thickness H0 of
the anisotropic surface layer from the experimental
B/H-vs.-H dependence.

Formula (7) suggests that S0 
 lim(B/H ) at H � 0,
and H0 = 1/2 lim H at B/H � 0.

The birefringence in the PTMSP films was meas-
ured using a visual scheme of recording the optical
phase difference � [5, 6]. The film was inserted
between crossed polarization prisms. For determin-
ing the optical phase difference � created by the po-
lymer film, we placed the compensator (by rotating
the limb) in the position corresponding to equal il-
luminances of the two halves of the vision field (pen-
umbra asimuth). In this case, � = �0 sin 2
�, where

� = � � �0 is the difference in the readings of
the compensator at normal incidence of the polarized
beam onto the film and at an angle i, and �0 = 0.076
is the phase difference created by the compensator.

By way of example, Fig. 1 presents typical ex-
perimental dependences of 
� on the angle i of beam
incidence onto the polymer film surface, and Fig. 2,
the dependences of � on (1 � cos 2i ) for the same
films. The latter dependences are described by straight
lines; from their slope, we determined the magnitude
and sign of the surface birefringence coefficient for
each film.

Figure 3 shows how the experimental B/H values
vary with film thickness H. With increasing film
thickness, B/H tends to decrease, and the B/H vs.
H dependence asymptotically approaches the abscissa
axis.

For thin PTMSP films (H < H0), the B/H-vs.-H
dependence can be described by a portion of a straight
line, in accordance with formula (7). Extrapolation of
this plot to H = 0 yields B/H = 1.15 � 102 cm�1.
Using this value, we estimated S0 by formula (7) at
�0.49. Extrapolation of the B/H-vs.-H plot at small
H values to B/H � 0 gives the effective thickness
of the anisotropic surface layer H0 = 1/2 lim H =
4.7 � 10�3 cm.
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The parameter of the orientation order near the in-
terface of the PTMSP polymer film is characterized
by S0 = �0.49, which is close to the analogous value
S = �0.5 corresponding to ideal planar ordering of
the chain molecule fragments relative to the surface.

This is a characteristic feature of the structure
of the surface layers formed by rigid-chain polymers
at interfaces. The conclusion about enhanced thermo-
dynamic rigidity of the molecules studied is consistent
with the results of independent hydrodynamic [11]
and optical [12] studies of PTMSP.

Notably, the anisotropic surface layer characterized
by high degree of orientation order is very thick.
The H0 thickness exceeds by 4 orders of magnitude
the transverse dimensions of the PTMSP molecules.

The negative sign of the orientation order pa-
rameter S0 = �0.49 suggests that the fragments of
the chain molecules of PTMSP at interfaces are pre-
dominantly oriented parallel to the film surface.
The revealed characteristics will presumably exert
a decisive effect on the structure and permeability of
PTMSP membranes.

CONCLUSIONS

(1) The birefringence of films of poly(1-trimethyl-
silylpropyne) with 55 : 45 ratio of units with trans
and cis configurations of the �C=C� bonds was de-
termined by the method of oblique polarized beam.
The fragments of the chain molecules of poly(1-tri-
methylsilylpropyne) are predominantly oriented par-
allel to the film surface. The orientation order param-
eter S0 was estimated at �0.49, which corresponds to
the ideal planar order of the fragments of poly(1-tri-
methylsilylpropyne) molecules at interfaces.

(2) The effective thickness of the surface layers
of thin films of poly(1-trimethylsilylpropyne) H0
was estimated at 4.7 � 10�3 cm, which exceeds by 4

orders of magnitude the thickness of the chain mol-
ecule.
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Abstract�The uniformity, light fastness, heat resistance, radiation hardness, and antistatic properties of
poly(methylmethacrylate) prepared in the presence of metal sulfoxide complexes were studied.

Synthesis of polymers, in particular poly(methyl
methacrylate) (PMMA) containing metal compounds
is of both scientific and practical interest. Introduction
of metals substantially broadens the field of poly-
mer application. Kinetic features of MMA polymeri-
zation in the presence of sulfoxides and their metal
complexes, oxychlorides, and mineral acids were
well understood [1]. At the same time, properties of
poly(methyl methacrylate) containing various metal
sulfoxide complexes have been studied insufficiently.

EXPERIMENTAL

To remove stabilizer, methyl methacrylate was
shaken with 10% KOH, washed with water to neutral
reaction, dried over calcined calcium chloride, and
distilled twice in a vacuum [2]. Poly(methyl methac-
rylate was prepared from a fraction with bp 42�C
(100 mm Hg), d4

20 = 0.936, and nD
20 = 1.4130.

Azobis(isobutyronitrile) (AIBD) was recrystallized
repeatedly from methanol and dried in a vacuum at
room temperature to constant weight (mp 103�C, dec.).
The initiator was stored at 5�C.

Sulfoxides1 were recrystallized from hexane. Their
purity was monitored by IR spectroscopy and elemen-
tal analysis for sulfoxide sulfur (potentiometric titra-
tion). The content of the main compound was 98.5�
99%. Physicochemical properties of purified sulfox-
ides agreed well with published data. Petroleum sulf-
oxides (PSOs) are a mixture of mono-, bi-, and tri-
cyclic, mainly saturated, sulfoxides.

The concentration of paramagnetic centers was de-
termined on an RE-1301 radiospectrometer at liquid
nitrogen temperature. The light fastness was esti-
mated by a change in the color intensity of organic
glass exposed for 20 h to the light of a PRK-2 lamp at
a distance of 14 cm. Antistatic properties were de-

Fig. 1. Debye patterns of organic glass prepared (a) without additives and (b, c) in the presence of 1 � 10�3 M uranyl
nitrate complex.

����������
1 Sulfoxides and their metal complexes were prepared at the laboratory of Physical Chemistry, Institute of Organic Chemistry, Ufa

Scientific Center, Russian Academy of Sciences.
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Table 1. Heat resistance and light fastness of PMMA containing some metal sulfoxide complexes
������������������������������������������������������������������������������������

� Heat resistance, �C � Light fastness
�����������������������������������������������������������������

PMMA � thermolysis � intense � time of exposure to UV � change of color intensity
� onset � thermolysis �radiation from mercury lamp, h� after irradiation

������������������������������������������������������������������������������������
No additives � 240 � 287 � � �
Colored with � 240 � 282 � 5 �Decreased by a factor of 2
anthraquinone dye � � � �
Containing sulfoxide � � � �
complexes (2 mol %) of: � � � �

Co(NO3)2 � 290 � 350 �� �
Bi(NO3)3 � 270 � 340 �� �
Cr(NO3)3 � 240 � 360 �� 20 �Remained the same
Ni(NO3)2 � 240 � 360 �� �
Th(NO3)3 � 240 � 362 �� �

������������������������������������������������������������������������������������

termined by measuring the discharge rate of an elec-
troscope connected to a plate of organic glass con-
taining a radioactive isotope and charged with static
electricity. To study thermal oxidative degradation,
a sample was heated in air at a rate of 5�C min�1 in
an MOM derivatograph (Hungary).

The organic glasses prepared in the presence of
the metal sulfoxide complexes are X-ray-amorphous.
The Debye patterns of the organic glass (a) with no
additives and (b, c) containing uranyl nitrate sufoxide
complex are shown in Fig. 1. Polymers modified with
other metal complexes are also X-ray-amorphous.
Hence, the distribution of the metal compounds in
PMMA is uniform and the organic glass is optical-
ly homogeneous. The physicochemical properties of
plates and blocks of organic glass modified with the
metal compounds meet the existing requirements to
organic glass. However, the softening point of the glass
with high content of metal complexes (5�10 wt %)
is 5�10�C lower than that of the unstabilized glass,
owing to the plasticizing effect of the additive.

Metal sulfoxide complexes turned out to be effec-
tive stabilizers of photochemical and thermal oxida-
tive degradation. The degradation temperature in air
of a PMMA sample with additive concentration of
2.5�3.0 wt % is 20�50�C higher than that of an un-
stabilized glass. Data on heat resistance and light fast-
ness of PMMA samples modified with metal com-
plexes are listed in Table 1. It can be seen that, mod-
ification of organic glass with metal complexes no-
ticeably increases the service life of these materials.

A study of the radiation hardness of the organic
glasses modified with the metal complexes showed
that the number of paramagnetic centers in the poly-
mer decreases at high radiation doses (Fig. 2).

Good dielectric properties of most of plastics fa-
vor ectrostatic charging of their surface. To decrease
static electrization of polymers, antistatic agents are
introduced into the bulk of these materials or applied
on their surface. Conducting materials, film-forming
compounds, and surfactants are used as these agents.

However, introduction of antistatic agents strongly
deteriorates the physicochemical properties, in partic-
ular, dielectric properties, of the polymers. Introduc-
tion of antistatic agents in the course of polymeriza-
tion substantially deteriorates the most important prop-
erties of polymers, such as high electrical resistance,
moisture and weather resistance, and transparency. The
optical properties of optically homogeneous organic
glasses are most strongly affected by antistatic agents.
As a result, only a few compounds are used as anti-
static additives to polymers. Among them are sub-
stances based on soaps, sulfonated organic compounds
(cyclohexlylammonium dodecyl sulfate), and alkyl-
ammonium salts of organic and mineral acids (e.g.,
triethanolammonium phenylcarboxylates). The use of
phosphates as antistatic agents has also been reported.

Fig. 2. Number of paramagnetic centers, A, in PMMA
prepared (1) without additives and (2) in the presence
of cobalt sulfoxide complex vs. radiation dose M.
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Table 2. Dielectric properties of PMMA glass prepared in the presence of complexes of uranium and thorium salts
������������������������������������������������������������������������������������

Ionizing additive
�

c, mol %
� Electrical resistivity � Rate of electroscope� �������������������������������������

� � surface �s � 10�11, 	 � bulk �v � 10�12, 	 cm� discharge, points h�1

������������������������������������������������������������������������������������
UO2(NO3)2 
 2DASO � 0.01 � 9.4 � 1.90 � 0.04

� 0.05 � 2.8 � 1.64 � 0.53
� 0.74 � 5.7 � 0.50 � 1.0

Th(NO3)3 
 2DASO � 0.015 � 7.7 � 4.60 � 0.04
Th(NO3)3 
 [(C4H9O)2PO]2 � 0.050 � 9.4 � 7.0 � 0.20
Th(NO3)3 
 2[(C10H20)2SO] � 0.217 � 11.4 � 1.41 � 0.40

No additive � � � 80.6 � � � 0.01
������������������������������������������������������������������������������������

Polymers with antistatic properties can be prepared
by polymerization of MMA in the presence of sulf-
oxide complexes of salts of radioactive metals. The
concentration of radioactive compounds has no effect
on the physicochemical properties of an organic glass
and should be at the level providing safe handling of
polymeric articles. Salts of �- and �-emitters, e.g.,
uranium, thorium, plutonium, zinc, cobalt, etc., can be
used for this purpose.

Introduction of radioactive compounds into PMMA
provides fast electrostatic leakage from the polymer

surface owing to external and internal ionization,
which is confirmed by electrization experiments.

We took the rate of electroscope discharge as a mea-
sure of ionization. A plate of organic glass charged
with a definite quantity of static electricity by friction
against a cloth was connected to the contact of an elec-
troscope. The rate of electroscope discharge was pro-
portional to the rate of charge leakage from the poly-
meric plate. The measurements were performed at
60% relative humidity of air and 18�21�C (Table 2).
As seen from Table 2, introduction of metal complexes

Fig. 3. Transmission spectra of PMMA containing metal sulfoxide complexes: (A) transmission and (�) wavelength.
(a) (1) MMA + CoCl2 � 2PSO, (2) PMMA + CoCl2 � 2PSO (8.0 � 10�3 M); (b) PMMA + additive (3.0 � 10�2 M):
(1) Tb(NO3)4 � 3DPSO, (2) Dy(NO3)3 � 3PSO, (3) TeCl4 � 2PSO, (4) ZrOCl2 � 2PSO, and (5) CdCl2 � 2PCO; (c) (1) CuCl2 �

2DPSO, (2) CuCl2 � 2DCPSO, and (3) CuCl2 � 2DBSO; (d) (1) Cu(NO3)2 � 2PSO, (2) CoCl2 � 2PSO, and (3) CoCl2 � 2PSO +
Co(NO3)2 � PSO (8.0 � 10�2 M).
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slightly decreases the surface and bulk resistivity
of the organic glass. Only the bulk resistivity is pro-
portional to the additive concentration. The rate of
electrostatic leakage is proportional to the concentra-
tion of radioactive element in a sample.

The proposed metal complexes can be used as ef-
fective antistatic agents for preparing optically homo-
geneous transparent organic glasses with good anti-
static properties and high softening points. Clearly,
these glasses should be used under conditions exclud-
ing prolonged contact with human body).

The electronic spectra of polymers modified with
the metal complexes are similar to those of the same
complexes in the initial monomer, which indicates
stability of these complexes to peroxide initiators.
The transmission spectra of PMMA samples contain-
ing some of these complexes are shown in Fig. 3.
The transmission depends on the nature of metal and

sulfoxide. It should be noted that most of metal sulf-
oxide complexes are readily soluble in MMA and
negligibly affect MMA polymerization.

CONCLUSION

Colored organic glasses containing metal sulfoxide
complexes are transparent and resistant to heat, light,
and radiation; they exhibit good antistatic properties
meeting the existing requirements. Introduction of
these additive does not affect the process of organic
glass production.
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Abstract�Hydrolysis of 2-hydroxyethyl methacrylate in aqueous solutions, as influenced by pH, tempera-
ture, and substrate concentration, was studied. In concentrated solutions, the monomer forms associates, which
promotes its hydrolysis.

(Co)polymers derived from 2-hydroxyethyl meth-
acrylate (HEM) are used in production of coatings,
adhesives, membranes, and eye contact lenses thanks
to such valuable properties as nontoxicity, biocompat-
ibility, transparency, etc. In some cases, these (co)-
polymers are prepared in aqueous solutions at various
pH values [1]. It is known that amino-containing ana-
logs of HEM, in particular, N,N-dimethylaminoethyl
methacrylate (DMAEM), are prone to hydrolysis,
especially in alkaline solutions. Studies of hydrolysis
of such compounds revealed some specific features
[2�4]. Lavrov et al. [5] showed that polymers derived
from HEM also undergo base hydrolysis at elevated
temperatures.

In this study, we examined the influence of pH,
temperature, and concentration of HEM on its hydrol-
ysis. We found that the monomer is hydrolytically
stable in neutral solutions in a broad range of concen-
trations (10�90%) and temperatures (20�90�C). In
acidic or alkaline solutions, HEM undergoes gradual
hydrolysis to methacrylic acid and ethylene glycol:

CH2�C(CH3)COOCH2CH2OH + H2O

� CH2�C(CH3)COOH + HOCH2CH2OH.

Accumulation of methacrylic acid alters the pH of
the medium, which affects the hydrolysis rate. In base
hydrolysis, the catalyst concentration decreases in
the course of the process, and in acid hydrolysis it
grows.

In alkaline solutions, hydrolysis is very fast even
at room temperature in both dilute and concentrated

HEM solutions. For example, at the initial monomer
content of 20 or 80 wt % (20�C), the solution
becomes neutral within several minutes after adding
NaOH (0.4�1.0 mg-equiv g�1), and the maximal de-
gree of hydrolysis corresponds to the amount of the
initially added alkali.

In acidic solutions, the pattern is quite different:
The reaction is considerably slower, and its rate de-
pends on temperature and on the concentrations of the
monomer and catalyst. Figure 1 shows the characteris-
tic kinetic curves illustrating how the HEM concentra-

Fig. 1. Variation with time � of the concentration c of
monomers in water in the presence of sulfuric acid. Mono-
mer: (1�5) HEM and (6) DMAEM � 0.5H2SO4. [ H+ ],
mg-equiv g�1: (1�4, 6) 0.4 and (5) 0.1. T, �C: (1, 3�6) 80
and (2) 60.
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tion varies in the course of acid hydrolyhsis. Figure 2a
illustrates the influence of the catalyst (H2SO4) con-
centration on the initial hydrolysis rate v0. As ex-
pected, v0 is a linear function of the acid concentra-
tion, and the reaction order with respect to acid is
close to unity. Figure 2b illustrates the temperature
dependence of the initial reaction rate. The slope of
the straight line in Fig. 2b corresponds to an activa-
tion energy of 65.14�1.54 kJ mol�1.

An increase in the initial monomer content
results in a noticeable acceleration of the acid hydrol-
ysis (Fig. 2c). It is interesting to compare the concen-
tration dependences of the hydrolysis rates for the
hydroxyl- and amino-substituted methacrylic acid
esters: HEM and DMAEM. These monomers differ
only in the kind of acceptor substituents in the alco-
holic moiety. The inductive constants �* of the �OH
and �N+H(CH3)2 groups are 1.60 and 4.38, respec-
tively [6, 7]. Therefore, it could be expected that acid
hydrolysis of protonated DMAEM would be faster
than that of HEM. However, actually in moderately
concentrated solutions at equal molar concentrations
of the monomers and equal acidity, hydrolysis of
HEM was considerably faster. For example, at 80�C,
free acid concentration of 0.4 mg-equiv g�1, and
DMAEM �0.5H2SO4 concentration of 1.5 mg-equiv g�1,
there was no appreciable hydrolysis in 4 h, whereas
the degree of hydrolysis of HEM under the same con-
ditions was 30% (Fig. 1, curves 4, 6). Furthermore,
previous studies of DMAEM hydrolysis [4] have
shown that, as the amino ester concentration is in-
creased, the hydrolysis rate in both acidic and alkaline
solutions decreases. In acidic aqueous solutions of
HEM, the hydrolysis, by contrast, accelerates with in-
creasing HEM concentration, with an inflection ob-
served in the concentration dependence of the initial
hydrolysis rate at a conte4nt of approximately 40%
(Fig. 2c).

Analysis of the viscosity�concentration relationship
for DMAEM [4] revealed association of the monomer
in concentrated solutions. To evaluate the tendency for
HEM to associate, we examined the concentration de-
pendence of the viscosity of its aqueous solutions
(Fig. 3). The nonlinear growth of the viscosity with
concentration suggests association of the monomeric
molecules, and inflections observed in some cases are
apparently due to rearrangements of the associates. In
acidic solutions, the ester shows a stronger tendency
toward association. It should be noted that, under sim-
ilar conditions of hydrolysis and viscosity measure-
ments (80�C, [H+] = 0.4 mg-equiv g�1), the concentra-
tion at which the hydrolysis sharply accelerates corre-
sponds to one of the two inflections in the concentra-

Fig. 2. Influence of the (a) H2SO4 concentration cH2SO4,
(b) temperature T, and (c) HEM content cHEM on the initial
rate of HEM hydrolysis v0. (a) [HEM]0 = 50 wt %, 80�C;
(b) [HEM]0 = 50 wt %, [H+] = 0.4 mg-equiv g�1; and
(c) [H+] = 0.4 mg-equiv g�1, 80�C.

Fig. 3. Viscosity � of aqueous solutions of HEM vs.
the monomer content c at various acidities. (1, 3) [H+] =
0.4 mg-equiv g�1 and (3, 4) no acid added. T, �C: (1, 2) 25
and (3, 4) 80.
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tion dependence of the viscosity (Fig. 2c; Fig. 3,
curve 3). Thus, our results suggest that, similarly to
DMAEM, the specific features of HEM hydrolysis are
related to association of the monomer. In associates of
DMAEM and its salts, charged and fairly bulky am-
monium groups hinder access to the ester reaction
center, and association decreases the hydrolysis rate.
In electrically neutral HEM containing hydrophilic OH
groups, the associates of the monomer must be less
hydrophobic and must incorporate more water molec-
ules. Presumably, packing of HEM and water molec-
ules in the associates leads to higher accessibility of
the carbonyl carbon atom as compared to dilute HEM
solutions in which HEM, apparently, has a cyclic
structure with an intramolecular hydrogen bond:

��CH2�C�C
O�H�O�
�C��CH2

CH2

�CH3

��CH2�C�C
O�H�O�
�C��CH2

CH2

�CH3

EXPERIMENTAL

The hydrolytic stability of HEM was studied at
20�90�C and monomer content of 10�90 wt %. Rad-
ical polymerization was prevented by adding hydro-
quinone (0.5 wt % relative to the monomer). The re-
action course was monitored by alkalimetric titra-
tion and gas�liquid chromatography. The content of
C=C bonds was determined by bromide�bromate titra-
tion. Gas�liquid chromatography was performed on
a Tsvet-100 chromatograph equipped with a flame-
ionization detector; a 1000 � 3-mm stainless steel
column was packed with Chromaton N-AW + 8%
dioctyl sebacate; the carrier gas was N2 (flow rate
2 �10�3 m3 h�1); the vaporizer temperature was 180�C,
and the column temperature, 120�C. The viscosity of
aqueous solutions of monomers was measured with

an Ubbelohde viscometer (dc 0.56 and 0.34 mm) at
25 and 80�C.

CONCLUSIONS

(1) Hydrolysis of 2-hydroxyethyl methacrylate in
alkaline solutions is very fast at both low and high
concentrations of the monomer.

(2) Acid hydrolysis of 2-hydroxyethyl methacry-
late is considerably slower, and its rate grows with
increasing temperature and monomer and acid concen-
trations.

(3) Viscosity�concentration dependences for aque-
ous solutions of 2-hydroxyethyl methacrylate suggest
association of the monomeric molecules. Sharp accel-
eration of the hydrolysis in concentrated acidic solu-
tions is presumably due to association.

REFERENCES

1. Asadov, Z.G. and Aliev, V.S., Usp. Khim., 1992,
vol. 61, no. 5, pp. 1002�1019.

2. Kazantsev, O.A., Zil’berman, E.N., Salov, V.N., and
Krasnov, V.L., Zh. Prikl. Khim., 1987, vol. 60, no. 9,
pp. 2142�2145.

3. Kazantsev, O.A., Shirshin, K.V., Danov, S.M., and
Kazakov, S.A., Zh. Prikl. Khim., 1998, vol. 71, no. 2,
pp. 304�307.

4. Kuznetsova, N.A., Kazantsev, O.A., Shirshin, K.V.,
et al., Zh. Prikl. Khim., 2003, vol. 76, no. 7,
pp. 1150�1153.

5. Lavrov, N.A., Chudnova, V.M., and Nikolaev, A.F.,
Zh. Prikl. Khim., 1986, vol. 59, no. 7, pp. 1554�1558.

6. Galkin, V.A., Cherkasov, A.R., Sayakhov, R.D., et al.,
Zh. Obshch. Khim., 1995, vol. 65, no. 4, pp. 458�468.

7. Galkin, V.A., Cherkasov, A.R., Sayakhov, R.D., et al.,
Zh. Obshch. Khim., 1995, vol. 65, no. 4, pp. 477�479.



1070-4272/03/7608-1299 $25.00 � 2003 MAIK �Nauka/Interperiodica�

Russian Journal of Applied Chemistry, Vol. 76, No. 8, 2003, pp. 1299�1303. Translated from Zhurnal Prikladnoi Khimii, Vol. 76, No. 8, 2003,
pp. 1336�1340.
Original Russian Text Copyright � 2003 by Puzin, Chebaeva, Egorov, Khatchenko.

MACROMOLECULAR CHEMISTRY
����������������������� �����������������������

AND POLYMERIC MATERIALS

Synthesis and Polymerization of Unsaturated Phthalides

Yu. I. Puzin, T. V. Chebaeva, A. E. Egorov, and E. A. Khatchenko

Ufa State Petroleum Technical University, Ufa, Bashkortostan, Russia

Institute of Organic Chemistry, Ufa Scientific Center, Russian Academy of Sciences, Ufa, Bashkortostan, Russia

Received October 9, 2002; in final form, March 2003

Abstract�Procedures were developed for preparing unsaturated phthalides: phthalideneacetic acid and
methylene phthalide, which are promising monomers for radical polymerization. The structures of the mono-
mers were studied, and their copolymerization with methyl methacrylate was performed.

Much attention is given today to polymeric materi-
als whose components change the structure and phys-
icochemical properties, depending on external condi-
tions (pressure, temperature, acidity of the medium,
etc.). Of particular interest in this respect are phthal-
ides showing ring�chain isomerism [1]. Phthalide-
containing polymers exhibit unique electrical [2] and
optical [3] properties, high heat resistance, and high
softening points [4]. These polymers are most often
prepared by polycondensation. However, their high
heat resistance is combined with high glass transition
and flow points, and also with poor solubility in
the majority of industrially used organic solvents.

In contrast to phthalide-containing polymers, many
vinyl polymers, in particular, polyacrylates have low
glass transition and flow points and good solubility,
but poor heat resistance. These polymers are most
often prepared by radical polymerization. Therefore,
it seems appropriate to modify vinyl polymers, such
as poly(meth)acrylates, polystyrene, etc., with phthal-
ides, and development of procedures allowing modifi-
cation in the stage of synthesis is an urgent problem.

Phthalides can be incorporated into a polymeric
molecule in the course of radical polymerization both
via their involvement in chain initiation or transfer [3]
and through (co)polymerization of unsaturated phthal-
ides. With the aim to prepare poly(methyl methacry-
late) modified with phthalide-containing compounds,
we prepared two phthalide-containing monomers:
phthalideneacetic acid I and methylene phthalide II:
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The monomeric purity is the necessary condition
for their application.

EXPERIMENTAL

Phthalic anhydride was recrystallized from absolute
ethanol before use; mp 239�C. Acetic anhydride was
distilled; bp 140�C. The polymerization initiators,
azobis(isobutyronitrile) (AIBN) and benzoyl peroxide
(BP), were repeatedly recrystallized from methanol
and vacuum-dried to constant weight.

Methyl methacrylate (MMA) was purified to re-
move the stabilizer by shaking with 5�10% KOH,
washed with water to neutral reaction, dried over
CaCl2, and double-distilled in a vacuum. The fraction
with bp 42�C (13.3 kPa) was used for polymerization.

Phthalideneacetic acid. Published data on syn-
thesis of I and II are contradictory. Phthalideneacetic
acid was prepared for the first time at the end of
the XIX century [5�8], but its properties have been
studied poorly. In this study, we prepared I by the
Perkin�Gabriel reaction from phthalic and acetic an-
hydrides in the presence of a metal acetate:
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The reaction was performed in several steps. First,
a flask was charged with phthalic anhydride (2�3%
excess relative to the reaction stoichiometry), acetic
anhydride, and potassium acetate (20�30% excess rel-
ative to phthalic anhydride). The mixture was heated
for 1.5 h on a boiling water bath. Then a tenfold vol-
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Table 1. Properties of I and II
������������������������������������������������������������������������������������

� Found, % � �
UV

�
IR

� NMR spectrum, �, ppm
� � � � ������������������������������������Com- �

����������
�

mp, �C
� � �� Calculated, % � �

spectrum,
�

spectrum,
�

��������������� � � � �pound � � �
�, nm

�
�, cm�1 � 1H

� 13C
� C � H � � � � �

������������������������������������������������������������������������������������
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� � � � � � �
I � 63.47 � 3.02 � � 282 � 1705 � �

� ���� � ���� � 280 � � � �
� 63.16 � 3.18 � � (C=C) � (COOH) � �
� � � � � 1800 � �
� � � � � (C=O) � �
� � � � � � �
� � � � � � �

II � 74.16 � 4.02 � � 311 � 1780 � 4.80 (cis-H) �
� ���� � ���� � 56 � � � � 94.86 (C=CH2)
� 73.97 � 4.14 � � (C=O and Ar) � (C=O) � 5.25 (trans-H) �

������������������������������������������������������������������������������������

Table 2. Geometries of I and II
������������������������������������������������������������������������������������

Bond
� II � I
�������������������������������������������������������������������
� bond length, � � bond angle, deg � bond length, � � bond angle, deg

������������������������������������������������������������������������������������
C=C � 1.3 � 130.2 � 1.3 � 122.7

� � 108.7* � � 108.8*

=C�H � 1.1 � 130.2 � 1.1 � 119.6
� � � � 115.6

=C�CO � � � � � 1.5 � 115.8
� � � � 124.8**

=C�O� � � � � � 1.4 � 116.5
�O�H � � � � � 1.0 � 109.9
Deviation from plane � � No � � �COOH, 58
������������������������������������������������������������������������������������
* In the ring. ** Relative to the C=C bond.

ume of hot water was added, and the hot mixture was
filtered. The precipitate was washed with hot water
and ethanol. A light brown product was obtained; it
was washed with a small amount of hot glacial acetic
acid. After cooling and filtration, a yellow substance
was obtained; its melting point, 249�C, is reasonably
consistent with published data [6, 7]. The product was
repeatedly recrystallized from glacial acetic acid in the
presence of activated carbon. Colorless lustrous plates
were obtained; mp 280�C (with decomposition). Fur-
ther recrystallizations did not increase the melting
point. The product was identified by IR, 13C NMR,
and 1H NMR spectroscopy and by elemental analysis
(Table 1).

Methylene phthalide. Synthesis of methylene
phthalide and its polymers has been attempted by
numerous researchers. However, either the suggested
procedures gave the monomer in low yield (10�15%)

or the product was unsuitable for polymerization be-
cause of the presence of inhibiting impurities.

In this study, to prepare and purify methylene
phthalide, we chose the procedure described in [9].
It involved high-vacuum dehydration of acetophen-
one-o-carboxylic acid:
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The product sublimes and is condensed as color-
less needles, mp 56�C (yield about 60%); it is hy-
groscopic and sublimes in a vacuum at about 300�C
(1�5 mm Hg). Some characteristics of II are listed
in Table 1.
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The kinetics of bulk polymerization was monitored
gravimetrically [10]. The temperature was maintained
at 60�0.5�C. The composition was calculated from
the analytical data.

The UV spectra (solutions in CH3COOH) were
recorded on a Shimadzu UV�VIS�NIR 3100 spec-
trometer using a 1-cm quartz cell. The IR spectra
(mulls in mineral oil) were recorded on a Specord
M-80 spectrophotometer (Germany). The 1H and 13C
NMR spectra were taken on a Bruker AM-400 spec-
trometer (300 MHz, CD3OD, internal reference hexa-
methyldisiloxane).

The temperature of the decomposition onset was
determined by the method of tangents with an MOM
Q-1500D derivatograph (Hungary); sample weight
100 mg, heating rate 5 deg min�1.

The probabilities of addition of propagating radi-
cals with different structures of terminal units to co-
monomer molecules were calculated as described in
[10].

The overwhelming majority of studies concerned
phthalideneacetic acid are limited to its synthesis.
In most cases, the acid was immediately subjected
to thermal decarboxylation in a vacuum to obtain
methylene phthalide [7, 8]. The properties and struc-
ture of the acid remained unknown, like those of
methylene phthalide. Therefore, we first examined the
structures of these compounds.

The 1H NMR spectrum of II (Table 1) shows that
the methylene hydrogen atoms (�-position relative to
the phthalide ring) are nonequivalent (cis and trans
arrangement relative to the oxygen atom of the phthal-
ide ring).

In the case of phthalideneacetic acid, two isomers
with the cis and trans arrangement of the carboxy
group relative to the oxygen atom of the phthalide
ring are possible. The nuclear Overhauser effect
(� = 8%) observed on the aromatic proton (8.28 ppm,
3-position) upon irradiation at the frequency of
the olefinic proton signal (6.32 ppm) unambiguously
suggests steric proximity of these protons, i.e., the cis
structure of the product. In other words, the syn-
thesized phthalideneacetic acid is a pure cis isomer.
Furthermore, the chemical shift of the carboxyl proton
signal is unusually small, which may be due to
interaction of this proton with the oxygen atom of
the phthalide ring. Unfortunately, we failed to follow
the changes in the chemical shift of this signal de-
pending on the solvent polarity because of extremely
low solubility of I in other solvents. However,
the chemical shift varies with temperature: 25�C,

Table 3. Characteristics of copolymerization of MMA
with unsaturated phthalides at 70�C [initiator azobis-
(isobutyronitrile), 0.5 wt %] and decomposition (onset)
temperatures of the copolymers
����������������������������������������

Phthalide � Initial co- � Phthalide �
content � polymeriza- � content in � Tdec ,

in monomer � tion rate, � copolymer, � �C
mixture, mol % � % min�1 � mol % �
����������������������������������������

Phthalideneacetic acid

0 � 0.0950 � 0 � 190
10 � 0.0925 � 1.8 � 218
20 � 0.0800 � 3.3 � 226
30 � 0.0540 � 4.2 � 235
40 � 0.0220 � 6.9 � 230
60 � 0.0067 � 18.0 � 220

Methylene phthalide

0 � 0.1070 � 0 � 190
10 � 0.1098 � 4.2 � 220
15 � 0.1064 � 7.0 � 228
20 � 0.1002 � 9.6 � 235
40 � 0.0891 � 21.6 � 240
60 � 0.0788 � 37.6 � 238
80 � 0.0745 � 60.2 � 242
90 � 0.0704 � 77.7 � 240

����������������������������������������

4.00 ppm; 30�C, 4.72 ppm; and 40�C, 5.73 ppm. This
indicates that the intramolecular hydrogen bond in
the acid molecule becomes weaker.

The molecular geometry of I and II was optimized
by PM3 calculations. The results (Table 2) show that
the oxygen atom deviates from the ring plane by ap-
proximately 2�; the bond angle at the ring oxygen
atom is 108�, and the C�O bond length, 1.44 �. An
important result is that the phthalideneacetic acid
molecule, in contrast to the methylene phthalide mol-
ecule, has functional groups that extend from the
molecular plane; this must affect the electrical prop-
erties of I at elevated pressures and temperatures.

Unfortunately, we failed to prepare the homopoly-
mer of phthalideneacetic acid by radical polymeriza-
tion. However, we obtained copolymers of I with
MMA. Some data on the reaction and copolymer
compositions are listed in Table 3. It is seen that the
copolymerization rate decreases with increasing con-
tent of I in the reaction mixture. This may be due to
the fact that the purity of I is insufficient for radical
polymerization. Therefore, we additionally performed
repeated chromatographic purification of the mono-
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Fig. 1. Determination of the constants of MMA copoly-
merization with phthalideneacetic acid by the Fineman�
Ross method.

Fig. 2. Probability A of addition of a propagating radical
with the of terminal unit (1, 2) MMA and (3, 4) phthal-
ideneacetic acid to (1, 3) MMA and (2, 4) phthalideneacetic
acid molecule. (cI ) Concentration of I.

Fig. 3. Content A of methylene phthalide units in the co-
polymer vs. the content B of methylene phthalide in
the initial monomer mixture.

Fig. 4. Determination of the constants of MMA copoly-
merization with methylene phthalide by the Mayo�Lewis
method.

mer. A certain increase in the copolymerization rate
was, indeed, observed but attempted preparation of the
homopolymer failed.

The constants of copolymerization of MMA with I
were determined by the Fineman�Ross method [10]
(Fig. 1) to be 0.36�0.06 and 5.80�0.08, respectively.
Calculation of the probabilities of monomer addition
to propagating radicals of various structures shows
(Fig. 2) that incorporation of MMA into the chain is
much more probable than incorporation of I.

At the same time, the copolymerization constants
show that the monomers interact with each other (the
product of the constants is significantly greater than
unity), probably owing to their high polarity. Using
the Q�e scheme, we calculated the parameters e =
1.26 (parameter characterizing the polarity of I) and
Q = 0.79 (parameter characterizing the conjugation in
the propagating radical with the radical center loca-
lized in the phthalideneacetic acid unit) [10]. Phthali-
deneacetic acid is close to MMA in the value of Q
(QMMA = 0.74) but significantly exceeds it in polarity
(eMMA = 0.40), being in this respect close to aceto-
nitrile (e = 1.20).

In contrast to phthalideneacetic acid I, methylene
phthalide polymerizes in the presence of radical initi-
ators, such as BP or AIBN. The reaction was per-
formed in DMF in the presence of 3.7 � 10�3 M BP.
The polymerization noticeably accelerated after reach-
ing 30% conversion of the monomer (gel effect), sug-
gesting the radical mechanism of the reaction. The
polymer was precipitated with acetone and reprecipi-
tated several times. Dry poly(methylene phthalide)
has a high glass transition point (305�C), and its
softening is accompanied by decomposition (as indi-
cated by significant weight loss). We failed to prepare
films from this polymer (under conditions similar to
those used with other polymers) for studying electrical
properties; therefore, it seems necessary to prepare
copolymers of II, primarily with MMA.

A study of copolymerization of MMA with II
showed that, with increasing content of II, the process
decelerates but does not fully stop (Table 3), which
allows preparation of the copolymer with different
monomer ratios. Figure 3 shows that the copolymer is
enriched in MMA units at any composition of the
monomer mixture, and the ratio of the copolymeriza-
tion constants meets the condition r1 > 1 and r2 < 1.

The copolymerization constants were determined
by the Mayo�Lewis method [10] (Fig. 4) to be 2.69�
0.05 (for MMA) and 0.70�0.07 (for II). In this case,
too, the product of the copolymerization constants is
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greater than unity, suggesting mutual interaction of
the monomers; however, it is apparently weaker than
that with I.

Methylene phthalide is characterized by Q = 1.35
and e = +1.20. It is somewhat more polar than I, but
its growing radical is more active in chain propaga-
tion.

As expected, the copolymers show higher heat
resistance, compared to poly(methyl methacrylate)
(Table 3). However, with increasing content of phthal-
ideneacetic acid, the decomposition onset tempera-
ture starts to decrease, probably owing to decarbox-
ylation.

CONCLUSIONS

(1) Procedures were developed for synthesis and
purification of phthalideneacetic acid and methylene
phthalide, promising monomers for radical polymeri-
zation.

(2) The structures of the phthalides were studied;
phthalideneacetic acid has the cis structure.

(3) (Co)polymerization of unsaturated phthalides
with methyl methacrylate was performed; the copoly-
merization constants and Q�e parameters were calcu-
lated; the activity of I and II as monomers was eval-
uated.

(4) The methyl methacrylate copolymers obtained
show enhanced heat resistance.
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Abstract�p-Xylylenediamine was prepared by hydrogenation of terephthalodinitrile; the conditions ensur-
ing high yield of this monomer were found. The influence exerted by the catalyst and solvent on the diamine
yield was examined. Single-step polycondensation of p-xylylenediamine with tricyclodecenetetracarboxylic
dianhydrides in the presence of catalytic amounts of isonicotinic acid gave a series of new polyimides consist-
ing of aliphatic and aromatic fragments.

Polyalkanimides show promise as materials for
electrical and radio engineering [1, 2]. The interest in
these polymers is not occasional. Occupying an inter-
mediate position between aromatic and aliphatic de-
rivatives, they combine the advantages of both. In-
troduction of methylene units into the backbone de-
creases the melting point, enhances the resistance to
hydrolysis, and imparts to the polymers other valuable
properties allowing their processing with commercial-
ly available equipment [2].

A series of polyalkanimides (PAIs) derived from
pyromellitic dianhydride and aliphatic diamines (deca-
and dodecamethylenediamines, and also their mix-
tures) have been prepared; these materials shown long
service life at temperatures of up to 200�C [2, 3].
At the same time, PAIs can also be prepared from
p-xylylenediamine ( p-XDA) and other anhydrides.

In this study, we prepared dianhydrides of cyclo-
decenetetracarboxylic acids: tricyclo[4.2.2.02,5]dec-
7-ene-3,4,9,10-tetracarboxylic dianhydride (product of
photochemical addition of maleic anhydride to ben-
zene, AB) and its 7-fluoro (AFB) and 7-chloro (ACB)
derivatives, which are starting compounds for prepar-
ing a wide set of heat-resistant polymers, including
polyimides [4, 5]:
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where R = H (AB), F (AFB), Cl (ACB).

It is known that the prospects for application of
polymeric materials are determined by numerous fac-
tors, with the availability of the starting monomers
being of major importance. We have developed a pro-
cedure for preparing p-XDA in quantitative yield,
which allowed us to begin studies of synthesis of new
PAIs derived from p-XDA and alicyclic dianhy-
drides.

Here we report the features of synthesis of p-XDA
and polyimides derived from it.

EXPERIMENTAL

The starting compounds and solvents were purified
by common procedures. The IR spectra were recorded
on a Specord IR-25 spectrometer. The monomer sam-
ples were prepared as KBr pellets, and the polymer
samples, as 3�5-�m films. The reduced viscosities of
0.5% solutions of polyimides were measured with an
Ubbelohde viscometer at 25�C in DMSO. The TG
and DTA curves were recorded simultaneously on an
MOM derivatograph (Hungary) at a heating rate of
8 deg min�1. From the TG curves, we calculated
the temperatures of the onset of weight loss and of
5, 10, and 50% weight loss (T0, T5, T10, and T50, re-
spectively).

The physicomechanical (tensile strength �, relative
elongation l) and dielectric (dielectric loss tangent
tan �, relative dielectric permittivity ��) characteristics
were studied under standard conditions by published
procedures [6, 7].
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p-Xylylenediamine was prepared by catalytic re-
duction of terephthalodinitrile (TDN)1 in a high-
pressure kinetic unit [8] allowing monitoring of the
hydrogen uptake in unit time [9]. As catalysts we used
promoted catalytic alloys whose base component was
Raney nickel; the catalysts were prepared by leaching
of the corresponding alloys with Ni : Al � 1 : 1. A 0.5-l
long-necked stainless steel vessel was shaken at a fre-
quency of 600�700 one-side rockings per minute. A
0.5-g portion of the catalyst was loaded under the layer
of the solvent (50 ml of methanol preliminarily sat-
urated with ammonia under cooling; nitrile : ammonia
ratio 1 : 3). Then 1.43 g of TDN was added. Hydro-
genation was performed until the H2 uptake stopped.

p-XDA was identified by elemental analysis, melt-
ing point, and IR spectra.

Found, %: C 70.26, H 8.84, N 19.92.
C8H12N2.
Calculated, %: C 70.60, H 8.09, N 20.57.

IR spectrum, �, cm�1: 1500 (benzene ring); 1670,
3420 (�NH2 groups); 2920 (�CH in �CH2 group); mp
34.5�35�C (published data [8]: 35�C).

AB, AFB, and ACB were prepared by published
procedures [10, 11] and purified by three- or fourfold
1.5�2.0-h treatment with hot acetone under stirring.
The precipitate of the monomers was filtered off and
vacuum-dried in an oven to constant weight at 80�
90�C.

AB: equivalent weight 68.5 (calculated 68.5), mp
250�252�C; AFB: equivalent weight 73.04 (calcu-
lated 73.04), mp 312�314�C; ACB: equivalent weight
77.12 (calculated 77.12), mp 302�304�C. The ele-
mental analyses were consistent; the melting points
agreed with published data [10, 11]. The solvents
[dimethylformamide, DMF; dimethylacetamide, DMA;
N-methyl-2-pyrrolidone, MP; dimethyl sulfoxide,
DMSO] were dried over 4-	 molecular sieves.

The polyimide derived from AB and p-xylylene-
diamine was prepared as follows. A three-necked flask
equipped with a stirrer and an inlet tube for inert gas
was charged with 13.71 g (0.05 mol) of AB, 5.20 g
(0.05 mol) of p-XDA, 0.09 g (5 wt % relative to
the sum of the monomers) of isonicotinic acid, and
56.9 ml of DMA. The mixture was heated on an oil
bath (50�C) for 15 min with stirring, after which
����������
1 Terephthalodinitrile was kindly submitted by P.B. Vorob’ev

and L.F. Gabdullina (Bekturov Institute of Chemical Sciences,
Ministry of Education and Science of the Republic of Ka-
zakhstan).

Table 1. Conditions of TDN hydrogenation on Raney
nickel catalysts (H2 pressure 4.0 MPa; 60�C)
����������������������������������������
Composition of starting alloy �

�, min
� p-XDA

before leaching (weight ratio) � � yield, wt %
����������������������������������������
Ni : Al = 50 : 50 � 140 � 73�75
Ni : Ti : Al commercial � 50 � 90�92
(TU*-59-83�75), prescribed � �
content: Al, 50�53.5; � �
Ni, 44�46.5; Ti, 2.2�2.8 � �

N-5 catalyst

Ni : M : Al: � �
47.5 : 2.5 : 50.0 � 41 � 94�95
45.0 : 5.0 : 50.0 � 32 � 97�98

����������������������������������������
* Technical Specifications.

Table 2. Conditions of TDN hydrogenation in various
solvents (H2 pressure 4.0 MPa; 60�C)
����������������������������������������

� Ni�Ti catalyst �
N-5 catalyst

Solvent
� (�3% Ti) �
������������������������������(saturated
�

�,
� p-XDA �

�,
� p-XDAwith NH3)

�
min

� yield, �
min

� yield,
� � wt % � � wt %

����������������������������������������
Methanol � 50 � 90�92 � 32 � 97�98
Ethanol � 62 � 89�91 � 41 � 96�97
Propanol � 69 � 90�91 � 48 � 96�97
Butanol � 71 � 90�91 � 53 � 96�97
����������������������������������������

the temperature was raised to 110�C over a period
of 20 min, and the mixture was stirred for additional
2 h. After cooling to room temperature, the polyimide
was precipitated with chemically pure acetone, and
the precipitate was washed with two portions of ac-
etone and vacuum-dried in an oven at 80�90�C to
constant weight.

The elemental composition of the precipitated poly-
mer corresponds to the theoretical value. Polyimide
films were prepared by casting 25% solutions of the
polyimides in DMA on glass plates. To remove the
solvent, the films were predried by vacuum heating
in an oven at 80�C for 0.3 h, after which they were
heated to constant weight at 150�C for 1 h.

Polyimides derived from p-XDA and halogenated
dianhydrides were prepared similarly. Yield 98.5�
99.0%, degree of imidization about 100%.

Catalytic hydrogenation of nitriles involves a set
of parallel-consecutive reactions [8, 12�14]. The re-
duction of TDN was performed on the catalysts listed
in Table 1. The results are given in Tables 1 and 2.
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Table 1 shows that Ni�Ti and N-5 catalysts are
more active, compared to straight Raney nickel. The
yield of the target product is 90�92% on Ni�Ti and
as high as 97�98% on N-5. Therefore, the subsequent
experiments were performed with N-5 catalyst.

Published data on hydrogenation of aromatic dini-
triles demonstrate a significant solvent effect on the
process; the best results are attained in alcohols [14].

In this study, we examined the influence exerted by
the nature of a solvent on hydrogenation of TDN on
N-5 catalyst in the presence of ammonia. The results
are listed in Table 2. It is known that the highest rate
of formation and highest yield of the product are at-
tained at the stoichiometric ratio of the reactants on
the catalyst surface [15]; this fact was taken into
account in our experiments.

Table 2 shows that the most favorable ratio of the
reactants on the catalyst surface in alcohol is attained
at the nitrile : ammonia ratio of 1 : 3.

It is known that the products of hydrogenation of
phthalonitriles contain amino nitriles [14, 16, 17].
This fact suggests consecutive reduction of the nitrile
groups. The hydrogenation rate on N-5 catalyst de-
creases with time; the hydrogen uptake corresponds
to the reaction stoichiometry [18]. Hydrogenation
starts and proceeds at a high rate until 2 mol of H2
is taken up per mole of the dinitrile; after that,
the rate of hydrogen uptake somewhat decreases, and
the remaining 2 mol of H2 is added at a lower rate
[17, 18].

Hydrogenation of TDN can be described by the fol-
lowing scheme:

����������

�


�

C�N

C�N
�


�
C�N

CH=NH CH

�


�
C�N

2

NH2

						

�


�
C�N

CH


�NH2

NH2
�

				










				

	�





+NH3

Aldiminep-TDN 4-Cyanobenzylamine

+H2

�NH3

+ H2 �	 + H2 �	

�


�
C�N

+ H 2 �	�


�

+ H 2 �	

CH

�


�

2

NH2

						

�


�

�

					










				

CH2

NH2

4-Cyanobenzylamine Aldimine
CH=NH

CH2

NH2

CH2

NH2

CH


�NH2

NH2

CH2

NH2

�





p-XDA

+NH3

�NH3

+H2

����������

This scheme suggests that, initially, one of the ni-
trile groups is hydrogenated to give the amino nitrile
(cyanobenzylamine), and only after that p-XDA is
formed.

Bizhanov [19] believes that the growth of activ-
ity of Raney nickel catalysts is associated with an in-
crease in the content of the NiAl3 phase relative to
the Ni2Al3 phase. Thus, the yield of the target product

and the reaction rate depend on both the synthesis
conditions and the catalyst used. The activity and
selectivity of N-5 catalyst may be due to its high en-
richment in firmly bound adsorbed hydrogen; its
amount is 2�3 times higher than that on straight
Raney nickel [19].

Tricyclodecenetetracarboxylic dianhydries are the
starting monomers for preparing various heat-resistant
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Table 3. Optimal conditions for preparing polyalkanimides
������������������������������������������������������������������������������������

Polymer
� � � � � 
r (0.5% solution
� Dianhydride � cmon, wt %/cINA, wt % � T, �C � �, h � in DMSO, 25�C),

no.
� � � � � dl g�1

������������������������������������������������������������������������������������
1 � AFB � 40/2.0 � 120 � 2.2 � 1.23
2 � AB � 40/2.5 � 120 � 2.5 � 1.10
3 � ACB � 40/2.5 � 110 � 2.5 � 0.94
4 � AFB � 20/0 � 25 � 2.5 � 0.32

������������������������������������������������������������������������������������

Table 4. Thermal characteristics of PAI
������������������������������������������������������������������������������������

Polymer

� � Temperature of weight loss, �C
� ����������������������������������������������������������������
� Tg, �C � in air � under Ar
� ����������������������������������������������������������������no.

� � T0 � T15 � T10 � T50 � T0 � T15 � T10 � T50
������������������������������������������������������������������������������������

1 � 270 � 340 � 380 � 420 � 530 � 380 � 440 � 470 � 580
2 � 280 � 325 � 350 � 400 � 500 � 360 � 415 � 450 � 545
3 � 265 � 335 � 365 � 415 � 510 � 355 � 435 � 460 � 560

������������������������������������������������������������������������������������

polymers, including polyimides [20, 21]. No data are,
however, available on synthesis of high-performance
polyimides from p-XDA and the above dianhydrides,
because of the lack of efficient synthesis procedures.
In this study, we developed such procedures. The
polyimides were prepared by single-stage polyconden-
sation of the components in polar aprotic solvents
(amides) in the presence of catalytic amounts of iso-
nicotinic (pyridine-4-carboxylic, INA) acid, which is
known [5] to appreciably intensify polycondensation,
like other pyridinecarboxylic acids.

It is known that polyheterocycles prepared in solu-
tion are more soluble than the same polymers pre-
pared by solid-phase imidization of polyamido acids.
Among the chosen solvents (DMF, DMA, MP,
DMSO), the best results were obtained with DMA;
the polyimides prepared in this solvent have the high-
est viscosity. For example, 
r of 0.5% solution of
the fluorinated polyimide prepared in various solvents
under the optimal conditions is as follows (dl g�1):
0.45 in DMF, 0.53 in MP, 0.75 in DMSO, and 1.23 in
DMA. Therefore, all the subsequent syntheses were
performed in DMA.

A study of the reactions of p-XDA with alicyclic
dianhydrides showed that the fluorinated dianhydride
(AFB) is more reactive in acylation, which is due to
the high electronegativity of the fluorine atom at the

endocyclic double bond; as a result, the anhydride
groups become more electrophilic. AB and ACB are
less reactive [10].

It should be noted that PAIs with fairly good char-
acteristics, derived from an alicyclic dianhydride,
were prepared for the first time. The syntheses were
performed at 110�120�C for 2.0�2.5 h. All the reac-
tions occurred under homogeneous conditions and
gave PAIs in almost quantitative yields, with degrees
of imidization of about 100%. The viscosity of the po-
lymers was as high as 0.94�1.23 dl g�1.

The optimal conditions for preparing PAIs are
listed in Table 3; for comparison, we also give data
for the two-stage synthesis of the polyimide from
AFB and p-XDA (polymer no. 4). Table 3 shows that
the single-stage procedure ensures higher 
r of the
polyimide.

The compositions and structures of the polyimides
were confirmed by elemental analysis and IR spec-
troscopy. The IR spectra of the polyimides contain
absorption bands at 1775 and 1715 (carbonyl groups
of imide rings), 1365�1370 (>N�), and 715�725 cm�1

(imide ring); the PAI derived from AFB also exhibits
C�F vibration band at 1260�1300 cm�1, and the PAI
derived from ACB, a C�Cl band at 860 cm�1. No
bands characteristic of uncyclized amido acid frag-
ments were detected.
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The structural features of polyimides derived from
tricyclodecenetetracarboxylic dianhydrides (presence
of the alicyclic structure and, in the case of AFB and
ACB, also of halogen atoms) are responsible for some
specific properties; for example, the glass transition
points Tg decrease somewhat. Comparison of the glass
transition points of PAIs, determined by dielectric
measurements [22], showed that they are within 265�
280�C; Tg of the halogenated polymers is 10�15�C
lower, compared to the PAI derived from AB; intro-
duction of Cl decreases Tg to a greater extent, com-
pared to F (Table 4, polymer nos. 1, 2).

We evaluated the heat resistance of the new poly-
mers. As seen from Table 4, decomposition of all
the three PAIs in air (onset temperature T0) starts at
325�340�C, with the nonhalogenated polymer being
somewhat less heat-resistant. Decomposition under Ar
starts at higher temperatures.

Table 4 shows that, for the polyimides prepared,
the interval between Tg and T0 is 45�70�C, which
allows processing of the polymers by pressure mold-
ing.

The relatively high viscosity characteristics and
good solubility of the polymers in DMA allowed
us to prepare films with strength of 70�80 MPa
and 30�40% elongation. The modulus of elasticity
ranges from 2700 to 3400 MPa depending on the
modifying additive (triphenyl phosphate, dimethyl
phthalate, dibutyl phthalate, dimethyl terephthalate,
etc.).

The dielectric loss tangent at f = 1 kHz, T = 25�C,
and zero moisture content is 0.002�0.004; relative
dielectric permittivity, 3.22�3.35. The relative di-
electric permittivities of the new PAIs are relatively
low, especially of those containing an F atom, which
is due to the alicyclic structure of the anhydride ring
and to the effect of the electronegative halogen atom.
The relative dielectric permittivities of aromatic poly-
imides containing aliphatic and aromatic fragments
are higher.

CONCLUSIONS

(1) Conditions were found for preparing p-xylyl-
enediamine in quantitative yield by hydrogenation of
terephthalodinitrile in lower aliphatic alcohols in
the presence of promoted catalysts containing Raney
nickel as base component and obtained by leaching
of the corresponding alloys with Ni : Al � 1 : 1.
The catalysts used in this study are 3�4 times more
active than straight Raney nickel.

(2) A series of new (including fluoro and chloro
derivatives) polyimides were prepared by condensa-
tion of p-xylylenediamine with tricyclodecenetetra-
carboxylic dianhydrides in polar aprotic solvents
(amides). These polymers exhibit high, for this class
of materials, physicomechanical and dielectric charac-
teristics and high heat resistance.
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Abstract�The influence of single- and double-charged cations on degradation of metal 2-acrylamido-2-
methylpropanesulfonate-N-vinylpyrrolidine copolymers in aqueous solutions in the presence of potassium
peroxodisulfate, K2S2O8, at 50 and 70�C was studied by viscosimetry.

Degradation of polymers in solutions in the pres-
ence of radicals is used to control the molecular
weight (MW) and molecular-weight distribution
(MWD) of polymers and to prepare partially degraded
polymers with the best molecular characteristics, pro-
viding their best performance [1]. Previously [2] we
have studied the main features of radical degradation
of copolymers of sodium 2-acrylamido-2-methylpro-
panesulfonate (Na-AMS) with N-vinylpyrrolidine
(N-PV) in aqueous solutions. These polymers exhibit
good flocculating [3], adhesion, and antistatic activity
[4] and have cross-linking and complexing properties.

As shown previously [1], degradation of polyelec-
trolytes in aqueous solutions is strongly affected by
electrostatic interaction between charged macromol-
ecules and the product of persulfate decomposition,
SO4

�* radical ions. Since the strength of such electro-
static interactions depends on the degree of binding of
cations with polyanions, the cation nature must affect
degradation of copolymers of H-AMS salts with N-VP
in aqueous solutions containing persulfate anions. In
this study, we analyzed the influence of M cations
(M = Li+, Na+, K+, Mg2+, Ca2+, and Ba2+ ) on the de-
gradation of M-AMS�N-VP copolymers in aqueous
solutions in the presence of potassium peroxodisulfate
(PP).

EXPERIMENTAL

We studied Na-AMS�N-VP copolymers prepared
by radical coplymerization of the monomers in
aqueous solutions.

We used H-AMS (Lubrizol 2404) purchased from
Lubrizol Corporation (UK), mp 185�C; N-VP pur-
chased from Merck (Germany) and purified by vac-
uum sublimation in the presence of 0.1% KOH, nD

20 =
1.5119; and distilled water. Other chemicals were of
chemically pure and analytically pure grades. Potas-
sium peroxodisulfate K2S2O8 was twice recrystallized
from water. The main compound, determined by redox
titration was 97.8%. Sodium 2-acrylamido-2- methyl-
propanesulfonate (Na-AMS) was prepared by neutrali-
zation of an aqueous solution of H-AMS with NaOH.

Copolymerization of Na-AMS with N-VP was per-
formed by the procedure described in [6]. The copo-
lymer was precipitated from an aqueous solution with
acetone, filtered off, washed with acetone, and dried
in a vacuum at 50�C to constant weight. The param-
eters of the copolymers studied are listed in the table.

Properties of H-AMS�N-VP copolymers

�CH2�CH��CH2�CH�[ [ ]m]n�� ��C�O N�� ��
��
��

C�OH2C
HO3S�CH2�C(CH3)2�NH CH2H2C

�CH2�CH��CH2�CH�[ [ ]m]n�� ��C�O N�� ��
��
��

C�OH2C
HO3S�CH2�C(CH3)2�NH CH2H2C

����������������������������������������
Sample � [�], �Content of indicated units, mol%

� ��������������������������
no. � cm3 g�1

� H-AMS � N-VP
����������������������������������������

1 � 180 � 89.0 � 11.0
2 � 380 � 78.1 � 21.9
3 � 120 � 50.0 � 50.0
4 � 410 � 50.0 � 50.0

����������������������������������������
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The content of ionic groups in the copolymer was cal-
culated from the sulfur content [7]. The intrinsic vis-
cosity of polymer solutions, [�], was determined on
a VPZh-3 viscometer (dc = 0.56 mm) by isoionic dilu-
tion of a 0.5 M NaCl solution at 30�C.

To convert Na-AMS�N-VP copolymer into the
H-form, its solution was passed through a column
packed with KU-2�8 cation exchanger. The cation
exchanger was pretreated in accordance with GOST
(State Standard) 10896�78. Single- and double-
charged metal salts of the copolymers were prepared
by potentiometric titration of solution of H-AMS�
N-VP copolymers with KOH or LiOH solution, or by
treatment of the copolymer solution with an Mg(OH)2,
CaO, or Ba(OH)2 suspension to pH 7 with cooling
and stirring. The insoluble residue was filtered off.

Degradation in 0.1% aqueous solutions was ini-
tiated by thermolysis of PP initiator at 50 and 70�C.
The reaction kinetics was monitored by viscometry
[8]. The degradation was performed in a glass reactor
equipped with a jacket for temperature control, a mag-
netic stirrer, a thermometer, a connecting pipe for
sampling to measure [�], and a VPZh-3 capillary vis-
cometer (dc = 0.56 mm) for determining the viscosity
of the reaction mixture [8]. A polymer solution placed
in the reactor was brought to the required tempera-
ture, and PP initiator was added. This time was taken
as the degradation onset. The time �1 of efflux of
the reaction solution was measured intermittently.
The reduced viscosity of the solution �sp /cc, where
cc is the copolymer concentration, was calculated.
The �sp /cc = f (�) curve, where � = �2 + �1 /2 and
�2 is the time elapsed from the onset of degradation
till the beginning of measurements of the viscosity of
the reaction solution, was plotted.

The acidity of the solution was measured with
a pH-121 pH meter using an ESL-65-07 glass work-
ing electrode and an EVL 1M3 silver chloride ref-
erence electrode.

The dependence of the reduced viscosity �sp /cc
of aqueous solutions of Na-AMS�N-VP copolymer
(sample no. 3) and various PP concentrations at 50�C
on the degradation time is shown in Fig. 1. The fact
that the viscosity of the copolymer solution prepared
in the absence of the initiator does not change with
time indicates that the copolymer is stable under the
experimental conditions. Introducing PP and raising
its concentration lead to formatiom of SO4

�* radical
anions in the reaction solution to deincrease in �sp /cc
owing to macromolecular degradation (curves 2�4).
As seen from Fig. 1, the initial �sp /cc (� = 0) de-
creases with increasing PP concentration. This is due

Fig. 1. Reduced viscosity �sp /cc of aqueous solutions of
Na-AMS�N-VP copolymer (sample no. 3) with different PP
concentrations vs. the degradation time �. cc = 0.1%, 50�C;
the same for Fig. 4. [PP]/[copolymer]: (1) 0, (2) 0.04,
(3) 0.06, and (4) 0.08.

Fig. 2. Reduced viscosity �sp /cc of aqueous solutions of
H-AMS�N-VP copolymer (sample no. 1) vs. the ionic
strength � produced by (1) KCl, (2) NaCl, (3) Li2CO3,
(4) BaCl2, (5) CaCl2, and (6) MgCl2. cc = 0.1%; 30�C.

to a dual effect of PP additive: on the one hand, it
initiates the copolymer degradation, and, on the other
hand, it is a salt making higher the ionic strength � of
the solution.

The dependence of �sp /cc (cc = const) of aqueous
solutions of H-AMS�N-VP copolymer (sample no. 1)
on � produced by various salts is shown in Fig. 2.
It can be seen that �sp /cc decreases with increasing
�. This is due to weakening of electrostatic repulsion
of sulfonate groups along the polymeric chain, which
decreases the effective size of macromolecular glob-
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Fig. 3. Reduced viscosity �sp /cc in 0.5 M NaCl at 30�C
of samples taken (1) 0, (2) 20, (3) 40, (4) 60, (5) 90,
and (6) 120 min after the onset of degradation of the
Na-AMS�N-VP copolymer (sample no. 4) vs. copolymer
concentration cc . Degradation conditions cc = 0.1 %,
50�C, [PP]/[copolymer] = 0.08.

Fig. 4. Viscosity [�] vs. (a) number of ruptures per single
macromolecule � and (b) degradation time � of Na-AMS�
N-VP copolymer (sample no. 4) at different PP concen-
trations. [PP]/[copolymer]: (1) 0, (2) 0.01, (3) 0.02,
(4) 0.04, and (5) 0.08.

ules (r2)1/2. The decrease in �sp /cc of copolymer so-
lutions at the instant of PP addition (� = 0) with
increasing PP concentration (Fig. 1) has a similar
origin.

To estimate the MW of the copolymers in the
course of their degradation, we determined [�], since,
in accordance with the Mark�Houwink equation,
MW � [�]. The viscosity was determined from the
�sp /cc = f (cc) dependence obtained by isoionic dilu-
tion (0.5 M NaCl, 30�C) of samples of the reaction
solution taken in the course of copolymer degradation.
Typical �sp /cc = f (cc) dependences shown in Fig. 3
are linear. The viscosity was determined by ex-
trapolation of these curves to cc = 0, i.e., [�] =
lim(�sp /cc).

The dependence of [�] on the time of Na-AMS�
N-VP copolymer degradation is shown in Fig. 4a. In
the absence of PP, [�] is constant with time (curve 1).
As the PP concentration and the reaction time in-
crease, the viscosity falls owing to a decrease in
the MW of the copolymer, caused by rupture of the
macromolecule backbones (Fig. 4a, curves 2�5).
The number of ruptures per macromolecule was cal-
culated from the data presented in Fig. 4a by the equa-
tion

� = ([�]0 � [�]
�
)/[�]

�
, (1)

where [�]0 and [�]
�

are viscosities of Na-AMS�N-VP
copolymer before degradation and after degradation
for time �, respectively.

The dependence of � on the time of Na-AMS�
N-VP copolymer degradation is shown in Fig. 4b.
The number of ruptures grows with increasing ini-
tiator concentration and reaction time. However,
the fact that the maximum � does not exceed 0.5
indicates that no low-molecular-weight products are
formed.

We studied the influence of the cation nature on
the degradation of Na-AMS�N-VP copolymer. These
experiments were performed with samples no. 2 (see
table) under the same degradation conditions at 70�C.
The dependence of [�] in the presence of metal cat-
ions on the degradation time is shown in Fig. 5.
The viscosity of all the samples decreases with time
owing to macromolecular degradation. The viscosity
at definite degradation time becomes lower with de-
creasing cationic radius in the following order:
K+ > Na+ > Li+ and Ba2+ > Ca2+ > Mg2+. Similar de-
pendences were obtained for degradation at 50�C and
with copolymer samples having another ratio of AMS
and N-VP units.
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Fig. 5. Viscosity [�] of H-AMS�N-VP copolymer solution (sample no. 2) containing (1) K+, (2) Na+, (3) Li+, (4) Ba2+,
(5) Ca2+, and (6) Mg2+ ions vs. degradation time �. cc = 0.1%, 70�C. [PP]/[copolymer]: (a) 0.005 and (b) 0.02.

To understand the influence of metal cations on
the degradation of copolymers of H-AMS salts with
N-VP, we considered the following ionic equilibria
in aqueous solutions:

A�X+ �� A� �� X+ �� A� + X+.

I II III
(2)

where A� is sulfonate anion of the macromolecule;
X+ is the cation; I, II, and III are the contact ion pair,
solvent-separated ion pair, and free ions, respec-
tively.

Previously we have found that the degree of bind-
ing of cations with polyanions of H-AMS� N-VP co-
polymers in aqueous solutions increases in the follow-
ing order: K+ < Na+ < Li+ [9] and Ba2+ > Ca2+ > Mg2+

[9, 10]. Ionic equilibrium (2) is shifted to the left
with increasing � and degree of binding of the cat-
ions with the polysulfonate anions. This weakens
the strength of intra- and intermolecular interactions
between similarly charged species in the reaction sys-
tem, thus changing the reactivity of the charged mac-
romolecules with respect to SO4

�* radical anions.
The weakening of electrostatic repulsion between sim-
ilarly charged groups fixed along the polymeric chain
makes smaller the effective size of macromolecular
globules (r2)1/2, thus decreasing �sp /cc (� = const)
in the order K+ > Na+ > Li+ and Ba2+ > Ca2+ > Mg2+

(Fig. 2). An increase in the degree of binding of cat-
ions with polysulfonate anions in the course of de-
gradation of H-AMS�N-VP copolymers weakens the
electrostatic repulsion between SO4

�* radical anions
and sulfonate groups of the macromolecules. As a re-
sult, the degradation of the macromolecules becomes

more pronounced and [�] of copolymer solutions
(� = const) decreases in the order Li+ > Na+ > K+

(Fig. 5a) and Mg2+ > Ca2+ > Ba2+ (Fig. 5b).

CONCLUSIONS

(1) The viscosity [�] of aqueous solutions of metal
2-acrylamido-2-methylpropanesulfonate-N-vinylpyr-
rolidine copolymers subjected to radical degradation
at 50 and 70�C can be controlled by varying the na-
ture of metal cations, initiator concentration, and de-
gradation time.

(2) The viscosity of degraded copolymers [�] de-
creases in the order Li+ > Na+ > K+ and Mg2+ > Ca2+ >
Ba2+ owing to a decrease in electrostatic repulsion of
SO4

�* radical anions of the initiator, with charged
macromolecules, with the degree of binding of the
cations with the macromolecular anions increasing in
the order K+ < Na+ < Li+ and Ba2+ < Ca2+ < Mg2+.
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Abstract�The process parameters of dehydrogenation of pantolactone with bromine in chloroform and the
possibility of bromine recycling by electrolysis of hydrogen bromide formed in the synthesis of ketopanto-
lactone were studied.

Ketopantolactone (KPL) shows promise for phar-
maceutical industry. The known methods for its pre-
paration are based on oxidative dehydrogenation of
pantolactone (PL).

There are published data on oxidation of PL with
oxygen in the presence of a catalyst [1, 2], as well as
with calcium hypochlorite [3�5], potassium bromate
[6, 7], bromine [8�10], and organic peroxides [11].
These data show that PL is catalytically oxidized at
180�300�C and elevated pressure, which requires
complex equipment; the target product undergoes
partial tarring. With chlorine or calcium hypochlorite,
abundant nonutilizable wastewater is formed. The re-
action with bromine as dehydrogenating agent pro-
ceeds by the scheme:

�O
CH3

���O
���CH3 OH

Br2

PL

�O
CH3

�O + 2HBr.
���CH3�O

KPL

�O
CH3

���O
���CH3 OH

Br2

PL

�O
CH3

�O + 2HBr.
���CH3�O

KPL

This scheme suggests formation of an equivalent
amount of hydrogen bromide, which is suitable for
high-yield recovery of recyclable bromine. This op-
tion was recognized as the most promising and was
technologically developed.

In [10], dehydrogenation of PL with bromine in re-
fluxing carbon tetrachloride was recommended; the re-
action is complete within 5�8 h. In [9], this period
was reduced to 1 h by adding a minor amount of
water to the reaction mixture.

Presently, carbon tetrachloride is considered un-
suitable as solvent for environmental reasons and its
production is to be closed [12]. Therefore, we re-

placed carbon tetrachloride with chloroform in our ex-
periments. Next, the possibility of recovery of bro-
mine from an aqueous solution of hydrogen bromide
formed in the synthesis was analyzed.

The initial experiments on dehydrogenation of PL
in chloroform failed. The reaction was incomplete
even after refluxing the PL solution in chloroform
with bromine for 14 h, probably because of the lower
boiling point of CHCl3, compared to CCl4. The situa-
tion was substantially improved by introducing minor
amounts of water to the reaction mixture: When 10 ml
of water was added to 60 ml of chloroform, the reac-
tion was complete after heating for 3.5 h. However,
further increase in the content of water decreased
the weight of the target product. For example, upon
adding 60 ml of water, the yield of KPL after reflux-
ing for 5 h was only 48%, and at water content below
10% the reaction was decelerated and HBr evaporated.

An important role is also played by the PL con-
centration in chloroform. Table 1 shows that, at the
PL : chloroform ratio of 1 : 7.5, the KPL yield remains
fairly high, but falls dramatically with the amount of
chloroform decreasing further; the reaction does not
go to completion despite longer heating time. Thus,
we developed a procedure for preparing KPL in 92�
95% yield.

All the above-described experiments were per-
formed in a 150-ml reactor charged with 4 g of PL.
To test the suitability of the process for large-scale
application, we carried out an experiment in a 2-l reac-
tor charged with 100 g of PL, 900 ml of chloroform,
160 ml of water, and 137 g of bromine. The very
first run showed that, on passing to a larger reactor,
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Table 1. Influence of the PL concentration in chloroform
on the yield of KPL (4 g of PL, 5.27 g of Br2)
����������������������������������������

CHCl3, �
Water, g

� PL : CHCl3 � Yield
ml � � ratio � of KPL, %

����������������������������������������
40 � 1.0 � 1 : 10 � 82.8*

30 � 5.5 � 1 : 7.5 � 91.8
20 � 5.0 � 1 : 5.0 � 80.0
10 � 2.5 � 1 : 2.5 � 30.0**

����������������������������������������
* 7-h refluxing. ** The reaction was incomplete in 8 h.

Table 2. Influence of the electrolysis mode on the degree
of bromine recovery (anolyte volume 500 ml)
����������������������������������������

HBr � � � Br2 obtained
� � ��������������charge, � I, A � Q, A h

g � � � g � %
����������������������������������������

196 � 10 � 58 � 112 � 64
217 � 10 � 5 � 78 � 197 � 87
213 � 10 � 5 � 71 � 176 � 86
213 � 10 � 5 � 2 � 72 � 194 � 91

����������������������������������������

the reaction is significantly decelerated: Upon reflux-
ing of the mixture for 3 h 50 min, only 47% of
the charged PL reacted. Upon further refluxing for 3 h
30 min, PL was 75% converted. Our attempt to ac-
celerate the reaction by illuminating the reaction mix-
ture with a 300-W incandescent lamp was successful:
Upon 45-min illumination, PL fully entered into
the reaction, and the yield of isolated KPL was 85%.

Further experiments showed that, under intensive
illumination, the reaction was complete within 15�
20 min, but the yield of KPL decreased to 70�79%.
Thus, illumination intensifies not only oxidative de-
hydrogenation but also side reactions, which have,
most probably, the radical nature. By varying the
power of the light source and the distance separating it
from the reactor, we empirically chose the conditions
at which the reaction was complete within 2 h and
the yield of KPL based on the reacted PL was within
82�85%.

To free the HBr solution from organic impurities,
the aqueous layer was distilled on a film evaporator.
First, water containing unchanged bromine and chlo-
roform dissolved in the aqueous layer was distilled off
at 100�102�C. Then the vapor temperature increased,
and the HBr�H2O azeotrope containing 48% hydrogen
bromide was distilled off at 123�124�C. The bottoms
contained ca. 8 g of a thick tar composed, most prob-
ably, of the products of side reactions accompanying
the dehydrogenation of PL. The distilled-off aqueous
phase, containing bromine and chloroform, was re-

cycled, and the HBr�H2O azeotrope was subjected to
electrolysis for recovery of bromine.

Bromine was recovered in the cathode chamber of
a filter-press electrolyzer under permanent extraction
of the evolving bromine with chloroform. Electrolysis
was performed in the batch mode, the current lowered
stepwise. The initial current density was 0.25 A cm�2;
after 50% of the calculated amount of electricity Q
was passed, it was decreased to 0.10 A cm�2, and the
remaining 15% of the electricity was applied at a cur-
rent density of 0.05 A cm�2. In this mode, it is pos-
sible to recover over 90% of the bromine present in
solution in the form of bromide ions. The effect of
a stepwise decrease in the current density is clearly
illustrated by Table 2. It is reasonable to utilize the
depleted anolyte containing 3�5% HBr instead of
water in further KPL synthesis.

In the experiments utilizing the generated bromine-
containing solutions, the yield of KPL was 83 and
88%. A control run with pure reactants under the iden-
tical conditions gave an 85% yield.

The general flowsheet of the suggested process is
shown below.

Flowsheet of the KPL synthesis involving bromine recovery.
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EXPERIMENTAL

In this study, we used DL-pantolactone (mp 74�
77�C). The other reactants (bromine and chloroform)
were of chemically pure grade.

Into a 2-l flask equipped with a reflux condenser
and a stirrer, 100 g of PL, 960 ml of chloroform
(870 ml of recycled and 90 ml of fresh), 150 ml of
water (or depleted anolyte), and 137 g of bromine
were introduced. The reaction mixture was illuminated
with a 300-W incandescent lamp and refluxed for 2 h.
The reaction was regarded as complete when no traces
of PL were revealed by gas chromatography. The re-
action mixture was transferred into a separatory fun-
nel; for better separation of the aqueous layer, 40 ml
of water was added. The separated organic layer was
washed with 40 ml of water. This water was com-
bined with the separated aqueous layer, which was
a concentrated solution of hydrogen bromide. The re-
sulting aqueous layer was treated with chloroform
(2 � 30 ml). The extract was combined with the or-
ganic layer, and chloroform was distilled off. The hot
bottoms were transferred into a beaker for crystalliza-
tion. After 1 h, the crystalline KPL precipitate had
a constant weight of 83.7 g, mp 64�66�C. The waste
was ca. 350 ml of an aqueous hydrogen bromide solu-
tion containing 127 g of HBr and 11.7 g of bromine.

Distillation of the aqueous layer on the film evap-
orator yielded 84 ml of a fraction containing water,
bromine, and chloroform, 255 ml of the HBr�H2O
azeotrope, and 8 g of the bottoms containing the reac-
tion by-products.

The HBr�H2O azeotrope mixture was electrolyzed
in a filter-press electrolyzer with the anode and cath-
ode spaces separated by a NAFFION-403 membrane.
A stainless-steel plate served as cathode, and DEZ-3
graphite used in chlorine production, as anode. Prior
to being used, graphite was impregnated with a paraf-
fin�polyethylene melt. The electrodes and the mem-
brane were separated by 4 mm. The catholyte circula-
tion was effected by a gas lift system, and anolyte
circulation, by a rotary pump. The solution leaving
the anolyte entered a backup reservoir where it passed
through a chloroform layer. The bromide formed on
the anode was dissolved in a chloroform layer. When
the required concentration was reached, the solution of
bromine in chloroform was fed to synthesis of KPL.
The figure presents the general view of the setup for
bromine recovery.

The anode chamber of the electrolyzer was charged
with 500 ml of a 33.4% solution of HBr containing

Schematic of the setup for electrochemical recovery of bro-
mine: (1) electrolyzer, (2) anode circuit cooler, (3) cooler
at the cathode off-gas line, (4) reflux condenser, (5) backup
reservoir, and (6) rotary pump.

213.4 g of the bromide ion. As anolyte was used
150 ml of a HBr solution of the same concentration.
Chloroform (80 ml) was poured into the backup reser-
voir. Electrolysis was performed in three steps at cur-
rent densities of 0.25, 0.10, and 0.05 A cm�2, respec-
tively. The anolyte temperature during electrolysis
was kept within 12�15�C. After each step, the solu-
tion of bromine in chloroform was discharged from
the backup reservoir, and a fresh portion of chloroform
(88 ml) was added. A total of 188.4 g of bromine dis-
solved in 240 ml of chloroform was obtained in our
experiment. Waste anolyte consisted of 490 ml of the
aqueous solution of HBr containing 24.7 g of HBr.
Bromine was recovered to 88%. The waste anolyte

Table 3. Major parameters of a typical run*

����������������������������������������
Step � I, � I/S, � �

V, V
� Q, � Br2 ob- � CE,

no. � A �Acm�2�
�, h

� � A h �tained, g� %
����������������������������������������

1 � 10 � 0.25 � 3.6 � 7.5 � 36.0 � 100.3 � 93.3
2 � 5 � 0.124 � 4.4 � 5.0 � 22.0 � 55.4 � 84.4
3 � 2 � 0.05 � 6.8 � 3.2 � 13.6 � 32.6 � 80.5

����������������������������������������
Total � � 188.4 � 88.0
����������������������������������������
* S is the electrode surface area; V, voltage; and CE, current

efficiency.
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was used in the synthesis instead of water. The elec-
trolysis mode and bromine yields in each step are
presented in Table 3.

CONCLUSIONS

(1) Pantolactone can be dehydrogenated with bro-
mine in chloroform.

(2) At the pantolactone : chloroform : water ratio
of 1 : 7.5 : (0.85�0.90) in the reaction mixture, keto-
pantolactone can be prepared in 82�85% yield. The
process can be accelerated 3�4-fold by illuminating
the reaction mixture.

(3) A method for electrochemical recovery of bro-
mine and its recycling was developed. Three percent
of bromine is lost in the developed scheme.
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Abstract�Coagulating action of 2,2,4-trimethyl-1,2-dihydroquinoline hydrochloride in separating butadiene-
styrene rubber from latex is studied, and the properties of vulcanizate based on rubbers prepared by this
procedure are examined.

The use of nitrogen-containing compounds in sep-
aration of rubber prepared by emulsion copolymeriza-
tion allows, in some cases, a considerable decrease in
the consumption of coagulating agents [1]. Of spe-
cial interest in this regard are polymeric quaternary
ammonium salts and, in particular, poly(N, N-dimeth-
yl-N, N-diallylammonium chloride) (PDDAC), which,
as shown in a series of publications [2�4], demon-
strates high performance in separating rubber from
latices when taken both separately and in combination
with other coagulating agents.

The possibility of using PDDAC in a real process
was confirmed in pilot tests [3]. However, industrial
application of this reagent is limited by its short sup-
ply and considerably higher cost as compared to such
commonly used coagulant as NaCl. Therefore, search-
ing for new more readily available coagulants allow-
ing not only reduction of the mineral salt consumption
or its exclusion from the process at all, but also im-
provement of the performance characteristics of the
resulting products (rubbers, rubber stocks and vul-
canizates) is a topical task.

Desired nitrogen-containing compounds for sep-
arating rubber from latex must have a dual function,
operating as a coagulant and antioxidant (stabilizer of
polymer), provided that, in the course of coagulation,
they will enter the composition of the resulting rub-
ber crumb and will not be removed from the system.
The antioxidant properties of a coagulant will allow
lower consumption or complete elimination of ex-
pensive antioxidants, which are introduced into the
latex prior to the coagulation stage in production of
emulsion rubber. This should compensate to a con-

siderable extent for the expenses for acquisition of
an expensive nitrogen-containing coagulant, making
rubber separation from the latex more cost-efficient.

In [5], it was suggested to use for salt-free coagula-
tion of latices of butadiene-styrene and butadiene-ac-
rylonitrile rubbers, a coagulant, poly(N-3,5-di-tert-
butyl-4-hydroxytolyl) ethylenimine synthesized by the
Mannich reaction, which also exhibits stabilizing
properties for rubber. A similar bifunctional polymeric
coagulant was also described in [6].

In this context, low-molecular-weight cationic re-
agents, such as 2,2,4-trimethyl-1,2-dihydroquinoline
(DHQ), which can inhibit oxidation processes [7]
and increase the stability of polymers against ozone
aging [8], may be promising. The initial dihydro-
quinoline is a condensation product of such readily
available organic compounds as aniline and acetone
[9, 10].

Previously [11] we reported on a study of the ki-
netics of coagulation and coagulating performance of
DHQ hydrochloride (DHQHC) in separating rubber
from latex of emulsion polybutadiene (EPB) produced
by the industry in limited amounts. It was of interest
to assess the efficiency of DHQ salts in separating
butadiene-styrene rubber as the most widely used rub-
ber of general purpose.

The goal of this study was to estimate the coagulat-
ing efficiency of the water-soluble organic ammonium
salt, DHQHC, in separating commercial butadiene-
styrene rubbers from latices.

DHQ salts were prepared as in [9, 10].
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Fig. 1. (1�4) Rubber yield � and (5) electrokinetic po-
tential of latex particles, �, vs. the DHQHC concentration c.
Disperse phase concentration (g l�1): (1) 100, (2) 50,
(3) 20, and (4, 5) 7.

Fig. 2. Optimal coagulation concentration OCC vs. the dis-
perse phase concentration in the latex cd.

In coagulation experiments, we used SKS-30 ARK
and SKS-30 ARKPN commercial latices. As emul-
sifier in synthesis of latices we used suing soap based
on tall oil. The characteristics of the latices were as
follows.

Latex
SKS-30 SKS-30
ARK ARKPN

Bound styrene content, % 21.9 22.2
Polymer content, wt % 21.2 18.5
Surface tension, 103 J m�2 63.7 56.5
Radius*, nm 50.8 46.7

����������
* Radius of the latex globules was estimated by the Rayleigh

equation from optical data [12].

Rubbers were separated from latices in a coagula-
tion unit comprising a stirred vessel placed in a ther-
mostat. The vessel was filled with a latex (25 ml)
and allowed to stand for 10�15 min at a prescribed
temperature. Then calculated amount of aqueous
DHQHC (c = 3.0�5.0 wt %) was introduced with
continuous stirring into the latex, and the system
was acidified with aqueous sulfuric acid (c = 1.0�
2.0 wt %). The coagulation efficiency was monitored
visually by the transparency of serum (aqueous phase
remaining after rubber separation from latex) and also
by the weight of the resulting coagulum.

A reference sample was separated from the latex
by coagulation with NaCl (200�250 g kg�1 rubber).

The reference and test rubber samples were sepa-
rated from the serum and dried in an oven at 75�80�C.

In the first stage, it was appropriate to make a pre-
liminary estimate of the coagulation performance of
one of the above-indicated salts. Therefore, we studied
the influence of the DHQHC concentration on the
amount of coagulum at various concentrations of
the disperse phase. The results obtained are given
in Fig. 1.

The results show that, if DHQHC is used as a co-
agulant, the disperse phase concentration affects the
rubber separation from the latex only slightly over
the investigated concentration range. With increasing
cd, the rubber separation curves shift to higher DHQHC
concentrations. The optimal coagulation concentration
(OCC), defined as the DHQHC concentration corre-
sponding to flattening out of the curve, grows insig-
nificantly with increasing cd (Fig. 2). At the same
time, as demonstrated earlier [13], cd is one of the
most important parameters in coagulation with NaCl.
In this case, decreasing the concentration of the dis-
perse phase in the latex results in abruptly increas-
ing coagulant consumption. The lack of a significant
effect of cd on the coagulation is an important advan-
tage of DHQHC as a coagulant, since, in real pro-
cesses, cd may vary over a rather wide range, which,
naturally, is reflected in the coagulant consumption.

With DHQHC as a coagulant, rubber separation
from the latex must proceed preferentially by the
neutralization mechanism through DHQHC inter-
action with anionic emulsifiers and latex stabilizer
(Leukanol) to give insoluble complexes. In this case,
the precipitation curves must have extrema caused by
recharging of particles at concentrations exceeding the
optimal value, corresponding to neutralization of their
surface charge [13, 14]. At the same time, the pre-
cipitation curves in Fig. 1 show no peak or latex re-
stabilization branch corresponding to the assumed
recharging of the particles and increase in the positive
surface charge at an excess of the coagulant.

To clarify the question of particle recharging upon
introduction of excess DHQHC into the latex, we
measured the electrophoretic mobility of the latex as
influenced by the DHQHC concentration. The elec-
trophoretic velocity was determined by the moving
boundary technique, using a Chaikovskii apparatus
[15]. The electrokinetic potential � was estimated by
the Helmholtz�Smoluchowski equation

� = �U / ��0 H,

where � is the viscosity of water (1 � 10�3 Pa s);
U, mean electrophoretic velocity (m s�1); �, dielec-
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Table 1. Chemical composition of SKS-30 ARK and
SKS-30 ARKPN rubbers
����������������������������������������

Characteristic
� Reference � Test samples
� (NaCl) � (DHQHC)

����������������������������������������
Organic acids, wt % � 4.50/5.40 � 4.95/5.58
Organic acid soaps, wt %� 0.13/0.15 � Absent
Weight loss for � 0.21/0.23 � 0.19/0.15
drying, % � �
Ash content, wt % � 0.28/0.26 � 0.10/0.09
Iron, wt % � 0.0023/0.0021 �0.0029/0.0026
Copper, wt % �0.00011/0.0001 �0.0001/0.0001
Bound styrene, wt % � 22.7/23.1 � 22.7/23.1
����������������������������������������

tric constant; �0, permittivity of free space (8.85 �
10�12 F m�1); H, electric gradient (V m�1).

The results of the electrophoretic measurements
suggest no recharging of the latex particles near OCC,
and, therefore, the lack of the latex restabilization
effect (no maximum in the ��c curves).

Previously, we have reported a similar phenomenon
observed in coagulation of latex of emulsion poly-
butadiene with DHQHC [11]. In both cases, the lack
of the latex restabilization effect in the presence of
an excess coagulant is, evidently, an indication of
a small adsorption activity of DHQHC at the aqueous
phase�polymer interface (in the absence of the elec-
trostatic interaction with anions of the emulsifier).
This is indirectly confirmed by the fact that such
an anomaly was not observed with colloidal cationic
surfactants as coagulants, for example, with cetyl-
pyridinium bromide [13, 14] demonstrating high sur-
face activity. However, the suggested interpretation
requires further experimental verification.

A chemical analysis of rubbers separated from
latices with DHQHC showed that the reference and
test samples are identical in all basic parameters.
However, it should be pointed out that the test rubber
samples contain virtually no organic acid soaps, which
is an important advantage. Also, these samples are
characterized by lower weight loss for drying and
lower ash content (Table 1).

Mechanical tests of vulcanizates based on SKS-30
ARK and SKS-30 ARKPN rubbers showed that
the test rubber samples separated from the latex with
DHQHC are close in all the basic parameters to
the reference samples separated with NaCl (Table 2).

It follows from Table 2 that the vulcanizates based
on the rubber separated from the latex with DHQHC

Table 2. Mechanical characteristics of vulcanizates based
on SKS-30 ARK and SKS-30 ARKPN rubbers
����������������������������������������

Characteristic
� Reference � Test samples
� (NaCl) � (DHQHC)

����������������������������������������
Nominal tensile � 27.5/28.1 � 27.9/28.7
strength, MPa � �
Relative elongation � 590/570 � 610/585
at break, % � �
Relative residual de- � 14/12 � 12/12
formation after break, % � �
Heat aging resistance � 0.57/0.61 � 0.62/0.65
coefficient (by strength) � �
����������������������������������������

demonstrate a slight increase in the heat aging resis-
tance, suggesting that DHQHC and products of its in-
teraction with components of the emulsion system, re-
maining in the rubber after its separation from the la-
tex, act as antioxidants, even though to a small extent.

CONCLUSIONS

(1) It was demonstrated in studying the coagulation
effect of 2,2,4-trimethyl1,2-dihydroquinoline in sep-
arating butadiene-styrene rubbers from latices that
the disperse phase concentration affects only slightly
the rubber separation from the latex over the range
investigated.

(2) Properties of rubbers, rubberstocks, and vulcan-
izates obtained in this study from the experimental
samples differ only slightly from those of reference
samples obtained by the conventional procedure using
NaCl.
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Abstract�Initial flocculation rate of SKN-26SM butadiene-acrylonitrile rubber and the polymer yield are
studied in relation to the concentration of the cationic polyelectrolyte, poly(dimethyldiallylammonium chlo-
ride), at various NaCl concentrations and, in experiments on rubber separation, also at various temperatures.

In previous studies [1, 2] we have demonstrated
that, in separating polymers from synthetic latices
with a cationic polyelectrolyte (CPE), the maximum
flocculating effect, typical of high-molecular-weight
flocculants, is observed only at relatively low rubber
concentrations (cd < 10�50 g l�1). At higher cd, the
flocculation curves ��cCPE (� is the polymer coagula-
tion efficiency, wt %) no longer show a restabilization
branch, so that the initial rise in � with increasing
cCPE ends in attainment of a constant limiting value
corresponding to complete polymer separation. A sim-
ilar effect was observed in [3] when studying floc-
culation of kaolin suspensions with copolymers of
acrylamide and quaternary ammonioalkyl acrylates.
Such a behavior is associated with the observed ad-
sorption layers of the flocculant macromolecules are
formed on the surface of disperse phase particles
[1�3] and with processes occurring in these layers
[4�7].

It may be suggested that the occurrence (or lack) of
the latex flocculation optimum depends not only on
the disperse phase concentration, but also on other
factors influencing the flocculation conditions, such as
ionic strength and temperature. There are only a few
experimental studies concerned with this problem.
Gregory [8] measured the flocculation rate of a poly-
styrene latex under the action of a cationic polyelec-
trolyte and demonstrated that introduction of an in-
organic salt extends the flocculation range as a result
of decreased range of electrostatic repulsive forces.
Matsumotu and Adachi have shown [9] that, at high

ionic strength, flocculation in emulsifier-free poly-
styrene latex under the action of a cationic polyelec-
trolyte proceeds by the nonequilibrium flocculation
mechanism [6, 7]. Finally, there is no information in
the literature concerning the effect of temperature on
the flocculation efficiency in colloid dispersions and,
in particularly, in latices.

In this study, we analyzed the effects of the NaCl
concentration and temperature on the flocculation rate
and the efficiency of rubber separation from butadiene-
acrylonitrile latex under the action of the cationic
polyelectrolyte, poly(dimethyldiallylammonium chlo-
ride) (PDDAC). This reagent shows promise for in-
dustrial production of rubber from synthetic latices
[10, 11]. It has been demonstrated that its flocculating
performance is influenced by inorganic electrolytes
[10, 11], but the mechanism of this effect has not been
considered yet.

EXPERIMENTAL

In the study, we used commercial latex of SKN-
26SM butadiene-acrylonitrile rubber (content of
bound acryloacrylonitrile in the copolymer 30.5%). As
emulsifier in the synthesis of latex, we used suing
soap based on tall oil. The polymer content in the la-
tex was 27.5 g l�1; surface tension, 36.7 mJ m�1; and
pH 8.5.

As flocculants we used the PDDAC sample de-
scribed in [2] and also its two fractions separated by
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Fig. 1. Initial flocculation rate �1 vs. (1�5) PDDAC con-
centration cPDDCA and (6) NaCl concentration cNaCl
in the absence of PDDAC. cNaCl (M): (1) 0, (2) 0.02,
(3) 0.05, (4) 0.1, and (5) 0.2. PDDAC mean molecular
weight Mv �10�4: (a) 2.3 and (b) 17.4.

fractional precipitation from an aqueous solution with
acetone. The viscosity-average molecular weights Mv
of the initial sample and two fractions were 11.5�104,
2.3 � 104, and 17.4 � 104, respectively. Sodium chlo-
ride (chemically pure grade) was used without addi-
tional purification.

The viscosity of PDDAC solutions was determined
in 0.1 M NaCl using an Ostwald viscometer. The Mv
was estimated by the Mark�Houwink equation with
K = 1.12 � 104 and � = 0.82 [12]. The turbidity of
dilute latex solutions was measured at room tempera-
ture with an NFM nephelometer. The procedures for
nephelometric determination of the initial rates of
flocculation and rubber separation from the latex
under the action of a flocculant were described else-
where [2, 13].

The dependences of the initial flocculation rate of
104-fold diluted latex on the flocculant concentration
at various NaCl concentrations are shown in Fig. 1.
The initial flocculation rate was estimated as the tur-
bidity 1 min after flocculation was started (�1) [6].

Fig. 2. Polymer separation efficiency � vs. the PDDAC
concentration cPDDAC. cNaCl (M): (1) 0, (2) 0.1, (3) 0.2,
and (4) 0.4. Disperse phase concentration in latex (g l�1):
(a) 10 and (b) 30.

Figure 1 also shows �1 as a function of the NaCl
concentration in the absence of PDDAC. The bend
in this curve at cNaCl = 0.2 M corresponds to the thre-
shold of rapid coagulation of the latex [14].

In the absence of NaCl, the flocculation curves
�1�cCPE show clearly pronounced peaks (flocculation
optimum) typical of the flocculating action of poly-
electrolytes. The occurrence of flocculation optimum
is caused by neutralization of the surface charge of
the particles by adsorbed macrocations of the re-
agent, followed by recharging and restabilization of
the sol through adsorption of the excess polymer
and increase in the positive charge on the particles
and also via formation of sufficiently thick layers
of a hydrophilic polymer [15]. The occurrence of re-
charging of latex particles in flocculation with cationic
polyelectrolytes has been more than once confirmed
by measuring the electrophoretic mobility of the par-
ticles [1, 2, 16].

It should be pointed out that the flocculation rate
at the optimum virtually coincides with the rate of
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rapid coagulation of the latex by NaCl (Fig. 1).
Therefore, at the optimal flocculating concentration
(OFC) of the polyelectrolyte, flocculation must pro-
ceed as rapid coagulation.

With increasing NaCl concentration, the floccula-
tion rate tends to grow, which is the most clearly pro-
nounced in the restabilization range. For the lower-
molecular-weight PDDAC sample, this results in vir-
tually total suppression of the restabilization effect
(at cNaCl = 0.2 M). In this case, the flocculation rate
approaches a value close to that with NaCl, although
the coagulation rate is lower by about a factor of 3
at the indicated NaCl concentration in the absence of
the polyelectrolyte,.

The NaCl concentration has a similar effect on the
rubber separation efficiency in flocculation (Fig. 2).
The flocculation curves have peaks which become less
pronounced with increasing cNaCl, virtually disappear-
ing on reaching some critical value c�NaCl . With in-
creasing disperse phase concentration cd, the peak in
the flocculation curves disappears at lower salt con-
centration: at cd of 10 and 30 g l�1 c�NaCl is about
0.4 and 0.1 mM, respectively. Therefore, raising
the ionic strength suppresses the latex restabiliza-
tion effect in the course of flocculation, which is re-
flected in an increase both in the flocculation rate
and in the efficiency of rubber separation from the
latex.

This phenomenon can be interpreted taking into
account two possible contributions to latex stabiliza-
tion after reaching the flocculation optimum. One of
these is enhancement of electrostatic stabilization,
caused by increasing positive charge on the particles
at concentrations above OFC [1, 2, 16]. Raising
the NaCl concentration results in compaction of
the diffuse electric double layer and also in weaken-
ing of the electrostatic repulsive forces, which impede
agglutination of the particles upon collisions.

It should be pointed out that the range of electro-
static stabilization is restricted to relatively low salt
concentrations. Simple calculation shows that, for
a 1�1 electrolyte, the thickness of the electrical double
layer decreases to about 1 nm even at a concentration
of about 0.1 M and it loses its diffuse nature and,
therefore, the electrostatic stabilization. At the same
time, as seen from Figs. 1 and 2, further rise in cNaCl
makes the flocculation rate and rubber separation ef-
ficiency still higher. Evidently, this is a result of ac-
tion of another factor, namely, nonelectrostatic interac-
tion (repulsion) between the latex particles [17, 18].
The origin of this interaction is associated with the
formation of hydrate shells of considerable thickness
on the surface of latex particles, modified with the ad-

Fig. 3. Polymer separation efficiency � vs. the PDDAC
concentration cPDDAC . Mv = 17.4 � 104. T (�C): (1) 20,
(2) 40, (3) 60, and (4) 80. Disperse phase concentration
in latex (g l�1): (a) 20, (b) 30, (c) 50, and (d) 80.

sorption layer of the emulsifier. This phenomenon is
known as secondary hydration [19]. The overlap of
these shells controls the structural component of the
disjoining pressure [20, 21]. In the case of the inves-
tigated butadiene-acrylonitrile latex under study, not
only the secondary hydration, but also direct interac-
tion of the polar acrylonitrile groups of the polymer
with the environment may contribute significantly to
the increase in the latex stability against the coagulat-
ing action of the electrolyte. This conclusion is
confirmed by the industrial practice: NaCl consump-
tion for separating acrylonitrile rubbers is higher by
a factor of 3�5 than that for butadiene-styrene rubbers,
the composition of the aqueous phase being nearly
the same [22].

It is known [23, 24] that the thickness of hydrate
shells of latex particles considerably decreases with
increasing electrolyte concentration. Therefore, the ob-
served increase in the flocculation efficiency at high
NaCl concentrations (cNaCl > 0.05�0.1 M) is associated
with progressive breakdown and thinning of the hy-
drate shells under the action of the electrolyte. This
allows the particles to approach one another more
closely, thus increasing the probability of bridging
between them.

Figure 3 shows the rubber separation curves (under
the effect of PDDAC with Mv = 17.4 � 104) at a tem-
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perature of 20 to 80�C and various rubber concen-
trations in the latex. At relatively low disperse phase
concentrations (cd 20 and 30 g l�1), raising the tem-
perature provides an effect similar to that produced by
increasing ionic strength: in the restabilization range,
the rubber separation efficiency tends to grow. At
cd = 30 g l�1, the restabilization effect is totally sup-
pressed starting from 60�C, and the flocculation cur-
ves flatten out, which corresponds to complete separa-
tion of the rubber from the latex. At higher latex con-
centrations (cd 50 and 100 g l�1), when the restabiliza-
tion effect is lost, temperature has no effect on the
flocculation efficiency.

Finally, raising the temperature or ionic strength
weakens the restabilization effect to the point of its
elimination, provided that the disperse phase concen-
tration is sufficiently high (cd = 30 g l�1 in our case).

One of possible reasons for the observed effect is,
evidently, a rise in particle mobility and in frequency
and energy of their collisions with increasing tempera-
ture. In this context, heating is similar to raising the
disperse phase concentration.

To conclude, the efficiency of rubber separation
from a latex through flocculation with a cationic poly-
electrolyte can be raised by adding an inorganic salt
and elevating the temperature. In both cases, the net
effect consists in weakening of the restabilization ef-
fect at flocculant concentrations exceeding OFC.
From the practical standpoint, this suggests, among
other things, the possibility of making less stringent
the requirements to the precision of flocculant dosage
as compared to that commonly needed for dilute dis-
persions, when efficient separation of the dispersed
phase is only achieved in a narrow range of flocculant
concentrations in the vicinity of OFC.

CONCLUSION

Raising the ionic strength by adding NaCl results
in higher flocculation rate and completeness of co-
agulation of SKN-26SM butadiene-acrylonitrile rub-
ber through weakening of the restabilization effect
in the system with excess flocculant. For dilute latices,
similar effect is observed at elevated temperature.
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Abstract�2-Vinylphenothiazine was prepared, and its polymerization was studied. The possibility of using
2-vinylphenothiazine and its polymer as antioxidant in industrial rubber formulations was examined.

Nitrogen- and sulfur-containing heterocyclic com-
pounds attract much researchers’ attention. Among
these compounds, phenothiazine and its diverse deriv-
atives found extensive applications. Many phenothi-
azine derivatives have valuable properties and are
used in pharmacy, in photographic and polygraphic
industry for fabricating photographic materials, as
inhibitors, antioxidants, etc. [1�5].

Vinyl derivatives of phenothiazine, especially
2-vinylphenothiazine (2-VPT), are of particular in-
terest. However, their synthesis and preparation of
polymeric materials from them have been studied
poorly. First experiments on radical polymerization
of 2-VPT failed, which was due to easy abstraction
of hydrogen from the amino group and inhibition
of the polymeric chain propagation by the resulting
radical [6, 7]. Therefore, experiments on preparation
of polymeric materials from 2-VPT were initially
performed in an acylating solvent (acetic anhydride)

and resulted in preparation of poly-2-vinyl-10-acetyl-
phenothiazine. Saponification of this compound with
an alcoholic alkali yielded poly-2-VPT. Later studies
demonstrated the feasibility of preparing poly-2-VPT
by direct radical polymerization of monomeric 2-VPT.
However, it remains unclear from the available data
how the polymerization conditions affect the degree
of conversion of 2-VPT into the polymer.

In this study, we analyzed radical polymerization
of 2-VPT in the bulk and in solution, evaluated the re-
sistance of the polymer to thermal oxidative degrada-
tion, and examined the properties of polymeric com-
pounds containing 2-VPT and its polymers.

EXPERIMENTAL

2-Vinylphenothiazine was prepared from pheno-
thiazine (mp 182�184�C) as follows [6, 8, 9]:
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Acylation of phenothiazine (Ia) with refluxing ace-
tic anhydride at 140�C for 5 h gave 10-acetylpheno-
thiazine Ib in 97% yield [6]. Acylation of Ib with
acetyl chloride in the presence of AlCl3 produced
2,10-diacetylphenothiazine Ic [8, 9], which was then
saponified with an alcoholic solution of KOH to give
2-acetylphenothiazine Id [6, 8]. The yield of 2-acetyl-
phenothiazine after recrystallization from ethyl acetate
was 80�95%. Compound Id was reduced with LiAlH4
in ether within 12 h to 2-(1-hydroxyethyl)phenothia-
zine Ie in 65�74% yield [8, 10]. Dehydration of Ie in
the presence of Al2O3 in a vacuum at 220�240�C gave
2-VPT (If) in 20�30 wt % yield (Scheme 1).

According to Scheme 2, 2-VPT can be prepared in
15�23 wt % yield in a single step under conditions of
high-vacuum (10�3 mm Hg) high-temperature (220�C)
sublimation of a mixture of 2-acetylphenothiazine
(Id), triisopropoxyaluminum, and Al2O3.

The structure of the product (mp 178�180�C) was
confirmed by IR, UV, and 1H NMR spectroscopy, and
also by elemental analysis.

Fig. 1. Yield of poly-2-VPT Q vs. the time � of polymeriza-
tion (a) in the bulk and (b) in solution at various tempera-
tures. T, �C: (a) (1) 185, (2) 210, and (3) 245; (b) (1) 70,
(2) 80, (3) 90, and (4) 100.

Found, %: C 74.60; H 4.95; N 6.20.
C14H11NS.
Calculated, %: C 74.67; H 4.90; N 6.20.

High-temperature radical polymerization of 2-VPT
was performed in the bulk in evacuated (10�3 mm Hg)
and sealed glass ampules. The product was dissolved
in THF or benzene and precipitated with a 5�10-fold
amount of ethanol.

Radical polymerization of 2-VPT in benzene was
performed in the presence of azobis(isobutyronitrile)
at 70�100�C. The initial concentrations of the mono-
mer and initiator in solution were 3.4 � 10�1 and
1.04 � 10�2 M, respectively.

We found (Fig. 1a) that, in the examined range
of reaction times, the yield of poly-2-VPT steadily
grows with temperature. The optimal reaction time is
2�3 h. Heating above 240�C is not appropriate, be-
cause the polymer yield does not increase further,
but degradation becomes noticeable.

According to gel permeation chromatography, the
synthesized poly-2-VPT had

�
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n = 2040,
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w = 4280,
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M
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z = 9950, and
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M
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w/
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M
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z = 2.1. Elemental analysis
gave consistent results for the C, N, and H content,
suggesting the absence of degradation in the course
of high-temperature polymerization.

Found, %: C 74.6; H 4.95, N 6.2.
(C11H14NS)n.
Calculated, %: C 74.7; H 4.9; N 6.2.

In polymerization in solution, the polymer yield
also increased with temperature (Fig. 1b); however,
it remained much lower than in that bulk polymeriza-
tion in the same period of time. This is most probably
due to easy abstraction of hydrogen from the amino
group of the monomer or polymeric unit with the for-
mation of a free radical terminating the polymeric
chain and thus decreasing the yield and molecular
weight of the polymer:
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The low molecular weights of the polymers pre-
pared by various procedures are due to the presence
of the labile N�H bond in the phenothiazine group. It
should be noted, however, that poly-2-VPT prepared
in solution has a somewhat higher molecular weight
(
�

M
�

n = 3000�4000). This may be due to the fact
that generation of radicals is more intense in thermal
polymerization in the bulk, performed at higher tem-
perature (185�245�C) than polymerization in solution
(70�100�C). This results in higher concentration of
initiating species, higher initiation rate, and hence
increased conversion of the monomer, especially in
the initial step. However, the high concentration of
radicals in high-temperature bulk polymerization, on
the other hand, results in more active chain termina-
tion, compared to polymerization in solution at a low-
er temperature. Therefore, the molecular weight of
the polymer prepared in the bulk is lower.

Poly-2-vinylphenothiazine prepared by polymeriza-
tion of 2-VPT in solution was largely similar to poly-
2-VPT prepared in the bulk.

The structure of the poly-2-VPT samples obtained
was confirmed by IR, UV, and 1H NMR spectros-
copy. The IR spectrum of poly-2-VPT (Fig. 2) shows
no bands at 900 and 990 cm�1, characteristic of mono-
meric 2-VPT. The UV spectrum of the polymer is
similar to that of the starting 2-VPT. The spectrum
contains a band at 258 nm (� = 28100) characteristic
of the ���* transition in the conjugated system and
a band at 320 nm (� = 3500) related to the lone elec-
tron pairs of the N and S atoms. In the 1H NMR spec-
trum of the polymer (Fig. 3), the signals at 5.15, 5.65,
and 6.62 ppm, belonging to the vinyl protons of the
monomer, disappear, and a broad unresolved signal
of the CH and CH2 protons of the polymeric chain
appears at 0.75�2.7 ppm. The spectrum also contains
signals from aromatic protons at 6.75�7.72 ppm and
NH proton at 8.2 ppm.

The X-ray diffraction patterns of the polymers
show that they are X-ray-amorphous.

The inhibition of radical polymerization by pheno-
thiazine suggests that thermal oxidative degradation of
polymers can be hindered by introduction of phenothi-
azine fragments into macromolecules. Also, a study of
thermal oxidative degradation of poly-2-VPT prepared
at low temperature in solution could show whether or
not thermal degradation of poly-2-VPT can occur di-
rectly in the course of high-temperature polymerization
of the monomer in the bulk. Figure 4 shows that poly-
2-VPT starts to degrade in air only at high temperatures
(350�380�C) exceeding by more than 100�C the poly-
merization temperature (�250�C). A minor weight loss
at lower temperatures is due to desorption of low-mo-

Fig. 2. IR spectra of (1) 2-VPT and (2) poly-2-VPT:
(A) transmission and (�) wave number.

Fig. 3. 1H NMR spectra of (1) 2-VPT and (2) poly-2-VPT.
(�) Chemical shift.

Fig. 4. Weight loss �m of poly-2-VPT on heating in air
vs. temperature T.

lecular-weight compounds (water, solvent, monomer).
At 500�C, the weight loss slightly exceeds 30 wt %.

The absence of degradation in poly-2-VPT at tem-
peratures of up to 350�C confirms the possibility of
high-temperature polymerization of monomeric 2-VPT
in the temperature range examined. The high resis-
tance of poly-2-VPT to thermal oxidative degradation
is due to the presence, in each unit of the polymer, of
the phenothiazine substituent containing the labile
N�H group whose homolysis products inhibit degra-
dation of polymeric molecules.

Fedotova et al. [10] has shown that introduction of
phenothiazine and its derivatives into various poly-
mers by mechanical blending enhances their resistance
to thermal oxidative degradation. However, phenothi-
azine and its alkyl derivatives tend to exude on the
surface of finished industrial rubber items, which is
a major drawback, since this decreases the stability
and may promote cleavage of multilayered articles. To
minimize exudation, it is appropriate to modify the
phenothiazine molecule with a reactive functional
group capable of forming valence bonds with rubber
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Properties of vulcanized rubbers based on SKD butadiene rubber
������������������������������������������������������������������������������������

� Parameter value with indicated additive (content in wt %)
����������������������������������������������������������

Parameter �
Neozon D,

�
Quinol ED,

�
phenothia-

� 2-VPT �
poly-2-VPT,�

1.5
�

1.5
�

zine, 1.5
� �

2.5
� � � ����������������������
� � � � 1.0 � 1.5 � 3.0 �

������������������������������������������������������������������������������������
Nominal tensile strength, MPa � 16.3 � 17.6 � 16.9 � 16.9 � 17.9 � 17.3 � 19.8
Relative elongation at break, % � 360 � 390 � 385 � 430 � 440 � 460 � 590
Relative residual deformation after � 8 � 8 � 8 � 8 � 8 � 8 � 8
break, % � � � � � � �
Aging coefficient with respect to � 0.74 � 0.58 � 0.67 � 0.68 � 0.70 � 0.69 � 0.75
relative elongation � � � � � � �
Resistance to repeated extension, � 9.2 � 6.9 � 7.5 � 4.8 � 9.8 � 5.0 � 16.0
thousands of cycles � � � � � � �
Ozone resistance, h � 1.0 � 1.2 � 1.5 � 1.5 � 1.5 � 2.0 � �

������������������������������������������������������������������������������������

macromolecules in the course of stock preparation and
vulcanization. It can be expected that 2-VPT will be
grafted via its vinyl group to polymeric chains and
will act as a nonexuding chemically bound antiaging
agent. To verify this assumption, we introduced
2-VPT and poly-2-VPT into the polymeric matrix in
the course of rubber stock preparation, with the sub-
sequent vulcanization.

Rubber stocks were prepared on 320 � 160-mm
laboratory rollers at 65�5�C by common procedures
and vucalnized in a mold at 143�C. Tests were per-
formed by standard procedures. The results obtained
with 2-VPT and poly-2-VPT additives were compared
with those obtained using known antiaging agents:
Neozon D, Quinol ED, and phenothiazine.

The resistance of vulcanized rubbers to three kinds
of aging was evaluated. The resistance to thermal ag-
ing was determined at 100�C over a period of 72 h by
the aging coefficients with respect to relative elonga-
tion. The resistance to ozone aging was determined at
50�C, working ozone concentration of 5 � 10�5 vol %,
and static elongation of 10%. The resistance to dy-
namic loads was evaluated under conditions of re-
peated extension (dynamic strain 200%) from the num-
ber of cycles till failure.

The experimental results listed in the table show
that, in all the main parameters, the vulcanized rub-
bers containing 2-VPT and poly-2-VPT are not inferi-
or to those containing Neozon D and Quinol ED and
even surpass them in the resistance to dynamic loads
and to ozone.

Thus, phenothiazine, 2-VPT, and poly-2-VPT are
good agents against ozone aging. However, in vulca-
nizates based on SKD rubber, 2-VPT at its high con-
tent is more active than unsubstituted phenothiazine.
This is due to weaker exudation of 2-VPT on the
surface and to its better compatibility with the rubber,

since it can add to the diene rubber molecules via
vinyl group in the course of compounding.

CONCLUSIONS

(1) Experiments on radical polymerization of
2-vinylphenothiazine in the bulk at high temperatures
and in solution in the presence of azobis(isobutyro-
nitrile) as radical initiator demonstrated an inhibiting
effect of phenothiazine-containing units on the degra-
dation processes in the polymers.

(2) 2-Vinylphenothiazine and its polymer can be
used as antioxidants in industrial rubber formulations.
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Abstract�A new composite hardener for epoxy adhesives, based on a heteropoly acid, was suggested,
and its formula was optimized. The curing kinetics and the physicomechanical and adhesion properties of
the cured material were studied. The advantages of the new material over traditional epoxy adhesives were
demonstrated, and the ways to control its characteristics were found.

Wide use of binary epoxy adhesives cured by poly-
amines is due to the possibility of room-temperature
curing. However, the high toxicity of polyamines
makes topical a search for new, less toxic and more
environmentally safe, hardeners. Among such harden-
ers are heteropoly acids (HPAs) and their salts, which
are active catalysts for polymerization of epoxy oligo-
mers [1, 2]. The problem is that, in the presence of
even small amounts of such compounds introduced as
aqueous solution, the polymerization is so vigorous
that the formulation warms up to temperatures exceed-
ing the decomposition point of epoxy materials [2].
Furthermore, it should be noted that even dilute HPA
solutions are aggressive liquids with low pH. These
facts have prevented application of aqueous HPA solu-
tions as initiators of curing of epoxy adhesives.

In this study, to solve these problems, we suggest
a composite hardener containing, along with HPA and
water, an additional third component introduced to
dissipate the excess heat, decelerate the initiated poly-
merization, and improve the compatibility of the oli-
gomer and hardener. As such �inhibiting� component
we chose high-molecular-weight polyvinyl alcohol
(VRP-1), a polymer forming stable highly viscous
aqueous solutions well compatible with heteropoly
compounds (HPCs).

EXPERIMENTAL

To verify our suggestions, we chose a formulation
of ED-20 epoxy resin, phosphotungstic acid (HPW),
and a gel-like aqueous solution of VRP-1; the weight
ratio of the resin and VRP-1 solution was 9 : 1 in all
the systems.

To optimize the adhesive formula and curing con-
ditions, we studied the curing kinetics in the range
18�90�C at varied content of the initiator (HPW,
1.5�6.8 wt %). The curing kinetics was monitored by
sol�gel analysis and by microhardness measurements.
The sol�gel analysis was performed by extraction with
acetone at room temperature to constant weight (for
no less than 18 h). The microhardness of polymeric
films was measured with a PMT-3 hardness gage
with a pyramidal diamond indenter.

The adhesion strength was evaluated by exfoliation
of A99 aluminum foil at an angle of 180� with an
Instron-1121 universal tensile-testing machine. Imme-
diately before applying the adhesive, the surface of the
aluminum support was etched with 10% NaOH at
60�C for 2 min, with subsequent brightening in 20%
HNO3 and washing with distilled water. Similar tests
were performed with the same ED-20 epoxy resin
cured with traditionally used polyethylenepolyamine
(PEPA) added in amounts of 10 wt parts per 100 wt
parts of the resin. The films formed were cured for
a day at 18�20�C (�cold� curing), or for 30 min at
90�C (formulations with HPW) or 3 h at 100�C (for-
mulations with PEPA) (�hot� curing). Cold curing
was continued until the sol fraction content no longer
decreased.

The deformation and strength properties of the
composites were studied with an Instron-1121 ma-
chine in the extension mode at a clamp velocity of
10 mm min�1. Samples were prepared as strips of
aluminum foil with an applied adhesive layer [3, 4].
The strength characteristics of the foil itself were
determined in preliminary experiments. The modulus
of elasticity Emet, calculated from the initial linear
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Fig. 1. Sol fraction content � vs. the curing time � of epoxy
resins at (a) 20, (b) 60, and (c) 90�C. Initiator content,
wt %: (1) 2.4, (2) 3.2, (3) 3.8, (4) 4.1, and (5) 4.8.
(A�C) Steps of gelation.

portion of the ��� diagram (� is the specific load,
kg cm�2; �, relative elongation) was 3.43 MPa;
the breaking load �lim

met was 2.6 kg per centimeter of
the sample width at the place of break.

Similar measurements performed with a two-
layered system showed that the sample is broken at
loads considerably exceeding the strength of the
metallic support, but, at the onset of failure, the de-
formations correspond to the portion of the ��� curve
in which the support behaves according to the Hooke
law (range of elastic strain), rather than to the range of
plastic strain [5]. In this case, the stress distribution
in the two-layer system can be regarded as additive,
and the breaking load of the polymer layer can be cal-
culated as the difference between the breaking load for
the coated sample and the load required for extension
of the uncoated foil of the same width to the extent at
which the coating failed:

Ppc = Ps � Pmet = Ps � �sEmetSmet .

Here Ppc is the breaking load for the polymer coat-
ing, N; Ps, ultimate load on the failure diagram

for the two-layered sample, N; Pmet, load required to
deform the metal sample to �s, N; Emet, modulus of
elasticity of the metal, Pa; �s, relative deformation of
the two-layered sample at break; and Smet, cross sec-
tion of the metal sample, m2.

The influence of the curing time and temperature
on the sol fraction content � (%) in the formulations
containing various amounts of the initiator is shown
in Fig. 1. As expected, with increasing curing temper-
ature, the gelation considerably accelerates: its dura-
tion decreases from several hours in cold curing to
several minutes at 90�C. The kinetic curves (Fig. 1)
can be divided in several portions corresponding to
various steps of gelation. In cold curing, the sol�gel
analysis reveals a short incubation period preceding
the avalanche-like autocatalytic process. Such a delay
is indicative of a slow diffusion of the initiator from
the bulk of an emulsion drop to the phase boundary.
At elevated temperatures, this step is complete in sev-
eral seconds. In the next step, in all the cases, the sol
fraction content rapidly decreases, which is character-
istic of the relay mechanism of initiated gelation in
the bulk of the material (Fig. 1, region A).

The influence of the initiator content on the curing
kinetics is manifested to the greatest extent at room
temperature: As the HPW concentration is raised from
3.3 to 5.0 wt %, the rate at which the sol fraction con-
tent decreases (�d�/d�) in the initial linear portions of
the curves (Fig. 1, region A) grows by approximately
a factor of four (from 0.31 to 1.18). At 90�C, the rate
ratio does not exceed 2, and gelation is mostly com-
plete within 1.5�2 min.

In region C, the sol fraction content decreases very
slowly at all the temperatures, which may be due to
diffusion hindrance preventing further curing in the
bulk of the material.

In the transition region B between regions A and
C, the rate at which the sol fraction content decreases
first falls abruptly and then grows again. This may be
due to significant conformational limitations arising in
the material and to the high level of internal stresses
accompanying fast cross-linking; after their relaxation,
the gelation slightly accelerates again.

The multistep course of network polymer forma-
tion is noted by Irzhak et al. [6]; they believe that
the process rate in each particular step is governed by
the ratio of the rate constant of the proper chemical
reaction between the functional groups and those of
various relaxation processes (local or segmental) in-
volving these groups. Ivanov [2] believes that the de-
cisive factor affecting the cross-linking kinetics of
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an epoxy oligomer in the presence of an emulsified
aqueous HPA solution is the HPA concentration in
this solution, rather than the total amount of the solu-
tion. Unfortunately, this conclusion was based on data
for a relatively narrow range of concentrations and
curing temperatures. For the emulsions in question,
the dependence of the gelation rate on the concentra-
tion of the initiator solution is determined by the ratio
of the rates of the chemical step (polymerization) and
HPW diffusion. The HPW diffusion should be con-
sidered in an emulsion drop, in the non-cross-linked
resin, and in cured regions of the forming polymer.
The last factor is the most important for high curing
temperatures.

A comparative analysis of the sol fraction content
in fully cured formulations showed that, although the
gelation accelerates with increasing initiator concen-
tration in cold curing (Fig. 1a), the degree of curing
as a function of the initiator content passes through
a maximum. As the HPW content is raised from 3.2
to 4.8%, the residual sol fraction content first decreases
from 23 to 17% and then grows to 24%. The degree
of curing in the case of hot curing varies similarly.

Such a behavior of the system confirms the exis-
tence of considerable diffusion limitations arising
directly in the course of gelation. Apparently, at high
initiator concentrations, fast polymerization in the
regions adjacent to the phase boundaries in the emul-
sion (between epoxy resin and thickened aqueous
HPW solution) results in formation of a densely cross-
linked network preventing the initiator diffusion into
the bulk of the resin. Such a concept accounts for the
revealed [2] increase in the degree of polymerization
of the formulations with decreasing HPA concentra-
tion in the initial solution and with increasing total
amount of this solution in the system. The role of
diffusion limitations decreases in the first case ow-
ing to lower initial rate of the chemical reaction at
the phase boundary between the epoxy oligomer and
the aqueous solution of the initiator, and in the sec-
ond, owing to the increased contact surface area.
The weaker influence of the initiator concentration
on the curing rate at elevated temperatures suggests
that, as expected, the activation energy of polymeriza-
tion considerably exceeds that of diffusion. As a re-
sult, the rate of the chemical reaction of polymeriza-
tion grows with increasing temperature faster than
the diffusion rate, so that the diffusion limitations
become more significant.

Evaluation of the activation energy of polymeriza-
tion from the results of a sol�gel analysis for the for-
mulation containing 3.8 wt % HPW gives a value of

Fig. 2. Variation of the microhardness � of the formulation
containing 3.8 wt % HPW with curing time �. Curing tem-
perature, �C: (1) 20 and (2) 90.

60 kJ mol�1, consistent with data of [2]. As the HPW
concentration is raised, the activation energy decreases
somewhat.

The validity of the suggested curing scheme is
supported by the results of the microhardness meas-
urements. Figure 2 shows that, at both curing temper-
atures, there are intervals in which the microhardness
grows steeply. In cold curing, the interval of the steep
growth of microhardness (Fig. 2, curve 1; up to
200 min) corresponds to completion of fast gelation
(Fig. 1a). In hot curing, the microhardness starts to
grow steeply only after fast gelation is complete. Such
a �delay� in the microhardness growth at elevated
temperatures may be due to the increasing role of
diffusion limitations in both curing and extraction
of the sol fraction. Deceleration of the diffusion is
due to formation of densely cross-linked zones around
drops of the emulsified initiator solution. These zones
must appreciably hinder the cross-linking in the bulk
of the nonpolymerized resin and also the extraction
of the sol fraction from this volume during tests. At
the same time, the presence of separate densely cross-
linked zones does not affect noticeably the micro-
hardness of the material. For the microhardness to in-
crease, such zones must grow together to form a rigid
framework.

To reveal the influence of the HPW concentration
on the structure of the forming polymeric material, we
analyzed how the microhardness of the fully cured
films depends on the initiator content. We found that
the microhardness of the films cured at 90�C de-
creases with increasing HPW concentration, whereas
for the films cured at 20�C the dependence passes
through a minimum.

The dependences observed may be due to the fact
that, at low HPW concentrations, the growth of local
polymerization zones noticeablly accelerates as the
HPW content is raised. This considerably restricts the
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Fig. 3. Strength A of adhesion joints epoxy polymer�alu-
minum vs. the HPW content c in compounds cured at
(1) 90 and (2) 20�C. (3, 4) Epoxy polymer cured with
PEPA at 100 and 20�C, respectively.

conformational mobility of the cross-linking macro-
molecules and results in formation of a more defective
polymer structure with decreased microhardness. In
hot curing, this trend keeps in the entire concentration
range, whereas in cold curing the microhardness starts
to increase at an HPW concentration of 4.0 wt %. This
growth is due to the fact that, at high concentrations
of the hardener and relatively low reaction rates, the
increase in the density of cross-linking of the gel
fraction acquires decisive importance. In this case,
apparently, the structure of the polymer becomes still
less uniform, since in the entire examined range of
curing temperatures the sol fraction content grows
with increasing initiator concentration.

It is notable that, at all the temperatures, the sol
fraction content passes through a minimum at an
HPW concentration ot 3.8�4.1 wt %, i.e., at the con-
centration at which the microhardness also passes
through a minimum. This is due to the fact that the
microhardness is determined not by the overall gel
fraction content but by the uniformity of distribu-
tion of the chemical bonds in the three-dimensional
network of the polymer. The coincidence of the char-
acteristic points in the concentration dependences of
the microhardness and residual sol fraction content
suggests that there is a threshold in the concentration
region in the vicinity of these points.

It should be noted that epoxy materials cured with
amines show strong structural nonuniformity, too
[6�8]. Some authors speak of clusters with a high
degree of ordering [8], and other authors, of a devel-
oped globular structure consisting of more densely
packed regions (globules) and regions with nonuni-
form packing and taut chains (interglobular space) [7].
These are, however, different descriptions of the same
fact: nonuniform distribution of network points in the
bulk of the epoxy material.

In addition, Nielsen [8] indicates that, in some
ranges, the dependence of the elastic characteristics of
network polymeric materials in the glassy state on the
mean concentration of network points is inverse. This
is attributed to weakening of intermolecular physical
interactions in formation of a rigid chemically cross-
linked three-dimensional network significantly re-
stricting the segmental mobility of macromolecules.
Although Nielsen discusses the dynamic modulus of
elasticity of thickly cross-linked polymers [8], it is
commonly believed [9] that the microhardness also
belongs to parameters characterizing the elastic prop-
erties of polymeric materials. Furthermore, in many
studies, attempts are made to calculate the modulus of
elasticity from the results of microhardness measure-
ments with indenters of various shapes [9].

Thus, the study of the curing kinetic showed that
it is possible to control the gelation rate, degree of
gelation, and properties of the resulting material by
varying the temperature and initiator concentration.

Since the main criteria in evaluating the service
properties of an adhesive formulation are the strength
and durability of the adhesion joint, the adhesive for-
mula was optimized on the basis of adhesion tests.
Figure 3 shows that the adhesion strength is a non-
monotonic function of the initiator concentration.
At both curing temperatures, the highest adhesion
strength was attained with 3.8 wt % HPW. In both
cases, the adhesion strength at the maximum exceeds
that attained with the amine hardener. The same for-
mulation appeared to be the most stable in tests in
water; its performance in the case of hot curing ap-
peared to be similar to that of the aminecured com-
pound, and in the case of cold curing it showed much
better performance.

The increase in the strength of adhesion joints in
the ascending branch of the strength-vs.-initiator con-
centration dependence is due to a rise in the cohesion
strength and plasticity of the adhesive material and
also to activation of the aluminum surface under
the action of the HPW solution having low pH.
The descending branch of the curve may be associated
with acceleration of polymerization involving func-
tional groups of the epoxy oligomer and taking them
out of adhesion interaction with the polar surface of
the metal. Furthermore, fast gelation largely restricts
the conformational mobility of the macromolecules
and segments of the polymeric network, preventing
their interaction with active centers of the surface.
Thus, the best service properties are shown by the ad-
hesive containing 13.5 wt % HPW solution in VRP-1,
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at a 29 wt % content of HPW in this solution (i.e.,
3.8 wt % HPW in the formulation).

To refine the parameters of preparation and appli-
cation of the adhesive suggested, we studied the prop-
erties of the material with the optimal initiator content
in more detail. The results of a detailed sol�gel ana-
lysis for various curing temperatures are shown in
Fig. 1, curve 3. As already noted, the curing occurs in
distinct steps (transition region B), which is due to
relaxation of stresses arising in the material in the first
step of gelation. A prolonged experiment showed that
the sol fraction content in the samples cured at 90�C
became ultimately the same as that upon curing at
60�C. Presumably, the initiated polymerization reaches
the co-called topological limit in both cases [7, 8].

To confirm the significant role of relaxation of
internal stresses in the curing kinetics and formation
of the supramolecular structure of the adhesive, we
studied its physicomechanical properties and their var-
iation on adding the plasticizer. A calculation of the
strength characteristics of the adhesive with the opti-
mal HPW content from the results of mechanical tests
showed that the material cured at room temperature
has an approximately three times greater relative elon-
gation than the hot-cured compound. The modulus of
elasticity differs by approximately a factor of 5. For
the cold-cured compound, E was as low as 670 MPa.
For the hot-cured compound, E = 3.1 � 103 MPa,
which is close to E for the amine-cured compound.
However, the breaking stress of the amine-cured com-
pound appeared to be almost twice that of the HPW-
cured compound. The fact that the modulus of elastic-
ity of the hot-cured compound virtually coincides with
that of the PEPA-cured epoxy resin suggests similar
structures of these network polymers, and the different
strength parameters may be due to increased defec-
tiveness of the network formed by fast polymerization
in the presence of the catalyst (HPW).

It is known that the density nc of the chemical
points of a polymeric network can be evaluated from
the modulus of elasticity measured in the absence of
intermolecular interactions; theoretically, this is the
case in the hyperelastic state only. Therefore, the min-
imum in the microhardness of the considered formula-
tion at a 3.8 wt % HPW content was due to substan-
tial weakening of such interactions; this allowed us to
estimate nc from the measured tensile modulus of
elasticity. Such approaches are widely used [10]. The
mean density of network points was calculated from
the formula [6]

nc = 3E / �RT,

where 	 is the front factor taking into account the
deviation of the network from the ideal state.

For epoxy materials, the experimentally determined
value of 	 is 1.4�1.9 [6]. We assumed a value of 1.9
(the most defective structure). The density of the net-
work points in the hot-cured compound, determined
by this procedure, was 2.3 � 103 m�3, which virtually
coincides with the nc values obtained for epoxy poly-
mers cured with amines under the same conditions.

As a rule, addition of a plasticizer to a polymeric
material must increase its elasticity but decrease the
strength and the modulus of elasticity [11]. However,
plasticizers added in low concentrations make the
material less defective and decrease the concentration
of stresses at microcrack apices [1, 3, 7, 12�14]. This,
in turn, must enhance the fatigue strength and dura-
bility. The relatively low cohesion strength of the
compound in hand is apparently due to the high level
of internal stresses arising from nonuniform gelation
in slow relaxation. In this case, it can be expected that
the presence of a plasticizer facilitating relaxation
of stresses and enhancing the conformational mobil-
ity will strengthen the material under static condi-
tions, too. As in [12], the dependence of the material
strength on the amount of the additive must pass
through a maximum, since weakening of intermolec-
ular interactions at high plasticizer content will result
in a gradual decrease in the strength characteristics.
We emphasize that, in a system with a high level of
internal stresses, the increase in the strength of the
plasticized material relative to the initial material
would be expected at relatively high plasticizer con-
centrations, too.

To check the validity of these assumptions, we
measured the strength and relative deformation of a
plasticized adhesive. As plasticizer we used glycerol,
which, being a low-molecular-weight polar organic
compound, is well compatible with the epoxy resin
and VRP-1. Glycerol was added simultaneously with
the curing agent; the glycerol : resin weight ratio was
1 : 10. The resulting compound appeared to be hetero-
phase, which was manifested in the turbidity of the
cured films (without plasticizer, the material became
transparent upon curing).

As expected, the results of mechanical tests showed
that the strength and modulus of elasticity of the
material increased by more than a factor of 3 upon
plasticization; for the hot-cured compound, the modu-
lus of elasticity was 9.3 � 103 MPa, and the breaking
stress, 11.1 MPa. The relative deformation of the
films remained approximately the same. Note that the
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Fig. 4. Sol fraction content � vs. time � of curing of a com-
pound containing 3.8 wt % HPW and glycerol. Curing
temperature, �C: (1) 20 and (2) 90.

similarly measured strength of ED-20 resin cured with
PEPA appeared to be 15.4 MPa, i.e., the strength of
the plasticized formulation approaches that of tradi-
tional compounds.

Furthermore, the results of sol�gel analysis (Fig. 4)
and microhardness measurements made with the plas-
ticized adhesive in the course of curing show that the
plasticizer inhibits somewhat the gelation and, what is
especially important, smoothens inflections in the
kinetic curves (Fig. 4), associated with relaxation of
internal tensions (Fig. 1, range B). It is interesting that
the residual content of the sol fraction in plasticized
compounds virtually coincides with that in the gly-
cerol-free compounds, i.e., addition of the plasticizer
affects the uniformity of sol fraction distribution in
the polymer bulk, rather than the overall gel fraction
content.

CONCLUSIONS

(1) Introduction of a water-soluble polymer into
epoxy resin hardeners based on aqueous solutions of
heteropoly acids appreciably inhibits curing, decreases
the heat release, and allows preparation of adhesives
ensuring high strength and stability of adhesive joints;
this approach opens up prospects for development of
a new generation of hardeners.

(2) Curing of ED-20 epoxy resin under the action
of phosphotungstic acid occurs in steps: the three-
dimensionally cross-linked network is formed by
intergrowth of the initially formed densely cross-

linked local zones, with the transition (intergrowth)
zones being the most defective and the least densely
cross-linked.

(3) The mechanical properties of the adhesive
developed can be controlled by introducing plasticiz-
ing additives.
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Abstract�A two-stage procedure for production of powdered cellulose II, based on polymorphous transforma-
tion of native cellulose I and hydrolytic dispersion of the fiber with a single reagent, nitric acid, was proposed.

A search for new procedures for production of pow-
dered cellulose (PC) forms with improved characteris-
tics is an urgent task. The most commonly used mod-
ification of PC is microcrystalline cellulose (MCC)
produced by partial acid hydrolysis of cellulose fi-
ber to the so-called limiting degree of polymerization
(DP). The vast majority of studies in this field are
aimed to improve the conditions of hydrolytic cleav-
age of native fiber (cellulose I), characterize the re-
covered MCC-I, and determine the fields of its appli-
cation [1�3].

At the same time, some publications [4, 5] reported
similar data on cellulose II produced in the form of
powder from the native fiber, using hydrolytic dis-
persion. According to [5], the polymorphous transition
from cellulose I to cellulose II results in increased
dispersity and whiteness of the final products, which
is important, e.g., for pharmaceutical applications.
The polymorphous transformation is usually effected
by mercerization of native cellulose with 15�20%
aqueous sodium hydroxide. Thus, to produce pow-
dered cellulose II from native fiber, both alkaline and
acidic reagents are used, which is inconvenient for
technology.

Here, we discuss the possibility of polymorphous
transformation and hydrolytic dispersion of cellulose
with a single reagent, nitric acid. The structural and
sorption characteristics of powdered samples of vari-
ous morphologies, prepared by the acidic process, are
presented in comparison with the similar characteris-
tics of the samples produced by the traditional pro-
cedure and also of MCC-I.

EXPERIMENTAL

Purified wood sulfite cellulose of the Raikord brand
(96% �-cellulose, DP = 1500) was used as the starting
material for production of powdered forms.

The working 68.5% HNO3 solution was prepared
from commercial 72% HNO3 of ultrapure grade.
The acid concentration was checked by the solution
density at 20�C. Along with the acid, 18% NaOH was
used. Production of all powdered forms of cellulose
was completed by repeated washing of the final prod-
ucts to neutral reaction of the wash waters, removal of
water with acetone, and drying at room temperature.
After drying, the samples were additionally milled
in a mortar to a dispersity allowing sifting through
a 100-�m sieve.

Variations of physical and chemical characteristics
of cellulose in polymorphous transformation by the
nitric acid procedure were judged from the IR spec-
tra recorded on a Specord 75-IR spectrophotometer.
Samples were prepared as described in [6]. The con-
tent of bound nitrogen in the samples was deter-
mined by the Kjeldahl procedure [7].

The degree of polymerization of powdered cellu-
lose forms was estimated from the viscosity of nitrate
ester solutions according to the procedure [8] tested
on the samples of cellulose with known DP.

X-ray diffraction patterns were recorded on an
HZG-4a diffractometer (CuK

�

radiation, Ni filter).
The samples in the form of flat discs were prepared by
cold pressing. The crystallinity index of the samples
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was determined from the diffraction patterns obtained
under similar conditions [9].

The morphology of structural elements of the pow-
ders was studied with an EM-125K transmission elec-
tron microscope. PC particles were dispersed by ultra-
sonic treatment (UZDN-2T unit, 22 kHz, maximum
power). As a result, a slightly opalescent suspension
was obtained. A drop of this suspension was applied
to the surface of freshly painted mica, and the disper-
sion medium was evaporated. The samples for micro-
scopic examination were prepared using platinum-
carbon replicas.

The surface of powder particles and cross sections
of the fibers were studied using an S-520 Hitachi
scanning electron microscope. The cross sections were
obtained on a manual microtome using a razor blade.
The surfaces to be studied were gold-plated in a gas-
plasma discharge.

The procedure for determining the water-retaining
capacity (WRC) of cellulose was described in [10].
The sorption of iodine was evaluated by the procedure
described in [11], and that of Congo Red, by the pro-
cedure described in [12].

The nitric acid procedures for production of pow-
der forms of cellulose II, discussed here, are based
on the ability of HNO3 to form the Knecht addition
compound (KC) with cellulose at a concentration of
68�69%, and also to promote hydrolysis of cellulose
fiber at low concentrations and elevated temperature.

KC has been known for a long time [13], but up
to now its chemical composition and structure have
not been determined reliably. Under the action of
water, cellulose is regenerated from KC produced on
the basis of native cellulose, which enables a purely
acidic scheme for processing of native fiber to pow-
dered forms of cellulose II.

HCl, as a rule, and, less commonly, H2SO4 are
used for hydrolytic cleavage of cellulose fiber [14].
Among published data, there are only a few evidences
for the use of HNO3 for this purpose [15, 16], al-
though its catalytic activity is rather high. When study-
ing sucrose hydrolysis in solutions of some acids,
Ostwald revealed the highest catalytic activity of HCl,
which was then taken as a reference. According to
similar experimental data on hydrolysis of cellulose
in 2 N solutions of various acids, the catalytic ac-
tivity of HNO3 at 100�C is close to the activity of
HCl (0.95 against 1), while that of H2SO4 is 0.57
[17]. Apparently, the development of studies on using
HNO3 for production of MCC has been restrained by

the well-known ability of this acid to chemically
modify cellulose.

Two samples of cellulose II in the powdered form
were prepared by the unconventional procedure using
nitric acid only. In production of a sample with mi-
crocrystalline structure (MCC-IIn), wood cellulose
was first treated for 3 h at the temperature of thawing
ice and a liquid-to-solid ratio of 20 ml of 68.5% nitric
acid per gram. This treatment must provide complete
intracrystallite swelling of native cellulose, so that
under subsequent action of water it must completely
transform via KC into cellulose II. It is wood cellu-
lose with its inherent moderate crystallinity that is
the most appropriate material for completion of these
transformations under the action of 68�69% HNO3
and then water. In the case of cotton cellulose char-
acterized by relatively coarse and perfect crystallites,
phase transitions cellulose I � KC and KC � cel-
lulose II occur partially [18].

Nitric acid at a concentration of 68�69% exerts
a weak nitrating effect on cellulose [18, 19]. To de-
crease the nitrating activity of nitric acid, the treat-
ment was carried out at low temperature, which, how-
ever, increased the duration of complete conversion
of cellulose into KC [19]. Cellulose swollen in 68.5%
HNO3 was squeezed out to approximately three fold
overweight. In squeezing, no less than 60% of the in-
itial amount of HNO3 is released. After appropriate
concentrating and loss compensation this acid can be
reused for the polymorphous transformation of cellu-
lose. Water was added in amount required for forma-
tion of 2.0�2.5 N HNO3 from the concentrated acid
sorbed with the fiber to the squeezed pulp. As a result
of dilution, cellulose II is regenerated from KC. It
was hydrolyzed to the limiting DP with boiling 2.0�
2.5 N HNO3 for 1 h at a liquid-to-solid ratio of ap-
proximately 10 ml g�1.

The second sample (PC-IIn) was prepared by the
purely acidic scheme based on cellulose prehydro-
lyzed to the limiting DP. Hydrolysis was performed
with boiling 2.5 N HNO3 at a liquid-to-solid ratio of
10 ml g�1 for 1 h. The resulting MCC-I was washed
and dried by the above procedure. A part of this mate-
rial was converted into cellulose II with 68.5% HNO3.

With the aim to compare the characteristics of
powdered forms of cellulose II produced by the pure-
ly acidic scheme, we also prepared MCC-IIt and PC-
IIt samples of similar structure by the conventional
scheme. In the conventional scheme, the polymorph-
ous transformation of native cellulose was carried out
by usual mercerization with 18% aqueous NaOH for
1 h at the temperature of thawing ice and liquid-to-
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solid ratio of 20 ml g�1. The conditions of hydrolysis,
washing, and drying of all the prepared samples were
the same, with only the procedures for transformation
of cellulose I to cellulose II being different.

The yield of the final products is governed mainly
by the loss of the material in hydrolysis of cellulose
fiber to the limiting DP. This loss is the most notice-
able in the case of hydrolysis of cellulose II, whose
crystal structure is less perfect that that of cellulose I.
The MCC-IIn and MCC-IIt samples are produced in
72�75% yield, based on the weight of the initial cel-
lulose, with the yield of MCC-1, PC-IIn, and PC-IIt
samples being 83�85%.

The IR spectra of all the prepared samples show
signs of oxidative transformations (range 1700 -
1800 cm�1). Weak absorption bands of nitrate ester
groups (1650, 1280, 850, and 750 cm�1) appear only
in the spectrum of the PC-IIn sample produced by
treatment with 68.5% HNO3 in the final stage of
the process. According to the results of chemical anal-
ysis, this sample contains approximately eight nitrate
ester groups in 100 cellulose units. In production of
MCC-IIn, hydrolytic cleavage of the cellulose fiber
follows its treatment with HNO3. As a result of hy-
drolysis, most of nitrate ester groups added in the first
stage are removed from the fiber together with amor-
phous binder [18]. Comparison of the spectrum of
MCC-I with the spectra of the other samples shows
that the intensities of the absorption bands at 1430,
1111, and 890 cm�1 vary in conformity with the well-
known manifestations of cellulose I and cellulose II
in the IR spectra [20].

The X-ray diffraction patterns of the samples are
shown in Fig. 1. Comparison of the reflection posi-
tions in powder patterns 2 and 4 with those in the
powder patterns of similar samples subjected to the
conventional mercerization (3 and 5) shows that, un-
der the action of 68.5% HNO3, the polymorphous
transition is virtually complete. However, some �re-
sidual nativity� apparently remains in MCC-IIn, since
in its powder pattern the reflection (002) is the stron-
gest, which is not characteristic of cellulose II (pow-
der patterns 3 and 5) and is characteristic of cellu-
lose I (powder pattern 1). This conclusion can also
be made on the basis of electron microscopic data,
which are considered below.

If account is taken of the fact that, the polymor-
phous transformation of fibrous cellulose in 18% aque-
ous NaOH occurs under conditions of much stronger
swelling than that in 68�69% HNO3 [19], the reten-
tion of some elements of structural organization typi-

Fig. 1. X-ray diffraction patterns of powdered forms of
cellulose. (I) Relative intensity and (2�) Bragg angle.
(1) MCC-I, (2) MCC-IIn, (3) MCC-IIt, (4) PC-IIn, and
(5) PC-IIt.

cal of native cellulose after acid treatment seems to be
quite logical. In polymorphous transformation under
the action of HNO3, the cellulose fiber undergoes
decrystallization to a noticeably greater extent than in
usual mercerization with an NaOH solution. This dif-
ference in crystallinity is preserved after hydrolysis of
cellulose to the limiting DP. The crystallinity index
of MCC-IIn is 0.44, while that of MCC-IIt is 0.57
(see table). Polymorphous transformation of MCC-I
under the action of HNO3 is accompanied by the
deepest decrystallization, whose plausible reasons
were discussed in [18]. PC-IIn is characterized by
powder pattern 4 typical of cellulose II with very low
degree of structural ordering (crystallinity index 0.23
against 0.45 in PC-IIt).

Some characteristics of powdered forms of cellulose
����������������������������������������

� �Crystal-� WRC �WRC*� Sorption
� � �������������Sample � DP � linity � � of I2,
� � index � % � mg g�1

����������������������������������������
MCC-I � 170 � 0.67 � 58 � 56 � 19.9
MCC-IIn � 50 � 0.44 � 107 � 73 � 76.3
MCC-IIt � 50 � 0.57 � 105 � 65 � 27.0
PC-IIn � 150 � 0.23 � 155 � 83 � 261.4
PC-IIt � 160 � 0.45 � 208 � 100 � 119.1
����������������������������������������
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Fig. 2. Electron micrographs of fragments produced by ultrasonic dispersion of powdered forms of cellulose. Magnification
11000. (a) MCC-I, (b) MCC-IIn, (c) MCC-IIt, (d) MCC-IIn, and (e) PC-IIt.

Figure 2 shows electron micrographs of fragments
formed after desintegration of the prepared sam-
ples by ultrasonic dispersion. In the case of MCC-I
(Fig. 2a), the well-known asymmetric aggregates of
needle-shaped microcrystallites are well defined. At
present, it is well established that this �needle mor-
phology� is typical of microcrystallites recovered
from native cellulose fiber [14]. Based on the average
limiting DP of MCC-I equal to 170, the length of
anhydroglucose unit of cellulose (5.15 �), and elon-
gated conformation of macromolecules in microcrys-
tals, we can conclude that the average longitudinal
size of microcrystals of this native material is approx-
imately 900 �.

In passing from cellulose I to cellulose II, the dis-
persity and morphology of crystallites change signifi-
cantly (Figs. 2b, 2c). The average limiting DP of both
MCC-IIn and MCC-IIt is approximately 50 (see ta-

ble), which suggests a more than threefold decrease
in the length of crystallites, compared to MCC-I. Be-
cause of the small sizes and increased tendency to
aggregation during preparation of suspensions, indi-
vidual microcrystals of MCC-IIn and MCC-IIt are
difficult to distinguish.

Micrographs of the sample prepared through the
stage of intensive swelling of the initial cellulose in
alkaline solution (MCC-IIt) show no clearly pro-
nounced indications of the asymmetric shape of mi-
crocrystals. A similar electron micrograph of cellu-
lose II microcrystals obtained by acid hydrolysis from
viscose fiber can be found in [14]. At the same time,
comparison of micrographs 2b and 2c shows that,
despite the equality of the limiting DP and, hence,
the equality of the microcrystal lengths MCC-IIn
show, in contrast to MCC-IIt, clearly pronounced el-
ements of asymmetric aggregation of microcrystals,
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characteristic of native MCC. In our opinion, this
morphologic feature of MCC-IIn is due to relatively
weak swelling of the initial cellulose when polymor-
phous transformation is performed with 68�69%
HNO3 instead of the conventionally used NaOH solu-
tion. We believe that, after the phase transition under
the action of HNO3, crystallites of the cellulose fiber
keep �elements of memory� about the morphology of
its native precursor.

In production of PC-IIn and PC-IIt (Figs. 2d, 2e)
by polymorphous transformation of MCC-I (Fig. 2a)
by both alkaline and acidic reagents, the average DP
(170) characteristic of native microcrystals remains
virtually the same, while the crystallite size and crys-
tallinity of the material as a whole decrease signifi-
cantly (see table). The length of crystallites is not gov-
erned by DP (DP is greater). Microcrystalline struc-
ture of cellulose I is transformed into the usual amor-
phous crystalline structure of cellulose II with low
DP. This leads to an abrupt change in the morpholo-
gy of fragments (compare Figs. 2a�2c with Figs. 2d,
2e). The extremely strong tendency for PC-IIn and
PC-IIt particles to aggregate results mainly in the for-
mation of coarse friable fragments in the form of mi-
crometer-sized islets with irregular shape. In the case
of PC-IIn, coarse fragments are composed of smaller
aggregates of, as a rule, fibril-like type (Fig. 2d), and
in the case of PC-IIt, of lump-like type (Fig. 2e). This
is also due to different degrees of MCC-I swelling
in acidic and alkaline media used for the phase trans-
formation.

The prepared powdered forms of cellulose II differ
from native MCC in the significantly higher hydrophi-
licity and sorption activity (see table). The hydro-
philicites of cellulose powders was evaluated by two
characteristics. One of these, WRC, characterizes
a sample of the final product, washed to neutral re-
action and not subjected to drying, and corresponds to
the maximum attainable value of WRC. The second
characteristic, WRC*, characterizes the ability of a
dried sample in the usual air-dry state to retain water.
For MCC-I, whose crystallites are similar to crystal-
lites of the initial fiber not subjected to significant
transformations in recovery, these characteristics are
close. For MCC-II and, especially, PC-II samples,
these characteristics are significantly different, which
reflects the negative influence of drying on the hydro-
philicity of cellulose II.

Microcrystalline forms of cellulose II, produced by
both procedures, have comparable hydrophilicities,
being markedly inferior in this regard to amorphous-
crystalline forms. The most hydrophilic is the sample

Fig. 3. Isotherms of sorption of Congo Red with powdered
cellulose forms. (A) sorption and (ce) equilibrium concen-
tration. (1) MCC-I and MCC-IIt, (2) MCC-IIn, (3) PC-IIt,
and (4) PC-IIn.

prepared by the conventional procedure and having
amorphouscrystalline morphology (PC-IIt), despite
that its crystallinity index is greater than that of
the similar sample prepared by the purely acidic
scheme (PC-IIn). There is no strict correlation be-
tween the crystallinity index and hydrophilicity of
the samples, whereas the influence of the morphology
factor of the water-retaining capacity is appreciable.
This influence is especially noticeable in the case
of moistening of samples during preparation (WRC
characteristic). Drying of the final products even at
room temperature noticeably levels out the differences
in hydrophilicity between the samples of microcrystal-
line and amorphous-crystalline morphology (WRC*

characteristic).

Powdered forms of cellulose II, prepared by the
purely acidic procedure, surpass the conventional an-
alogs in the ability to sorb iodine by more than a fac-
tor of 2 (see table). Here, the samples of amorphous-
crystalline morphology have the highest sorption pow-
er. The sorption of iodine by these samples is 3�4
times greater than that of the samples of microcrystal-
line morphology. Similar features are observed in the
case of sorption of Congo Red (Fig. 3). The isotherms
of Congo Red sorption by MCC-I and MCC-IIt co-
incide within the measurement error (Fig. 3, curve 1).
It should be noted that the values of iodine sorption
by these samples are very close. The MCC-IIn sam-
ple sorbs the dye somewhat more actively than the
two above-mentioned dyes; however, the difference
in the values of limiting sorption is small (Fig. 3,
curves 1 and 2). Thus, with respect to sorption of
bulky molecules, the microcrystalline forms of cellu-
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Fig. 4. SEM micrographs of (a) surface of PC-IIn particles
and (b) cross section of cotton fibers after treatment with
68.5% HNO3. Magnification 1250.

lose I and cellulose II produced by various procedures
are characterized by close values of limiting sorption.
Congo Red, as well as iodine, is most efficiently
sorbed by PC-IIn (Fig. 3, curve 4), which consider-
ably exceeds all the other samples in this respect.

Within the same morphological form of the pow-
dered material, there is a correlation between its crys-
tallinity index and sorption capacity for both iodine
and Congo Red. The lower the sorbent crystallinity,
the higher its activity (see table, Fig. 3). However,
the highest sorption characteristics of PC-IIn, com-
pared to the other samples, are apparently caused by
not only its low crystallinity. It was found that, in
contrast to the conventional procedure, polymorphous
transformation of cellulose by nitric acid is accompa-
nied by appearance of a great number of longitudinal
microcracks. These microcracks are readily seen on
both the side surface and cross sections of fibrous
fragments (Fig. 4). The formation of microcracks
must enhance the sorption power of the material. In
preparation of the MCC-IIn sample, the effect of mi-
crocracking is eliminated in hydrolytic degradation of
fiber to aggregates of microcrystals in the final stage
of the process. In the case when the final stage of the
process is polymorphous transformation of prelimi-
narily dispersed fiber (PC-IIn) with 68.5% HNO3,
this effect is observed. Apparently, along with low
crystallinity of PC-IIn, this effect is responsible for
the high sorption power of this sample.

CONCLUSIONS

(1) The ability of native cellulose to undergo
phase transformation through formation of a Knecht

compound in the reaction with 68.5% HNO3 and the
hydrolytic activity of boiling dilute solutions of this
acid allow production of powdered forms of cellu-
lose II without the conventional mercerization of cel-
lulose with alkali solutions. The order of procedures
performed with the same reagent governs the mor-
phology of the final products, their degree of poly-
merization, hydrophilicity, and sorption power.

(2) Contrary to similar samples subjected to the
conventional mercerization, powdered forms of cellu-
lose prepared by the acidic procedure retain some
elements of structural organization typical of the na-
tive cellulose. This is accounted for by the fact that
the phase transition of cellulose in nitric acid occurs
at considerably lower swelling than that in an alkaline
medium.

(3) The discussed powdered forms of cellulose II
have considerably lower crystallinity than their ana-
logs, and values of sorption of Congo Red and iodine
by these samples are more than 2 times greater, which
is especially noticeable for the amorphous-crystalline
samples. The phase transformation of cellulose in ni-
tric acid is accompanied by the formation of a devel-
oped system of longitudinal microcracks in the fiber,
which, in combination with the lowered crystallinity
of the samples, provides their high sorption power.
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Abstract�Oxidative delignification of flax fiber at 98�C was studied. The intermediate material was pro-
duced in moderate yield with high degree of delignification. The optimum conditions of the process were
determined.

Use of annual plants as a raw material for produc-
tion of cellulose is highly promising, since plant re-
sources, renewable every year, contain as well as wood
material, a sufficient amount of cellulose (Table 1).
This does not exert any negative influence on the en-
vironment and assists to preservation of woodland.
Here, we studied delignification of intermediate flax
fiber, which can serve as an excellent source of cel-
lulose, since, as regards its chemical composition,
it occupies an intermediate position between long-
stemmed flax (high-grade flax fiber) and wood.

As a rule, alkaline and alkaline-peroxide treatments
are used for refining of cellulose-containing materials.
Hydrogen peroxide is an efficient oxidizing agent and
modifier of chromophore groups of lignin. It is well
known [5, 6] that transition metal compounds catalyze
oxidative delignification by H2O2. They react with
H2O2 to form intermediate peroxo complexes Cat�O,
which, in turn, transport active oxygen from hydrogen
peroxide to the substratum by the scheme

H2O2 + Cat �� H2O + Cat�O,

L + Cat�O �� Lox + Cat,

where L and Lox are lignin and products of its oxida-
tion, respectively [5, 7].

Sulfuric acid promotes the activity of peroxo com-
plexes and stabilizes the peroxide solution, but, si-
multaneously, it causes noticeable hydrolytic degrada-
tion of polysachharides [8]. At the same time, oxi-
dized lignin is poorly soluble in acid medium; there-
fore, alkaline extraction is necessary for its complete
recovery.

EXPERIMENTAL

Flax fiber was subjected to two-stage treatment: ox-
idative treatment with an H2O2 solution in the presence
of (NH4)2MoO4 and H2SO4 as catalyst (for 60 min)
and alkaline extraction with 4% NaOH (120 min).
Both stages were carried out at 98�C. The H2O2 con-

Table 1. Chemical composition of various cellulose-containing materials
������������������������������������������������������������������������������������

� Content, wt % �
���������������������������������������������������������Plant material � � Reference
� cellulose � hemicellulose � lignin � wax � ash �

������������������������������������������������������������������������������������
Flax fiber � 88�96 � 0.5�1.0 � 0 � 0.4�1.3 � 0.7�1.6 � [1]
Long-stemmed flax � 65�80 � 12�17 � 3�5 � 1.4 � 1.06 � [1]
Coniferous wood � 45�52 � 10�23 � 28�30 � 2�7 � 0.2�1.0 � [2]
Deciduous wood � 37�47 � 22�33 � 19�23 � 1.3�7 � 0.2�0.4 � [2]
Rye straw � 37.9 � 36.9 � 17.6 � 2.0 � 3.0 � [3]
Wheat straw � 36.0 � 35.0 � 16.5 � � � � � [4]
Intermediate flax fiber � 72 � 8.7 � 11.04 � 1.4 � 2.91 � This study
������������������������������������������������������������������������������������
����������
1 Intermediate (low-grade) flax fibers having no practical application were subjected to delignification.
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Table 2. Experimental data
������������������������������������������������������������������������������������

� Solution composition in the 1st stage, wt % �
Yield of the

�
Content of

�
������������������������������������ � �

Sample no. �
H2O2

� Catalyst � intermediate � Classon � DP
� ������������������������� � �
� � (NH4)2MoO4 � H2SO4 �

product, %
�

lignin L, %
�

������������������������������������������������������������������������������������
Initial flax � � � � � � � � � 11.04 � 4000

1 �� �� � � � � 63.5 � 4.25 � 1430
�� �� � � � �

2 �� �� 1.04 � 0.625 � 54.0 � 1.58 � 1120
�� 8 	� � � � �

3 �� �� 2.08 � 1.25 � 54.0 � 0.22 � 800
�� �� � � � �

4 �
 �� 4.16 � 2.5 � 54.5 � 0.80 � 600
5 �� �� � � � � 54.5 � 6.73 � 2900

�� �� � � � �
6 �� �� 1.04 � 0.625 � 54.0 � 2.15 � 930

�� 4 	� � � � �
7 �� �� 2.08 � 1.25 � 55.0 � 0.95 � 890

�� �� � � � �
8 �
 �� 4.16 � 2.5 � 53.5 � 1.06 � 530
9 �� �� � � � � 67.5 � 7.11 � 2800

�� �� � � � �
10 �� �� 1.04 � 0.625 � 56.5 � 3.25 � 1040

�� 2 	� � � � �
11 �� �� 2.08 � 1.25 � 54.5 � 0.96 � 800

�� �� � � � �
12 �
 �� 4.16 � 2.5 � 53.0 � 1.92 � 710
13 �� �� � � � � 68.5 � 7.32 � 3300

�� �� � � � �
14 �� 1 	� 1.04 � 0.526 � 58.0 � 3.35 � 1050

�� �� � � � �
15 �
 �� 2.08 � 1.25 � 57.0 � 1.12 � 710

������������������������������������������������������������������������������������

tent was varied from 1 to 8 wt %, and (NH4)2MoO4
content, from 0 to 4 wt %. The H2SO4 content was
varied in direct proportion to that of (NH4)2MoO4.
The following characteristics of the process were
evaluated: degree of delignification (DD), degree of
carbohydrate removal (DCR), characteristic of process
selectivity (PS), and extent the process optimization
(PO) [9].

In the sample produced we determined the content
of Classon lignin by sulfuric acid procedure with 72%
H2SO4 [10], and the degree of polymerization (DP),
by viscometric method [11]. Changes in the structure
of flax fiber during treatment were studied by IR spec-
troscopy. The IR spectra were recorded on an Avatar
E.S.P. IR Fourier spectrometer in the range 4000�
400 cm�1. The samples were prepared from milled
fibers in KBr pellets.

Preliminary tests showed that, in treatment of flax
fiber in alkaline and alkaline-peroxide solutions, an in-
termediate product with residual lignin content of 6
and 4%, respectively, can be obtained. For more ex-
haustive delignification, the fiber was treated in two
stages, using a catalytic additive. Samples of flax cel-
lulose were obtained with average yield of 53�68%,
with the residual lignin content of 0.22�7.3% (Ta-
ble 2). The evaluated characteristics of the process

are listed in Table 3 and shown in Fig. 1. With in-
creasing content of the catalyst in the solution and
constant concentration of H2O2, the degree of delig-
nification grows and degree of polymerization de-
creases. For example, with the content of (NH4)MoO4

Table 3. Evaluated parameters
����������������������������������������

Sample � DD � DCR � PS
��������������������������������no. �

(Table 2) � %
����������������������������������������

1 � 75.55 � 31.65 � 69.28
2 � 92.27 � 40.26 � 60.12
3 � 98.92 � 39.43 � 60.62
4 � 96.05 � 39.23 � 60.96
5 � 66.78 � 42.86 � 58,84
6 � 89.48 � 40.60 � 59.92
7 � 95.27 � 38.76 � 61,46
8 � 94.86 � 40.50 � 59,76
9 � 56.53 � 29.52 � 71.99

10 � 83.37 � 38.55 � 62.23
11 � 95.26 � 39.32 � 60.91
12 � 90.78 � 41.57 � 58.90
13 � 54.58 � 28.64 � 72.89
14 � 82.40 � 36.99 � 63.80
15 � 94.22 � 36.64 � 63.62

����������������������������������������
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Fig. 1. Extent of the process optimization PO vs. the con-
tent c of hydrogen peroxide. Content of (NH4)2MoO4
(wt %): (1) 0, (2) 1.04, (3) 2.08, and (4) 4.16.

Fig. 2. IR spectra of the samples: (T) transmission and
(�) wave number. (1) Alkaline lignin, (2) initial flax fiber,
(3, and 4) flax fiber after chemical treatment (Table 2,
sample nos. 2 and 4).

increasing from 0 to 4 wt % at 4 wt % content of
H2O2, the degree of delignification increases from 66
to 95%, the degree of carbohydrate removal is about
40%, and DP decreases from 2900 to 530. At constant
content of the catalyst, the degree of delignification
grows with increasing content of H2O2. In this case,
the degree of polymerization remains virtually con-
stant (Table 3). Addition of the catalyst significantly
accelerates the delignification of the flax fiber. For
example, in treatment of a cellulose-containing mate-
rial with a 1% H2O2 solution at the lowest content of
the catalyst (1.04 wt %), the degree of delignification
may reach 82.5%, while in refining without a catalyst,
even in a 8% H2O2 solution, the degree of delignifica-
tion is only 75%.

The most favorable conditions of refining of cel-
lulose-containing material are those at which the re-
moval of lignin is at a maximum and dissolution of
carbohydrates is at a minimum. In this context, we
evaluated the extent of the process optimization PO =

DD PS/100 (Fig. 1). It is seen that, even at H2O2 con-
tent in the solution of 1 wt %, the extent of the pro-
cess optimization is high. The dependence of this
characteristic on the catalyst concentration passes
through a maximum and, at the (NH4)2MoO4 content
higher than 2 wt %, PO decreases. This is apparently
caused by predominance of dissolution of carbohy-
drates over degradation of lignin with a parallel in-
crease in the H2SO4 concentration in the solution.

Structural transformations of flax fiber in the course
of delignification were also judged from IR data
(Fig. 2). For comparison, we recorded the IR spec-
trum of alkaline lignin produced by precipitation from
the solution after alkaline extraction (Fig. 2, curve 1).
In the course of delignification, the intensities of
the bands at 1050 (bending vibrations of OH groups
of cellulose) and 1160 cm�1 (vibrations of the pyranose
ring of cellulose) [3, 12, 13] increase, whereas the in-
tensity of absorption in the range of 1450�1600 cm�1,
related to skeleton vibrations of the aromatic ring, and
that of the band at 1270 cm�1, characterizing guaiacyl
structural units of lignin [14], decrease. A decrease
in the splitting of the band in the range of stretch-
ing vibrations of CH bonds of methyl and methylene
groups (2850�2920 cm�1) also suggests removal of
lignin-like structures. From the ratio of the optical
densities of the absorption bands D1370 /D2900, we
estimated the crystallinity index [15, 16], which was
equal to 0.84, 0.87, and 0.90 for the initial flax and
purified fibers (Fig. 2), respectively. This is appar-
ently caused by the fact that chemical modification
of the plant material involves, along with removal of
lignin, dissolution of the low-molecular-weight frac-
tions of cellulose and hemicellulose.
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Abstract�Transformations of monocarboxylic, dicarboxylic, and keto acids in the course of low-temperature
ozonolysis were studied using the corresponding 14C-labeled compounds.

Deep oxidation of cyclohexane [1], methylcyclo-
hexane [2], and their oxygen-containing derivatives
(alcohols, ketones, esters, lactones) [2] results in
accumulation of monocarboxylic, dicarboxylic, and
keto acids, which are actively oxidized by ozone�
oxygen mixtures.

In this study, we analyzed transformations of [2,3-
14C]succinic, [2,4-14C]glutaric, [1,2-14C]-�-ketoglutar-
ic, and [1-14C]caproic acids in 2-methylcyclohexanol
under conditions of its oxidation at 80�C ([O3] =
4 vol %).

Procedures for radiochromatographic analysis of
the acids are described in [3, 4]. Calculations [2] show

that, under these conditions, the hydroxy peroxy radi-
cal derived from 2-methylcyclohexanol does not react
with the C�H bonds of the acids in hand and of
2-methylcyclohexanol. However, alkyl and alkoxyl
radicals and ozone abstract the most labile hydrogen
atoms from 2-methylcyclohexanol, labeled acids under
consideration, and intermediate oxidation products,
including radicals. The radioactive products of ozonol-
ysis of [2,3-14C]succinic acid are [2,3-14C]propionic
acid, [2-14C]acetic acid, and 14CO2.

[2,3-14C]Succinic acid is 21.5% decarboxylated in
3 h at 32.5% overall conversion. Ozone attacks the
acid at both the methylene chain and the functional
group:
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At 32.5% conversion of [2,3-14C]succinic acid,
the total activity of acetic and propionic acids is
10.1%. Hence, the major amount of 14CO2 is formed in
further ozonolysis of [14C]oxalic acid:
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The probability of recombination of the alkoxyl
and hydroxy radicals to form intermediate hydroper-
oxide is low. However, 2-methylcyclohexanol reacts
with ozone to form unstable 1-hydroxy-1-hydrotrioxy-
2-methylcyclohexane whose thermolysis generates
hydroperoxy radical HO

.
2 [5, 6]. Recombination of the

hydroperoxy and peroxy radicals yields �-hydroper-
oxysuccinic acid. Its decomposition generates the
corresponding �-oxyl radical:
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The probability of reaction of this radical with the
ozone molecule via O�H bond in the carboxy group is
low, since this radical reacts with a high rate constant
[7] with alcohol molecules present in excess. How-
ever, occurrence of the reaction of the radical with
ozone to even a small extent will result in formation
of CO2 by oxidation of the intermediately formed
malonic acid:
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[2,4-14C]Glutaric acid transforms with 30.2% con-
version into 14CO2 and [2,4-14C]butyric (1.2%), [1,3-
14C]succinic (13%), [1-14C]oxalic (0.41%), [1-14C]ace-
tic (0.8%), and [1-14C]propionic (0.45%) acids with-
in 180 min. The composition and activity ratio of
the acids show that all the methylene groups of glu-
taric acid are attacked by ozone. However, the �-meth-
ylene groups are attacked predominantly. Note that
CH and OH acids can also be attacked by alkoxyl
radical.

Under the ozonolysis conditions, [1,2-14C]-�-keto-
glutaric acid is 42.5% consumed in 180 min; 14CO2
and 14CO are formed in 18.1 and 2.1% yields, respec-
tively. The liquid radioactive products are [1-14C]ace-
tic (0.3%), [1-14C]propionic (1.8%), [1-14C]succinic
(13.0%), and [1-14C]oxalic (7.1%) acids. Ozone at-
tacks �-ketoglutaric acid at the �-positions to the
carbonyl and carboxy groups and also directly at the
O�H bond of the carboxy group. Detection of 14CO
shows that ozonolysis involves cleavage of C�C
bonds throughout the carbon chain of the keto acid.
Experiments with [1-14C]caproic acid showed that
it transforms in 180 min with 30.5% conversion into
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14CO2, [1-14C]acetic acid (7%), [1-14C]proionic acid
(3.5%), [1-14C]butyric acid (3.4%), and small amounts
of formic acid:
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By a similar scheme, ozone attacks the remote
(�, �, and � relative to the carboxy group) methylene
groups of caproic acid.

The ratio of the amounts of pentane and valeric
acid shows that the probability of ozone attack at
the �-position to the carboxy group is 3.6 times
higher compared to the attack at the O�H bond of
[1-14C]caproic acid. [14C]Formic acid and 14CO2 can
be formed from the intermediate hydroperoxide by
the scheme
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CONCLUSIONS

(1) In ozonolysis (80�C) of [2,3-14C]succinic, [2,4-
14C]glutaric, [1,2-14C]-�-ketoglutaric, and [1-14C]-
caproic acids, ozone attacks the O�H bond of the car-
boxy groups and all the methylene groups of the
aliphatic chain, predominantly those in the �-position
relative to functional groups.

(2) Under the conditions examined, peroxy radicals
are inactive in cleavage of the C�H and O�H bonds.
The reactions involve ozone, oxygen, and alkyl, al-
koxyl, hydroxy, and hyroperoxy radicals.
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Abstract�Effect of paraffins C10�C13, C14�C17, C18�C23, tert-butyl hydroperoxide, cumyl hydroperoxide,
and isopropyl nitrate as cetane number improvers for summer- and winter-grade diesel fuels1, added in amount
of 0.4�5 wt %, is studied.

In recent years, the share of diesel fuel (DF) and,
correspondingly, its total annual production volume
have been growing steadily [1]. This is associated, in
particular, with the fact that, in diesel engines, the
compression ratio is higher, and the fuel consumption,
lower by 25�30%, than in carburetter engines [2].

The cetane number (CN) is the most important
characteristic of DF. It is a measure of the ignitability,
which, in turn, determines the power, ecological, and
economical characteristics of an engine. With increas-
ing CN, the NOx and CO contents in the exhaust de-
crease.

The cetane number depends on the group and frac-
tion composition of DF. The cetane number of do-
mestic summer-, winter-, and arctic-grade diesel fu-
els is 47�51, 45�49, and 38�40, respectively. At the
same time, the requirements to the quality of DF, in-
prosed by the World Fuel Charter become more strin-
gent; CN from 48 for DF of the first group to 55 for
DF of the third group [3]. Now, advanced diesel en-
gines are being designed, meant for DT with CN =
58�60 [4].

The goal of this study was to select cetane number
improvers for commercial diesel fuels from the Kirishi
Refinery and to analyze the effect of these additives
on the performance of DF.

EXPERIMENTAL

Samples of diesel fuels (DTZ-0.2 minus 35,2

DTL-0.2-40, and DTL-0.2-62) and also of paraffins
����������
1 Fuel from the Kirishi Refinery was studied.
2 Pour point below �35�C.

C10�C13, C14�C17, and C18�C23 were provided by
the Kirishi Refinery.

The paraffin fraction C18�C23 was treated to re-
move arenes by urea dewaxing, recrystallization from
acetone, or acid�base purification, followed by car-
bamide urea. The quality of the resulting product
was controlled by nD

20 [5] using reference data [6].
The recrystallization proved to be the most efficient
treatment technique.

Paraffin fraction C18�C23 had after recrystallization
the minimal refraction intercept (difference between
the refractive index and half of the relative density)
typical of paraffins (1.04�1.0461). For arenes, the re-
fraction intercept is much higher (1.0592�1.0627).

The arene content in the test samples of DF was
determined using the aniline point technique [7], sul-
fonation, or directly from 1H and 13C NMR spectra.

n-Alkanes were determined from the 1H and 13C
NMR data and also by the urea dewaxing method [9].
The cloud and pour points of DF were determined
as in [10], with a mixture of acetone and dry ice as
a coolant. The 1H and 13C NMR spectra were recorded
on a Bruker AM-500 instrument (500 MHz) with
Si(CH3)4, C6D6, and CDCl3 as internal references.

The CN of the initial DF samples and those mod-
ified with cetane number improvers was determined
on an IDT-69 device. Isopropyl nitrate was prepared
in accordance with TU (Technical Specifications)
6-14-944�73 [11]. Physical characteristics of tert-
butyl hydroperoxide and cumyl hydroperoxide used
were consistent with reference data [12].
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Table 1. Cetane numbers of additized diesel fuels
������������������������������������������������������������������������������������

DF � CN improver,* wt % � CN** � DF � CN improver, wt % � CN
������������������������������������������������������������������������������������
DTL-0.2-62 �� �� 50 � DTZ-0.2 minus 35 � C14�C17, 5 � 53� � � � �DTL-0.2-40 �� C10�C13, 3 �� 52 � DTZ-0.2 minus 35 � IPN, 0.5 � 54� � � � �DTZ-0.2 minus 35 �� �� 52 � DTL-0.2-62 � IPN, 2 � 65
DTL-0.2-62 �� �� 53 � DTL-0.2-40 � IPN, 2 � 59� � � � �DTL-0.2-40 �� C14�C17, 3 �� 52 � DTL-0.2-40 � C18�C23, 2 + IPN, 1 � 61� � � � �DTZ-0.2 minus 35 �� �� 48 � DTZ-0.2 minus 35 � CHPO, 1 � 60
DTL-0.2-62 (initial) � � � 48 � DTZ-0.2 minus 35 � CHPO, 0.5 � 56
DTZ-0.2 minus 35 � � � 48 � DTL-0.2-40 � CHPO, 1 � 58
(initial) � � � DTL-0.2-62 � CHPO, 1 � 57
DTZ-0.2 minus 35 � C10�C13, 5 � 52 � DTZ-0.2 minus 35 � BHPO, 0.5 � 56
������������������������������������������	�����������������������������������������
* (IPN) Isopropyl nitrate, (CHPO) cumyl hydroperoxide, and (BHPO) butyl hydroperoxide.

** CN was determined by the engine method according to GOST (State Standard) 3122�67.

Table 2. Theoratical cetane numbers estimated by various methods
������������������������������������������������������������������������������������

Method of determination* � DTL-0.2-40 � DTL-0.2-62 � DTZ-0.2 minus 35
������������������������������������������������������������������������������������
Experimental CN � 48 � 48 � 45(48)� � �
CN = [(�20 + 17.8) 1.5879]/	4

20 � 41.01 � 42.53 � 38.84� � �
CI = 454.74 � 1641.416	4

15 + 774.74(	4
15 )�2 � 0.554tb + � 52.92 � 53.25 � 43.8

97.803(log t )2 � � �� � �
With a nomogram (GOST 27 768�68) � 53 � 53.5 � 44� � �
DI = tan	API /100 � 55.4 � 57.3 � 48.4� � �

� (CN = 49) � (CN = 51.5) � (CN = 45.7)� � �
CN = 0.85cp + 0.1cn � 0.2ca (from NMR data) � 51.8 � � � 47.2� � �
Group analysis data, % � Alk, 62, � Alk, 60, � Alk, 60,� � �

� ArH, 22, � Naphth, 15, � Naphth, 12,� � �
� Naphth, 16; � ArH, 25; � ArH, 28;� � �
� CN = 50 � CN = 47.5 � CN = 46� � �

DI = [(1.8tan + 32)(141.5 � 131.5	4
15)]/100	4

15 � 49.2 � 48.6 � 49.4
������������������������������������������������������������������������������������
* (DI) Diesel index; (�20) kinematic viscosity, m2 s�1; (�4

15) relative density of diesel fuel; (cp, cn, ca) content of carbon (wt %)
in paraffins, naphthenes, and arenes, respectively.

The effect of the cetane number improvers is shown
in Table 1. All the additives used appeared to be quite
efficient, yielding a 2 to 17 cetane number benefit for
both summer- and winter-grade diesel fuels. This im-
plies that addition of butyl or cumyl hydroperoxide in
amount of only 0.3�0.5 wt % is sufficient to raise
CN by 5�6 points. It should be pointed out that addi-
tion of 3�5 wt % paraffin fractions C10�C13, C14�C17,
and even C18�C23 appeared to be efficient too.

In the 1H NMR spectra of the DF samples we ob-
served four groups of signals: 6.8�9.2 ppm [hydrogen
atoms of aromatic ring (Ha)], 2.0�3.2 ppm [hydrogen
atoms of the methine, methylene, and methyl groups
in the � position to the aromatic ring (H�)]; 1.05�
2.0 ppm [hydrogen atoms of the methine and methyl-
ene groups of alkyl chains and naphthene rings in po-
sition more distant than �-position to the rings (H�)];
and 0.5�1.0 ppm [hydrogen atoms of the methyl groups

in position more distant than � and � positions, i.e., at
a considerable distance from the aromatic ring (H�)].

Typical 13C NMR spectra of diesel fuel show the
signals of carbon atoms of the aromatic rings at 110�
155 ppm and those of aliphatic and naphthenic struc-
tures at 14.1095�32.0658 ppm. The hydrogen atom
distribution in the investigated DF samples is given
below. Signal intensity (%): DTL-0.2-40: Ha 2.3,
H� 5.64, H� 57.76, and H� 34.3; DTZ-0.2-35: Ha 2.3,
H� 5.7, H� 60.4, and H� 31.6. The carbon atom dis-
tribution is as follows. Signal intensity (%): DTL-
0.2-40: Car 23.1, Cnaph 15.6, and Caliph 62.3; DTZ-0.2-
35: Car 27.6, Cnaph 14.2, and Caliph 58.2.

In addition to experimental determinations, we
estimated the cetane numbers by various theoretical
methods (Table 2). The most consistent estimated
values were obtained from the NMR data and by us-
ing the DI�CN nomogram.
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Table 3. Cloud (Tcl) and pour (Tp) points of unadditized diesel fuels and those modified with paraffin fractions C10�C13,
C14�C17, and C18�C23
������������������������������������������������������������������������������������

DF
�

Additive, wt %
� Tcl � Tp �

DF
�

Additive, wt %
� Tcl � Tp

� 
���������� � 
����������
� � 
C � � � 
C

������������������������������������������������������������������������������������
DTL 0.2-40 � � � �8 � �14 � DTL-0.2-40 � C18�C23, 2 + IPN, 1 � �6 � �31.5
DTL 0.2-62 � � � �7 � �14 � DTZ-0.2 minus 35 � C14�C17, 5 � �30 � �46
DTZ-0.2 minus 35 � � � �26 � �53 � DTZ-0.2 minus 35 � C10�C13, 5 � �27 � �60.2
DTL-0.2-40 � C10�C13, 3 � �6 � �32 � DTZ-0.2 minus 35 � C14�C17, 3 � �29 � �51.5
DTL-0.2-40 � C14�C17, 3 � �5 � �30 � DTZ-0.2 minus 35 � C10�C13, 3 � �36 � �64
����������������������������������������	�������������������������������������������

The use of paraffin-containing fractions may de-
teriorate the cold flow properties of diesel fuel. We
measured the cloud and pour points of the DF samples
modified with paraffin fractions (Table 3). It was de-
monstrated that, in these parameters, the investigated
summer- and wintergrade diesel fuels with paraffin-
containing cetane number improvers meet the existing
requirements.

CONCLUSIONS

(1) Paraffin fractions C10�C13, C14�C17, and C18�
C23 taken in amount of 3�5 wt % demonstrate prop-
erties of cetane number improvers. The cloud and
pour points of diesel fuels with these additives meet
the requirements of GOST 305�82.

(2) Isopropyl nitrate, tert-butyl hydroperoxide, and
cumyl hydroperoxide used in amount of about 0.5 wt %
are efficient cetane number improvers for diesel fuels.
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Abstract�Thermal disproportionation of hypophosphorous acid was studied to find the reaction order,
the rate constant and activation energy of the process, and also the temperature ranges in which the reaction
rate is the highest.

The use of red phosphorus is based on its capabil-
ity to be oxidized (manufacture of matches, getters,
fire-retardants, and components of pyrotechnic for-
mulations) [1�3]. The oxidation yields phosphorous
acids (hypophosphorous H3PO2, phosphorous H3PO3,
and phosphoric H3PO4) and phosphine PH3. The for-
mation of these products may result both in retrogra-
dation of properties of phosphorous composites and in
shortening of guaranteed shelf lives of articles based
on red phosphorus.

However, the kinetics and temperature ranges of
transformation of phosphorus acids have not been
analyzed in studies devoted to phosphorus oxidation
[2�4]. The main goal of the present study was to an-
alyze the fundamental aspects of phosphine formation
in disproportionation of hypophosphorous acid of var-
ied concentration and to determine the temperature
ranges and kinetic parameters of the process

3H3PO2 � 2H3PO3 + PH3. (1)

We studied 50% hypophosphorous acid of reagent
grade, TU (Technical Specification) 6-09-1462�76.
The acid was diluted with twice-distilled water and
concentrated by recrystallization, as described in [5].

The disproportionation was monitored by evolution
of PH3 in the temperature range (30�160) � 1.5�C in
a glass reactor connected to an AGB-67M automated
gas burette.

The acid (5 g) was placed in a glass dish mounted
on a quartz hook fastened to a ground tap wrench by
a fiberglass thread. A sample was rapidly (10 s) intro-
duced into the reactor with a furnace, using the tap
wrench.

The sensitivity of the installation was 0.001 to
1 ml, depending on a burette volume. The error in

measuring the gas volume was �5%. A solution of
calcium chloride served as a locking liquid.

Analysis for PH3 was carried out on an LKhM-80
chromatograph by the technique described in [6].
Gas samples (1 ml) were taken from the reactor at
intervals of 10�15 min through a hermetic tap made
of special rubber. Polysorb-1 served as absorbent.
The flow rate of the carrier gas was 24 ml min�1; col-
umn temperature, 60�C; measurement error, �3%.
Phosphine for constructing a calibration plot was ob-
tained by hydrolysis of aluminum phosphide and an-
alyzed both chemically and chromatographically.

A thermal analysis of H3PO2 was carried out with
200-mg samples on an MOM Q-1500D (Hungary)
derivatograph in standard ceramic crucibles at a heat-
ing rate of 10 deg min�1.

We revealed low- (30�90�C) and high-temperature
(110�200�C) regions of phosphine evolution in dis-
proportionation of H3PO2. At low temperatures, the
acid reacts with water to give hydrogen, which was
detected by mass-spectrometry:

H3PO2 + H2O � H3PO3 + H2. (2)

At high temperatures (>110�C) the disproportiona-
tion process (1) occurs at the highest rate at 130�
160�C, being complete at 190�C. The process is com-
plicated by gas-phase oxidation of phosphine, begin-
ing at 120�C and ending in combustion of the gas
mixture above 160�C.

Kinetic curves of disproportionation are S-shaped.
The rate of H3PO2 disproportionation grows with
the concentration of the acid increasing from 30 to
90%, the disproportionation being of the autocatalyt-
ic nature. This feature seems to be associated with
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the dependence of the rate of tautomeric regrouping
of H3PO2 from the inactive form, containing phospho-
rus(V), to the active form, containing phosphorus(III).
The rate constant of the regrouping is extremely low,
k = 10�12 s�1 [4]. Raising the concentration, temper-
ature, and time presumably removes diffusion hind-
rances for this regrouping.

At 110 and 140�C and process duration of 40�
160 min the evolution of phosphine occurs in the ki-
netic mode and further passes to the diffusion mode.
With the temperature increasing to above 140�C,
the process passes to the diffusion mode within 40�
120 min. The disproportionation reaction in the kinet-
ic mode at high temperatures (110�170�C) is first-
order with rate constant k = 1.96 � 10�5 s�1 and activa-
tion energy of 85 � 2 kJ mol�1. The transition of
the reaction of phosphine evolution from the kinetic to
diffusion mode results from the accumulation of the
more thermally stable products H3PO3 and H3PO4,
which are formed upon PH3 oxidation:

4PH3 + 5O2 � 2P2O5 + 6H2, (3)

P2O5 + 3H2O � 2H3PO4. (4)

A pronounced endothermic effect is observed in
the derivatograms at 135�C. It is determined by the
equilibrium the endothermic processes of dehydration
and disproportionation of H3PO2 and also by the exo-
thermic oxidation of the evolving phosphine. The
overall activation energy of dehydration, hydration,
and disproportionation of H3PO2 below 100�C is
44 � 1 kJ mol�1.

According to the derivatographic data, the activa-
tion energy of H3PO2 disproportionation in the range
110�140�C is 69.8 � 2 kJ mol�1, in satisfactory agree-
ment with the activation energy obtained from the ki-
netic data (85 � 2 kJ mol�1).

The forming H3PO3 disproportionates in the range
190�270�C, with simultaneous oxidation of the evolv-
ing PH3. According to the derivatographic data, the
maximum rate of PH3 oxidation is observed in the
range 280�300�C. The corresponding activation en-
ergy is 207 � 10 kJ mol�1.
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Abstract�The behavior of PCl3 and PI3 solutions in acetonitrile containing no more than 0.02 wt % H2O in
storage at room temperature was studied.

Previously [1, 2] we have studied the polarograph-
ic behavior of phosphorus trihalide solutions. It was
shown that their stability depends on the water con-
tent in the solvents.

In this study, we analyze the stability of phosphorus
trihalide solutions in acetonitrile, used in polarography.

Since phosphorus trihalides are readily hydrolyzed
by water and react with protic organic solvents, their
polarographic behavior is studied in aprotic solvents
[1�4].

As shown previously, polarograms of phosphorus
trihalides at 20�25�C in dimethylformamide and ace-
tonitrile dried by the procedure described in [4] show
well defined waves.

The stability of phosphorus trihalides in acetonitrile
solutions with composition similar to that used in
polarographic studies [1] (no more than 0.02% H2O)
was monitored by UV spectroscopy. The absorption
spectra of straight acetonitrile and acetonitrile solu-
tions of PCl3, PI3, and HCl (HCl is the main hydro-
lysis product of PCl3 in water) are shown in the fig-
ure. The PCl3 spectrum contains two bands peaked at
298 and 365 nm. The PI3 spectrum contains three
bands at 250, 293, and 370 nm. As seen from the fig-
ure, no appreciable amount of HCl is formed in the
PCl3 solution, i.e., PCl3 is not hydrolyzed in aceto-
nitrile solution during the experiment.

The UV spectrum of acetonitrile solution of PCl3
did not change during its storage for a week. This in-
dicates that PCl3 is not hydrolyzed noticeably in ace-
tonitrile containing up to 0.02% water, i.e., acetoni-
trile purified by the procedure described in [4] is suit-
able as a solvent for polarography. This is confirmed
by the fact that the polarogram of PCl3 in acetonitrile
containing no more than 0.02% water does not change

after storage of this solution at +3 to +5�C for 7 days.
After longer storage, especially at room temperature,
the limiting current decreases and a wave appears at
more negative potentials. For example, the limiting
current of reduction of a 0.23 M PCl3 solution contain-
ing 0.08 M tetraethylammonium perchlorate as a sup-
porting electrolyte decreases from 1.298 to 1.200 �A
in 12 days.

When the water content is higher than 0.02%,
the half-wave potential of PCl3 reduction is shifted
to the cathodic region:

Water content, % 0.02 0.03 0.06 0.10
�E1/2, V 0.915 0.930 0.960 1.920

At water content of 0.06%, a second wave appears
at E1/2 = �1.93 V (relative to bottom Hg ). This is due
to reaction of PCl3 with H2O present in the solvent.

UV spectra of (1) straight acetonitrile and acetonitrile so-
lutions of (2) HCl, (3) PCl3, and (4) PI3. (D) Optical
density and (�) wavelength.
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When H2O is added in concentration exceeding the
initial PCl3 concentration by a factor of 4 (0.38 mM),
the first wave becomes weaker, and a wave with
E1/2 = �1.068 V and another wave at more negative
potentials appear. The current of the last wave grows
with increasing water content.

Since HCl and H3PO3 are the main hydrolysis prod-
ucts of PCl3, we studied their polarographic behavior
in acetonitrile solutions. We found that HCl is re-
duced in acetonitrile solution of tetraethylammonium
perchlorate with E1/2 = � 1.06 V (relative to bottom
Hg), which agrees with published data [5]. In addi-
tion, a wave with E1/2 = �0.50 V due to reduction of
CH3CNH+ cation [6] is observed. The reduction of
phosphorus acid under these conditions is also char-
acterized by two waves with E1/2 = �1.95 and �2.74 V
(relative to saturated calomel electrode) [7]. The total
current of both waves is proportional to the H3PO3
concentration. Since the current of the waves decreases
by a factor of 2 after addition of the maximum amount
of water, 50% of PCl3 is hydrolyzed. Thus, PCl3 hy-
drolysis by H2O in acetonitrile solutions is hindered
as compared with the aqueous solution, owing to sol-
vation of PCl3. This fact is confirmed by IR spec-
troscopy. The bands in the range 2400�2700 cm�1 can
be assigned to the HCl � CH3CN solvate (the band of
pure HCl lies at 2480 cm�1 [8]).

Since PI3 is difficulty soluble in acetonitrile, PI3
was dissolved in benzene at +3�C and the resulting
solution was added to an acetonitrile solution of tetra-
ethylammonium perchlorate. Benzene solutions of PI3
are stable at low temperature in the dark. No visible
changes in these solutions were observed after their
storage for 10�12 h. In 1�2 days, a lemon yellow PI3

solution in benzene acquires a Bordeaux shade, prob-
ably owing to liberation of iodine. When this solution
is kept at 35�C for a long time, it gets turbid, and
a yellow precipitate is formed. The half-wave poten-
tials of these solutions are shifted to the negative
range by �1.0 to �2.6 V (the polarogam of the init-
ial PI3 solutions contains two waves with E1/2 = �0.04
and �0.42 V [1]).

Thus, solutions of phosphorus trihalides in purified
and dried acetonitrile are stable and can be used in
polarography.
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Abstract�The results obtained in studying the isobaric specific heat of alkaloid derivatives, anabasine nitrate
and glaucine hydrobromide, in the temperature range from 198 K to the melting point are presented.

Studying the thermochemical and thermodynamic
properties of natural compounds and, in particular,
alkaloids, is theoretically and practically important
for physical chemistry of natural compounds, directed
synthesis of biologically active substances with pre-
scribed properties, and determination of new constants
to be loaded as input information arrays into funda-
mental databases and reference books.

Previously, thermodynamic characteristics (enthal-
pies of dissolution, formation, combustion, and melt-
ing; specific heat in the temperature range from 198 K
to Tdecomp ) of anabasine alkaloid hydrochloride have
been studied [1]. The present communication reports
the results obtained in studying the temperature de-
pendence of specific heats of anabasine nitrate and
glaucine hydrobromide in the temperature range from
198 K to melting point (Tm).

Analytically pyre anabasine nitrate C10H14N2HNO3
with melting point of 176�177�C was synthesized by
reacting anabasine hydrochloride and silver nitrate
(both of analytically pure grade). The compound ob-
tained was identified by IR and NMR spectroscopies.

Glaucine hydrobromide C21H25NO4HBr of phar-
maceutical purity is an antitussive preparation with
melting point of 237�C.1

The specific heats of the compounds were measured
with an IT-S-400 calorimeter. Liquid nitrogen served
as cooling agent. The duration of measurements in
the whole temperature range, including data process-
����������
1 Synthesized by Khimfarm Open Joint-Stock Company (Shim-

kent, Kazakhstan).

ing, did not exceed 2.5 h. The rated maximum error
of the instrument was �10%.

A sample to be studied, placed in a metallic am-
pule of the measuring cell, was continuously heated
by heat flow through a heat flow meter. The time lag
of the ampule temperature with respect to the base
temperature was measured after each 25�C.

Table 1. Experimental specific heats of anabasine nitrate
and glaucine hydrobromide
����������������������������������������

T, K � Cp
0
� �

�

, J g�1 K�1 � Cp
0
�
�
�, J mol�1 K�1

����������������������������������������
Anabasine nitrate

198 � 0.7046 � 0.0180 � 159 � 11
223 � 0.9551 � 0.0191 � 215 � 12
248 � 1.1540 � 0.0325 � 260 � 20
273 � 1.2454 � 0.0282 � 281 � 18
298 � 1.3724 � 0.0208 � 309 � 13
323 � 1.4729 � 0.0395 � 332 � 25
348 � 1.6091 � 0.0317 � 362 � 20
373 � 1.7160 � 0.0420 � 387 � 26
398 � 1.8228 � 0.0573 � 411 � 36

Glaucine hydrobromide

198 � 0.9929 � 0.0258 � 433 � 31
223 � 1.0388 � 0.0282 � 453 � 34
248 � 1.0663 � 0.0229 � 465 � 28
273 � 1.1236 � 0.0270 � 490 � 33
298 � 1.1626 � 0.0344 � 507 � 42
323 � 1.1993 � 0.0307 � 523 � 37
348 � 0.8003 � 0.0157 � 349 � 19
373 � 1.0090 � 0.0247 � 440 � 30
398 � 1.1764 � 0.0276 � 513 � 33
423 � 1.2796 � 0.0398 � 558 � 48
448 � 1.3667 � 0.0405 � 596 � 49

����������������������������������������
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Table 2. Coefficients of equations describing the dependence Cp
0
� f (T ) for the alkaloid derivatives

������������������������������������������������������������������������������������
Compound � a � b � 103 � c � 10�5 � T, K

������������������������������������������������������������������������������������
Anabasine nitrate � 152 � 10 � 733 � 49 � �(54 � 4) � 198�398
Glaucine hydrobromide � 223 � 16 � 884 � 63 � 13.4 � 0.9 � 198�323

� 2766 � 197 � �(6945 � 496) � � � 323�348
� 2132 � 152 � �(1934 � 138) � �(1344 � 96) � 348�448

������������������������������������������������������������������������������������

Preliminarily, the measuring instrument was cali-
brated by determining the heat conductivity Kt of the
heat flow meter [2]. For this purpose, five parallel
runs with empty ampule, and the same number with
a copper sample, were carried out. Similarly, five par-
allel runs were done at each temperature for each of
the compounds under study; the results obtained were
averaged and processed by methods of mathematical
statistics [3].

At each temperature, the root-mean-square devia-
tion �

�

was determined for averaged values of specific
heat; the random error �

� was found for molar heat.

The instrument operation was tested by determining
the specific heat of �-Al2O3: the experimental value
Cp

0(298.15) = 76.0 J mol�1 K�1 is in satisfactory agree-
ment with the reference value of 79.0 J mol�1 K�1 [4].

Table 1 lists experimental values of the specific
and molar heat for anabasine nitrate (M = 225.24)
and glaucine hydrobromide (M = 436.09). The depen-
dence Cp

0
� f (T ) is plotted in the figure.

Mathematical processing of the experimental data
yielded equations describing the temperature depen-
dences of the specific heat of the compounds Cp

0 =
a + bT + cT 2, J mol�1 K�1, whose coefficients are
listed in Table 2.

Specific heat Cp
0 of (a) anabasine nitrate and (b) glaucine

hydrobromide vs. temperature T.

The error in determining the coefficients in the
specific heat equations were found from mean random
errors for the whole temperature range.

As seen from Table 1 and the figure, the specific
heat of glaucine hydrobromide shows an anomalous
peak at 323 K, then falls at 348 K, and then again
starts to increase. This is presumably due to a second-
order phase transition. In view of this circumstance,
three equations describing the dependence Cp

0
� f (T )

in each portion of the curve (Table 2) were derived for
this compound.

The coefficients b and c of the equation describing
the dependence Cp

0
� f (T ) for glaucine hydrobromide

in the temperature range 348�448 K have negative sign,
which, at first glance, seems paradoxical. With increas-
ing temperature, the contribution from the specific
heat component associated with coefficient b grows,
and that from the component associated with coef-
ficient c falls. The strong decrease in the component
associated with coefficient c leads to an increase in the
specific heat, which is confirmed by the good agree-
ment between the experimental and calculated data.

CONCLUSION

The temperature dependences of the specific heat
of anabasine nitrate and glaucine hydrobromide were
studied in the temperature range from 198 K to the
melting (decomposition) point. Equations describing
the dependence Cp

0
� f (T ) were derived from the ex-

perimental data obtained for each of the compounds.
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Abstract�The structure of the near-surface layer of a polymer film of a resist was studied by atomic-force
microscopy.

Lavrishchev et al. [1] provided indirect evidence
for the presence of a near-surface layer in the (co)poly-
mer film of a resist. They demonstrated that the time
required for complete removal of the solvent from
the resist film depends on the drying method. We ex-
perimentally confirmed the presence of a thin near-
surface layer in a resist film [2] and revealed periodic
changes in the thickness of copolymer films based on
methyl methacrylate and methacrylic acid during their
heat treatment at constant temperature, which suggests
the presence of a near-surface layer [3]. However, the
thickness of the near-surface layer of the (co)polymer
films applied as resists in lithography has not been
estimated as yet because of the small thickness of
resist films (no greater than 1 �m) [4].

A thin near-surface layer in a film of a (co)poly-
mer-based resist must give rise to a barrier effect
precluding diffusion of the solvent from the resist film
during heat treatment [4, 5]. This effect makes it nec-
essary to revise the conditions of formation of resist
films by centrifugation and heat treatment.

The aim of this study was to reveal and analyse
the thin near-surface layer in a polymethyl methac-
rylate (PMMA) film by atomic-force microscopy.
A film of the positive electron-sensitive resist was
formed on a KDB-4 silicon substrate by centrifuga-
tion from a 4.5% diglyme solution of PMMA with
molecular weight M = 638400, modified with organo-
hydridedisilane [6]. The viscosity of the electron-
sensitive resist was 46.7 cSt, and the rate of its ap-
plication to the substrate, 850 rpm. After centrifuga-
tion, the resist film was dried at 170�C for 30 min in
an oven in air. The thickness of the resist after the
heat treatment was 1.0 �m. The thin near-surface layer
was microprobed on a Topometrix-TMX-2100 atomic-
force (AFM) microscope by recording the lateral
force acting on the probe during scanning (lateral

force measurement, LFM) [7]. The LFM method im-
plies a study of the force of friction between the sur-
face and the probe sliding over it. During scanning,
the probe is subject to the friction force from the
sample surface

Ffr = kN. (1)

Here, N is the response force exerted by the sample
on the probe, and k, local friction coefficient.

The greater the coefficient h of friction between
the probe and the surface section directly contacting
the probe, the lighter the section being scanned on
the AFM image (i.e., the denser the sample section).

The local friction coefficients k for the probe in
Eq. (1) substantially differ from the dry friction co-
efficients of various materials, as the domain of con-
tact between the probe and the sample is as small as
0.1�1.0 nm.

The near-surface layer of the PMMA resist film
was sought by studying the fracture of a silicon sub-
strate with resist applied to its surface. The substrate
was fractured at liquid nitrogen temperature by the
known procedure [8], which prevented plastic defor-
mation of the resist edge during fraction. However,
the facial edges of the sample cannot be studied in
an atomic-force microscope because of a force field
jump [9]. This undesirable effect can be eliminated by
coating the PMMA film with an FP-383 photoresist
film [10] by centrifugation at 550 rpm. After centri-
fugation, the FP-383 resist was heat-treated in an oven
at 70�C for 20 min. The resulting FP-383 photoresist
film was 7.2 �m thick. The fracture was studied in air
in the contact mode. The AFM image of the fracture
of the silicon substrate with a double resist coating
is shown in the figure. It is seen that the near-surface
layer of the PMMA resist along the fracture boundary
is 17.2 to 204.7 nm thick. Dark and light domains in
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AFM image of the surface fracture (the size is given in
nanometers): (1) silicon, (2) PMMA, (3) thin near-surface
PMMA layer, and (4) FP-383.

the AFM image correspond to less dense and denser
materials, respectively. The boundary layer of the
PMMA/FP-383 composite has darker color and is
situated between domains 3 and 4 (see figure).

CONCLUSIONS

(1) A thin near-surface layer is formed during
preparation of a resist film from a polymethyl meth-
acrylate solution in diglyme by centrifugation fol-
lowed by heat treatment at 170�C.

(2) The density of the near-surface layer exceeds
that of the bulk polymer.

(3) The density of the near-surface thin layer of
the polymethyl methacrylate film varies from 17.2
to 204.7 nm.
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In Memory of Professor Ivan Yakovlevich Bashilov
(To 50th Anniversary of His Death)

Professor Ivan Yakovlevich Bashilov, a talented
scientist and engineer and one of founders of Russia’s
industry of radioactive and rare metals, passed away
on August 20, 1953, in Krasnoyarsk.

I.Ya. Bashilov was born on November 29, 1892,
at the town of Kashin in Tver Province, into a large
family of an office worker of the uyezd treasury. Al-
lready beginning at the age of 12, Bashilov had to
make money for his education himself. Having fin-
ished Tver Gymnasium with gold medal in 1911, Ba-
shilov entered the metallurgical department of Emper-
or Peter the Great Polytechnical Institute in St. Peters-
burg. The Polytechnical Institute, opened in October
1902, had among its lecturers quite a number of prom-
inent scientists and possessed excellently equipped
laboratories, and, therefore, fast acquired a reputation
of one of the best technical higher school institutions
not only in Russia, but in Europe too. Among those
who taught at the metallurgical department were
N.S. Kurnakov (1860�1941, academician since 1913),
F.Yu. Levinson-Lessing (1861�1939, academician
since 1925), V.A. Kistyakovskii (1865�1952, acade-
mician since 1929), A.A. Baikov (1870�1946, acade-
mician since 1932), and other known scientists.

When still being a student, Bashilov started to
work at the Permanent Commission for Study of Rus-
sia’s Productive Forces (KEPS), which was organized
in February 1915, on the initiative of Academician
V.I. Vernadskii (1863�1945) and a number of other
scientists, at the Academy of Sciences for studying
the natural resources of Russia and their industrial use.
Bashilov worked under supervision of a prominent
geochemist A.E. Fersman (1883�1945, academician
since 1919), who was Vernadskii’s closest associate.

In 1920�1921, under sever conditions of civil war,
Bashilov studied, together with V.G. Khlopin (1890�
1950, academician since 1939), the technology for
recovery of radium from domestic raw materials (cop-
per-vanadium ores from the Southern Fergana deposit)
by recommendation of the Radium board of the Acad-
emy of Sciences. When being head of the Pilot radium
plant (now in Mendeleevsk, Tatarstan, Russia), Bashi-
lov developed a technology for recovery of all valu-
able components: radium, uranium, vanadium, and

copper, from the starting ore. By December 1, 1921,
the first Russia’s high-activity radium preparations
were obtained [1�5]. In 1922, the Radium Institute
was created in Petrograd, and Vernadskii was ap-
pointed its first director. The Pilot plant joined the
Institute, and Bashilov became a member of its Scien-
tific Council.

In 1925, the facilities for recovery of radioactive
metals were amalgamated with those for recovery of
other rare metals at one of Moscow plants. Bashilov
was appointed manager of the chemical department
of the Trust of rare elements in Moscow.

In 1927, Bashilov was sent, as a prominent spe-
cialist, to a business trip to Germany and Czechoslo-
vakia for familiarization with activities of chemical
plants manufacturing radioactive preparations, rare
metals, and their compounds [4, 5]. To the decennial
anniversary of the Soviet power, the Radium Institute
published Bashilov’s monograph Tekhnologiya radio-
aktivnykh rud (Technology of Radioactive Ores, Le-
ningrad, 1927, 96 pp.). Later, other his books were
published: Redkie elementy i ikh ispol’zovanie (Rare
Elements and Their Use, Moscow, 1930, 150 pp.)
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and Vvedenie v tekhnologoyu redkikh elementov (In-
troduction to Technology of Rare Elements, Moscow�

Leningrad, 1932, 275 pp.). In December 1928, Bashi-
lov became, after many years’ break, an external stu-
dent of the Polytechnical Institute, and, in january of
1929, backed his graduation thesis work �A Study of
Processing of Radium-containing Ores,� to be quali-
fied as engineer-metallurgist.

In the autumn of 1930, Ivan Yakovlevich was in-
vited by the Scientific Council of the 2nd Moscow
State University (later Lomonosov Institute of Fine
Chemical Technology) to organize a chair and deliver
a course of lectures on chemistry and technology of
rare elements [6]. In 1931, Bashilov received an aca-
demic degree of a professor. At that same time, he
was appointed scientific supervisor of the State Re-
search Institute of Rare Metals (Giredmet, Moscow)
and, simultaneously, headed the laboratory of radium
at the same institute. In 1937, the degree of a doctor
of technical science was conferred on Bashilov.

In the beginning of 1938, the Commission for prob-
lems associated with further development of the do-
mestic radium industry was created at the Academy
of Sciences of the USSR under Academician Vernad-
skii’s supervision. The commission included, together
with Academicians Khlopin and Fersman, also Pro-
fessor Bashilov. In June 1938, Bashilov, a prominent
specialist in the technology of rare and radioactive
metals, was nominated a candidate for election into
the Academy of Sciences of the USSR. However, on
August 21 of the same year, he was arrested by Peo-
ples’ Commissariat for Internal Affairs (NKVD) and,
on February 14, 1939, sentenced to five years of penal
servitude for �counterrevolutionary activities� [5].
Till the beginning of 1943, the scientist served his
sentence in Kotlas camps (Arhangelsk Province).

After the end of his term of imprisonment in June
1943, Bashilov was deported, by the order of deputy
Peoples’ Comissar A.P. Zavenyagin (1901�1957), to
Krasnoyarsk, where NKVD was completing the con-
struction of a plant for manufacture and refining of
platinum metals. As raw materials served concentrates
obtained in processing of sulfide copper-nickel ores
from the Norilsk deposit. The scientist was well aware
of the complexity of the task, because he had never
dealt with platinum-group metals before that. By
a twist of fate, Bashilov, chief specialist in the tech-
nology of processing of uranium ores, had to work, in
the year when the development of the atomic industry
was commenced in the country, on refining of plat-
inum-group metals. Being undoubtedly important, this

problem was more familiar to quite a number of re-
presentatives of the scientific school created in Rus-
sia by L.A. Chugaev (1873�1922) and N.S. Kurnakov
(1860�1941, academician since 1913).

Owing to his natural capacities and experience,
Bashilov fast familiarized himself with a production
technology new to him. Already in the beginning of
1945, he was awarded the �Sign of Honor� order, and
became, together with others, a laureate of the Stalin
(State) Prize (1948) for the development and imple-
mentation of new methods for purification of platinum
metals.

Soon, the plant started to work using the already
well-established technology, and there was no need
any more for services of such a high-skilled specialist.
He clearly perceived that his knowledge and experi-
ence remained uncalled for. His appeals to the gov-
ernment to let him work somewhere to better purpose
remained unanswered, he was denied exculpation. Of
no avail, either, was his address to the president of
the Academy of Sciences of the USSR, despite their
long-standing friendship.

Bashilov was much respected by plant workers of
any rank, he was highly cultured and attentive and
benevolent to those surrounding him.

Ivan Yakovlevich Bashilov died of a heart attack
exactly 15 years after his arrest. He was buried in
Krasnoyarsk at Pokrovsko-Troitskoe Cemetery. In
November 1996, a black-stone monument was erected
over his grave, on which an inscription �Now look at
my deeds� was carved, together with his bas-relief.
Also carved were symbols of chemical elements, to
whose manufacture technology Professor Bashilov
contributed in different years: uranium, radium, vana-
dium, ruthenium, rhodium, and iridium.

The charge imposed on Bashilov by a Special
Council of NKVD on February 14, 1939, was dis-
missed by the Supreme Court of the USSR on January
30, 1957.

All those who were lucky to work with Bashilov,
or knew him, preserve the dearest memory of this fine
man. The most detailed biographic evidence concern-
ing the scientist can be found in a book by V.R. Po-
lishchuk [5], who could see over the personal archive
of scientist’s daughter, I.I. Bashilova. The book pub-
lished in connection with the 55th foundation anni-
versary of the Krasnoyarsk plant of nonferrous metals
includes numerous personal reminscences of staff
members of the plant about Bashilov.
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Professor Semen Petrovich Vukolov
(To His 140th Birthday Anniversary)

One of the closest pupils and co-workers of
D.I. Mendeleev, professor Semen Petrovich Vukolov,
who is among the most prominent specialists in ex-
plosives and powders, made a major contribution to
the improvement of the fighting efficiency of the Rus-
sian Navy and to training of engineers-chemists spe-
cialized in this field.

S.P. Vukolov was born on September 6 (August
23), 1863, in the Don region at Starocherkasskaya
stanitsa (Cossack village). Having received primary
education at a local school, he entered Novocherkassk
Gymnasium, wherefrom he graduated with gold metal
in 1882. When still studying at the gymnasium, he,
mostly on his own, mastered German, French, and
English languages. In 1882, Vukolov entered, and in
1887 graduated from, the natural department of the
physicomathematical faculty at St. Petersburg Univer-
sity. His acquaintance with D.I. Mendeleev (1834�
1907) largely determined all the subsequent activities
of the young scientist. Having graduated from the
university, Vukolov worked for two years in Paris, at
the laboratory of professor L.J. Troost (1825�1911),
known for his studies in the field of inorganic chem-
istry. In these years, Vukolov published in Transac-
tions of the Paris Academy of Sciences his first pa-
pers: �On Solubility of Gases� and �On Solubility
of Carbon Dioxide in Chloroform,� and took active
part in the preparation of the Brokhaus�Efron Ency-
clopedia.

In 1890, the Naval Ministry assigned the honored
professor Mendeleev to supervise research aimed to
develop smokeless powder for naval guns. In August
1891, the scientific-and-technological laboratory was
created at the Naval Ministry for solving this prob-
lem, and Vukolov occupied the position of junior as-
sistant of the head of the laboratory (in 1906�1918,
senior assistant; in 1918�1928, head of laboratory).
In one and a half years, smokeless powder for fire-
arms of all the necessary calibers was obtained and
tested. The outstanding Mendeleev’s contribution to
this work was described by Vukolov in detail in an ar-
ticle devoted to the centennial anniversary of Mende-
leev’s birthday [1]. By 1894, a simple and convenient
technological process for industrial manufacture of
smokeless powder was developed [2].

Together with working at the laboratory, Vukolov
took part, in the summer of 1899, in a business trip
with Mendeleev and other specialists to the Urals for
studying the natural and economic conditions of op-
eration of metallurgical plants. As a result of the ex-
pedition, quite a number of suggestions on develop-
ment of metallurgical industry, transport, and econo-
my of the Ural region was made. Mendeleev’s mem-
orandum concerning the results of the trip, submitted
to the Minister for Finance S.Yu. Vitte (1849�1915),
in particular, reads: �The industrial impact of Russia
on the entire western Siberia and steppe center of Asia
may and must involve the Ural region.� The results
of the expedition were summarized in a three-volume
publication �Ural’s Iron Industry in 1899.�

By Mendeleev’s recommendation, Vukolov took
part in the expedition on ice-breaker Ermak (1901),
aimed to study magnetic phenomena in the Arctic
Ocean. Vukolov went in business trips to England,
Germany, France, and the United States to make ac-
quaintance with plants manufacturing explosives and
was a participant of international congresses on ap-
plied chemistry in London (1909) and New York
(1912). By 1911, he had the rank of senior state coun-
cilor.
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After smokeless powder was put into industrial
production, the functions of the Scientific-technolog-
ical laboratory were extended, largely on Vukolov’s
initiative, to all kinds of ammunition for the Navy.
Technologies for manufacture of trinitrotoluene and
tetryl were developed, and these, new by that time,
explosives were tested and methods for their use in
various kinds of ammunition were studied [3].

In the prewar years (1911�1914), Vukolov and
coworkers studied underwater explosions and de-
signed special devices for this purpose. During the
war (1914�1918), the efforts of the Laboratory and
the associated pilot shops were completely concen-
trated on the supply of ammunition for the Navy.
These works revealed the Vukolov’s vigor and talent.
In particular, lead azide was used for the first time
in Russia in manufacture of caps for various kinds
of shells for naval artillery. The scientific and tech-
nological results of the activities of the Laboratory
were analyzed in [3, 4].

Already the first months of the war revealed the
weakness of the military chemical industry of Russia.
The available resources of nitric and sulfuric acid
were insufficient for satisfying the dramatically in-
creased demand for powders and explosives; benzene,
toluene, and other necessary components could not be
manufactured in required amount. In February 1915,
�Commission for Procurement of Explosives� was
organized at the Chief Artillery Department of the
Military Ministry. The commission was headed by
a professor of the Artillery Academy, lieutenant-gener-
al V.N. Ipat’ev (1867�1952, academician since 1916).
Vukolov became a member of this commission [5].
He took active part in setting up production of the
necessary raw materials at plants of southern Russia,
and explosives in Revel (Tallinn), Petrograd, and
Kineshma. As is known, a rapid rise in manufacture
of explosives and chemical warfare, and other most
important chemical industrial products, occurred in
Russia already by the end of 1916 [5, 6]. Vukolov’s
activities during the years of war were honored by
a number of state awards, and also by French Legion
of Honor.

In 1919�1923, Vukolov was deputy head of the
�Special Technical Commission for Inspection of
Powders and Explosives� and dealt with problems
of accounting and storage of the naval ammunition.
From 1919 till 1928, he headed a department at

the State Institute of Applied Chemistry, worked in
a number of other scientific institutions, and taught
at Leningrad University and Naval Academy.

In 1929, about 100 officers of the Russian Navy,
allegedly members of a �counterrevolutionary organ-
ization at the Naval Department of the Workers’and
Peasants’ Red Army� were arrested. Vukolov was
among them: he was arrested on 27.07.1929 and sen-
tenced on 30.04.1931 to 3 years of imprisonment [7].
However, in January 1932, he was freed and rehabil-
itated. In 1932�1935, Vukolov worked as senior en-
gineer at the Research Institute of Navy. Simultane-
ously, in 1932, he created a chair of explosives at
the Leningrad Institute of Chemical Technology and
headed it till the end of his life. The scientific degree
of a doctor of chemical science was conferred on him
in 1935, and the rank of a professor, in 1938.

Semen Petrovich Vukolov died on October 10,
1940, in Leningrad. Till the last days of his life he
devoted all his energies to pedagogical and research
activities. His pupils remember this excellent person
who loved his country.
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Reznik, D.I., Ermakov, G.P., and Shneerson, Ya.M.,
Nikel’ (Nickel), 3 vols., Moscow:

Nauka i Tekhnika Ltd., 2003, vol. 3, 608 pp.

The final volume of the three-volume monograph
(parts VIII�XV, chapters 27�55)1 contains a vast body
of material concerning mainly the nature and proces-
sing methods of sulfide copper-nickel ores. Also con-
sidered are refining of nickel, recovery of noble and
rare metals in processing of nickel and copper-nickel
ores, and evidence about world’s manufacture and
consumption of nickel.

The share of sulfide copper-nickel ores in the to-
tal output of nickel ores is 60�64%. The main com-
ponents of the ores are such minerals as pyrrhotine,
pentlandite, chalcopyrite, and magnetite. Their var-
ious ratios give rise to a wide variety of relative con-
tents of copper and nickel in ores from different de-
posits. To accessory components are referred cobalt,
platinum metals, gold, silver, selenium, and tellurium,
which are present in minor amounts. In some deposits,
the cost of accessory components, e.g., platinum and
palladium, exceeds that of nickel and copper. The au-
thors describe deposits of sulfide copper-nickel ores
in the Kola Peninsula and Norilsk region, a deposit
discovered in Voronezh province in 1977, and foreign
deposits and mines in Canada, Australia, and China
(part VIII, ch. 27).

The ninth part of the monograph discusses a wide
variety of problems associated with smelting of sul-
fide copper-nickel raw materials. It considers in de-
tail the blast smelting of a relatively rich lump ore
at the Severonikel’ combine (beginning in 1938) and
Norilsk mining-and-smelting combine (since 1942)
and foreign combines, and also autogenous blast
smelting of sulfide copper and copper-nickel raw
materials (ch. 28). By 1978, the blast smelting was
replaced at domestic plants with other processes in
order to diminish the discharge of sulfur dioxide into
the atmosphere. The authors note that it is possible
now to revert to blast smelting by using oxygen-en-
riched blast and passing to autogenous processes
without coke. The same part of the monograph con-
����������

1 Information about the first two volumes was published pre-
viously in Zhurnal Prikladnoi Khimii (2001, vol. 74, no. 4,
p. 691 and no. 7, p. 1211). The numbering of parts and chap-
ters is the same through all the three volumes.

siders reverberatory smelting of sulfide copper-nickel
ores and concentrates (chapter 29), electric smelting
of copper-nickel raw materials (ch. 30), impoverish-
ment of molten converter slags in electric furnaces
(ch. 31), smelting of sulfide concentrates in suspended
state (ch. 32), autogenous smelting of copper-nickel
ore in a unit with top oxygen blast (ch. 33), smelting
in a liquid bath (ch. 34), and other kinds of smelting
of sulfide concentrates (ch. 35). The authors empha-
size that the development of new smelting processes
was due to the necessity to catch and utilize sulfur
dioxide, diminish the energy consumption for smelt-
ing by using heat released in oxidation of sulfides,
and raise the output capacity of smelting units to com-
pensate for the low content of nickel in concentrates.

The tenth part of the monograph contains detailed
evidence about conversion of copper-nickel mattes
and cooling of converter matte. The aim of conversion
(ch. 36) is to remove iron from matte in order to ob-
tain converter matte in which nickel, copper, cobalt,
and noble metals are concentrated in the sulfide and,
partly, metallic form. In slow cooling of molten con-
verter matte, there occurs separate crystallization of
copper and nickel sulfides, which makes it possible
to obtain nickel and copper concentrates (ch. 37).

The eleventh part discusses hydrometallurgical
techniques for processing of sulfide copper-nickel
materials. It describes the following methods: auto-
clave leaching of rich sulfide concentrates, mattes,
and converter mattes in ammonia medium (ch. 38);
leaching in sulfuric acid medium (ch. 39); autoclave
leaching of intermediate products formed in pyromet-
allurgical processes (ch. 40); chloride techniques for
processing of sulfide nickel concentrates (ch. 41);
leaching of sulfide nickel-cobalt concentrates (ch. 42).

The twelfth part of the book is devoted to meth-
ods for processing of nickel-pyrrhotine concentrates.
These concentrates are obtained by flotation isolation
of copper and nickel (pentlandite) concentrates by
additional flotation and magnetic separation (ch. 43).
Industrial processing of pyrrhotine concentrates is
presently done only at single plant in Norilsk. Also
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described are theoretical foundations of the oxidizing
and autoclave leaching of nickel-pyrrhotine concen-
trates (ch. 44).

The thirteenth part discusses methods for nickel re-
fining: liquid extraction (ch. 45), autoclave technology
for manufacture of metallic nickel powders (ch. 46),
carbonyl technology for nickel refining (ch. 47),2 and
electrolysis of nickel (ch. 48).3 Electrolysis is the final
procedure in the technological scheme for processing
of nickel raw materials, which makes it possible, in
addition to obtaining the metal, to solve the problem
of recovery of cobalt and platinum group metals into
semi-products for further refining. All industrially
implemented variants of nickel electrolysis are con-
sidered: refining of raw metallic anodes, refining of
sulfide anodes, and electric extraction of nickel from
sulfuric acid and chloride solutions.

The fourteenth part of the monograph4 presents
information on recovery of platinum group metals,
gold, silver, and rare elements in processing of nickel
and copper-nickel ores. It describes the following is-
sues: behavior of noble metals in processing of oxi-
dized nickel ores (ch. 49) and sulfide copper-nickel
ores (ch. 50); technology for recovery of noble metals
and rare chalcogens from electrolyte sludge and other
products enriched with these elements (ch. 51).

The final, fifteenth part of the monograph presents
statistical data on the scale of manufacture and con-
����������

2 Written by A.S. Mnukhin.
3 Written by L.V. Volkov.
4 Written by T.N. Greiver.

sumption of nickel. In 2002, the world’s output of
nickel was 1091 thousand tons, of which Russia pro-
duced 236.6 thousand tons, thus occupying the first
place with 21.7% of the world’s output. The consump-
tion of nickel in Russia was only 31.3 thousand tons
(2.7% of the world consumption) (ch. 52). Chapters
53, 54, and 55 present evidence concerning the largest
world’s plants processing sulfide copper-nickel raw
materials and consider the ranges of use of nickel and
the trends of prices for nickel, cobalt, and copper at
London Metal Exchange in the last 10 years.

Each part of the monograph has its own reference
list. The third volume presents a total of 423 refer-
ences, mainly to publications by domestic authors.
The third volume, as also the whole monograph, has
clearly pronounced technological orientation. A de-
tailed analysis of production processes at Russian
and foreign plants of nickel industry is made. The in-
formation value of this capital publication is very
high. The authors of the monograph, and I.D. Reznik
in the first place, are well aware of the entire history
of the development of the domestic nickel industry,
which imparts an interesting aspect to the presentation
and makes it possible to trace the dynamics of tech-
nological changes at the largest plants of the country.

The book gives an exhaustive description of the
nickel industry of Russia and other countries. It may
be of use for a wide audience of specialists associated
with nickel industry and also for graduate students,
masters, and postgraduate students specialized in
metallurgy of heavy nonferrous metals.

A.G. Morachevskii, I.N. Beloglazov
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Abstract�Studies in the field of radical copolymerization of N-vinylsuccinimide were summarized, and the
effect of the reaction medium on the process kinetics was examined. Factors governing the relative activity of
the monomers were revealed, and ways to control the reactivity of N-vinylsuccinimide in binary copolymeri-
zations were suggested.

September 16, 2003 is the 100th anniversary of
Prof. Sergei Nikolaevich Ushakov’s birthday. Prof.
Ushakov, Corresponding Member of the USSR Acad-
emy of Sciences, Honored Scientist of the RSFSR,
Honored Inventor of the RSFSR, winner of State
Prizes, Doctor of Engineering, contributed much to
foundation of the Chair of Chemical Technology of
Plastics at the St. Petersburg State Technological
Institute (formerly Lensovet Leningrad Technological
Institute), Institute of Macromolecular Compounds
(Russian Academy of Sciences), and Research Insti-
tute of Polymerization Plastics, and also to many
other major events in the Soviet science. Ushakov’s
scientific interests were very diverse. His monographs
became reference books for many generations of engi-
neers and researchers, and the results of research
work, published in numerous papers, were further
developed by his disciples and followers. About 50
years ago, S.N. Ushakov together with A.F. Nikolaev
initiated studies in the field of synthesis and applica-
tion of polymers based on dicarboxylic acid N-vinyl-
imides [1�4]. These studies were subsequently con-
tinued; their results were published in more than 100
papers, and several tens of inventor’s certificates and
patents were received. Two doctoral [4, 5] and more
than ten candidate’s dissertations were defended on
this problem at the Chair of Chemical Technology of
Plastics, St. Petersburg State Technological Institute.

Among the compounds prepared, polymers derived
from N-vinylsuccinimide (VSI) aroused the greatest
scientific and practical interest; they showed promise
for biology and medicine. To expand the assortment
of VSI-based polymers, copolymerization of VSI with
other monomers was studied. This paper summarizes
the results of these studies and analyzes the effect of

the reaction medium on the kinetics of synthesis of
VSI copolymers, relative activity of the monomers,
and compositional uniformity of the copolymers.

The electron-donor substituent in the VSI molecule
increases the electron density on the vinyl double
bond, which is confirmed by the negative Alfrey�
Price parameter e (e = �0.34). The increased electron
density on the double bond suggests the possibility of
preparing VSI polymers by cationic polymerization;
however, this method found no application because
of the low molecular weight of the products obtained.
VSI (co)polymers are mainly prepared by radical
(co)polymerization. It should be noted that the conju-
gation between the lone electron pair of the nitrogen
atom and the � electrons of the vinyl group is relative-
ly weak (Q = 0.13), which is responsible for fairly
low activity of VSI monomer in binary radical co-
polymerization with other monomers (see table).

The table shows that VSI copolymers are chiefly
prepared by copolymerization in the bulk, in organic
solvents, and in water. The initiators used are quite
traditional: benzoyl peroxide (BP), azobis(isobutyro-
nitrile) (AIBN), and various redox systems.

In binary copolymerizations, VSI is more active
than VA and vinyl n-butyl ether but less active than
styrene and acrylic monomers. Dicarboxylic acid N-vi-
nylimides are more active in copolymerizations than
many other N-vinyl compounds, as noted, e.g., in co-
polymerization of VSI with N-vinylpyrrolidone (VP)
and N-vinylcarbazole (see table) and of N-vinylphthal-
imide (VPI) with VP: r1 = 1.284�0.04, r2 = 0.35�
0.002 [22].

It is known that binary radical copolymerization
kinetics is affected by various factors. Analysis of the
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Constants of VSI (M1) copolymerization with other monomers under conditions of radical copolymerization
������������������������������������������������������������������������������������

Copolymer M2

� Reaction conditions �
r1

�
r2

�
Refer-��������������������������������������������� � �

� solvent � initiator � T, �C � � � ences

������������������������������������������������������������������������������������
Acrylamide �Water �Ammonium peroxodisulfate� � 20 � 0.168 � 1.86 � [6]

� �ascorbic acid � � � �
Acrylonitrile �In the bulk � BP � 60 � 0.16 � 0.54 � [7]

�DMF � AIBN � 50 � 0.10�0.02� 0.87�0.05� [8]
n-Butyl acrylate �Dichloroethane � AIBN � 60 � 0.15�0.02� 1.55�0.08� [9]

�DMSO � AIBN � 60 � 0.18�0.08� 3.68�0.79� [10]
�Acetic anhydride � AIBN � 60 � 0.05�0.02� 0.94�0.28� [11]

Vinyl acetate (VA) �In the bulk � BP � 60 � 6.05 � 0.18 � [7]
� � � BP � 60 � 6.10 � 0.14 � [12]
� � � BP � 65 � 5.10 � 0.175 � [13]
�Ethanol � BP � 70 � 5.62 � 0.17 � [14]
�DMSO, molar ratio� � � � �
�VSI : DMSO: � � � � �
� 1 : 3 � AIBN � 70 � 2.78 � 0.04 � [15]
� 1 : 14 � AIBN � 70 � 0.02 � 0.82 � [15]
�Water �Ammonium peroxodisulfate� � 35 � 1.16�0.20� 0.02�0.02� [16]
� �sodium sulfite � � � �
� � �Manganese tris(acetylaceto- � 25 � 1,13�0.17� 0.30�0.09� [17]
� �nate)�acetic acid � � � �

Vinyl n-butyl ether �In the bulk � BP � 60 � 15.0 � 0 � [7]
Vinylidene chloride � � � BP � 60 � 0.32 � 1.44 � [12]
N-Vinylcarbazole �Benzene � AIBN � 60 � 1.05 � 0.3 � [18]
N-Vinylpyrrolidone �In the bulk � AIBN � 20 � 1.40 � 0.37 � [19]

� � � AIBN � 35 � 1.36 � 0.42 � [19]
� � � AIBN � 45 � 1.30 � 0.41 � [19]
�Ethanol � AIBN � 60 � 1.50 � 0.40 � [19]
�Dichloroethane � AIBN � 60 � 1.54 � 0.30 � [19]
�Water � AIBN � 60 � 1.05 � 0.66 � [19]

2-Hydroxyethyl �Benzene � AIBN � 60 � 0.09�0.02� 7.36�1.66� [20]
methacrylate �DMSO � AIBN � 60 � 0.05�0.05� 8.50�0.45� [21]
Dimethyl maleate �Benzene � AIBN � 60 � 1.20 � 0.04 � [18]
Maleic anhydride � � � AIBN � 60 � 0.15 � 0.03 � [18]
Methyl acrylate �In the bulk � BP � 60 � 0.40 � 1.2 � [7]
Methyl methacrylate � � � BP � 60 � 0.064 � 9.5 � [12]

�DMSO � AIBN � 70 � 0.03�0.01� 0.12�0.01� [15]
Styrene �In the bulk � BP � 60 � 0.09 � 7.0 � [7]

� � � BP � 60 � 0.07 � 10.5 � [12]
�DMSO, molar ratio � � � � �
�VSI : DMSO: � � � � �
� 1 : 3 � AIBN � 70 � 0.06�0.01� 3.18�0.01� [15]
� 1 : 4 � AIBN � 70 � 0 � 2.88 � [15]
� 1 : 12 � AIBN � 70 � 0.03 � 7.07 � [15]

������������������������������������������������������������������������������������

published data reveals the following factors causing
deviations from the classical theory of radical copoly-
merization and affecting the reactivity of monomers
and radicals, the rate constants of elementary reac-
tions, and the overall copolymerization kinetics:

(a) occurrence of a dynamic equilibrium between

the forward (polymerization) and reverse (depolymeri-
zation) reactions [23�25];

(b) homoassociation of monomers [24] and effect
of the solvent polarity on the monomer speciation;

(c) solvation of radicals with solvent molecules,
shielding the reaction center [23];
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(d) dependence of the rate constants of elementary
reactions on the composition of the starting monomer-
ic mixture [24];

(e) selective solvation of macroradicals with
monomers [26];

(f) dependence of the copolymerization kinetics
and copolymer composition on the initiator concentra-
tion [23];

(g) possible interaction of monomers with each
other to form a complex [24];

(h) presence of components (solvents, initiators,
complexing agents, etc.) forming complexes with
monomers [23�25, 27�30];

(i) chain transfer to copolymer macromolecules
[24];

(j) effect of penultimate unit, along with the termi-
nal unit, on the copolymerization kinetics [23, 24, 31];

(k) variation of the composition of the forming
copolymer with variation of the initiation rate [32];

(l) influence of the heterophase mode of the pro-
cess on the elementary reactions [23, 24, 33, 34];

(m) influence of the degree of polymerization on
the elementary steps of the process [23, 24, 34]; poly-
merization systems in viscous media can be consid-
ered as microheterophase [23];

(n) influence of pH in copolymerization of ioniz-
able monomers [35]; changes in the reaction kinetics
under conditions of heterogeneous copolymerization
on a solid surface [25, 32];

(o) changes in the reaction kinetics in an emulsion
[23, 25];

(p) influence of the solvent composition on the
macromolecule conformation [24];

(q) hydrophobic interaction arising in polymer
solutions when copolymerization is performed in
aqueous-organic media [36];

(r) effect of selective sorption of monomers on the
copolymer composition [37].

It should be taken into account that several factors
can act simultaneously.

The structural features of VSI and conomomer
molecules and the results obtained in experiments on
VSI homopolymerization [38] suggest that the VSI
copolymerization kinetics will also show deviations
from the classical theory. Firstly, VSI and some co-
monomers, owing to the features of their structure and
charge distribution [39], can interact with components

of the medium to form intermolecular complexes. In
this case, by the reaction medium is understood the
whole set of components participating in the process
(comonomers, solvents, initiators, etc.). Secondly, the
presence of bulky substituents in VSI and comonomer
molecules and different polarities of the monomers
will result in the fact that addition of monomers to a
propagating radical will be influenced by the structure
of not only terminal but also penultimate unit of the
macrochain. Thirdly, the heterophase mode of the
process performed in some solvents, e.g., benzene,
may result in that the active center gets immured in
the condensed polymer phase. Because of occlusion of
macroradicals, the chain termination can occur by the
monomolecular mechanism. The access of monomers
to the active centers is thus hindered; the diffusion
rates of the monomers, especially of those of different
polarity, can differ significantly. Therefore, the com-
positions of the copolymers obtained under conditions
of homophase and heterophase copolymerization can
differ significantly. The rate of the heterophase co-
polymerization is usually higher than that of the
homophase process. Fourthly, in copolymerization
with monomers tending to homoassociation, e.g., with
2-hydroxyethyl methacrylate (HOEMA), the relative
activities of the monomers and the compositions of
the copolymers can depend on the polarity of the
medium. The kinetics of VSI copolymerization can
also be influenced by other factors, in particular, by
solvation, sorption, macromolecule conformation, etc.
Some trends can be expected theoretically; as for ex-
perimental data, the following facts have been proved.

N-Vinylsuccinimide can enter into intermolecular
interaction with comonomers, e.g., maleic anhydride
(MA), and with some solvents: dimethyl sulfoxide
(DMSO), dimethylformamide (DMF), and acetic an-
hydride. Hopff and Becker [18] revealed no complex-
ation of VSI with MA, but in later studies [40, 41]
equimolar donor�acceptor complexes of VSI and
some other N-vinyl monomers (VP, VPI) with MA
were detected; this resulted in formation of copoly-
mers of a fixed composition corresponding to the
composition of the complex. If the ratio of the starting
components was not equimolar, copolymerization
yielded an alternating copolymer of the equimolar
composition and a homopolymer of the N-vinyl
monomer, if this monomer was in excess; if MA was
in excess, its homopolymer was not formed, and ex-
cess MA was recovered unchanged. The compositions
of the copolymers prepared in DMF and benzene were
similar; this fact was accounted for in [40, 41] by the
incapability of the MA�solvent interaction to compete
with the donor�acceptor interaction of MA with the
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N-vinyl monomer; the possibility of interaction of
N-vinyl monomers with solvents was not considered
in [40, 41]. It was only noted that the solvent affected
the copolymerization rate: in benzene, the reaction
was faster than in DMF. The causes of this trend were
not discussed in [40, 41]; they may be associated with
occlusion of the macroradicals, since the process
should be heterophase. The difference between the
results obtained in [18, 40, 41] may be due to differ-
ent experimental procedures. In particular, Nikolaev
et al. [40, 41] first obtained the monomeric complexes
and then performed the polymerization. They noted
that the donor�acceptor interaction increased in the
order MA�VPI < MA�VSI < MA�VP.

The kinetics of copolymerization of VSI with vari-
ous monomers in solvents was studied in more detail.
Complexation of VSI with DMSO was proved by IR
spectroscopy [15] and refractometry [42]. The donor�
acceptor interaction may involve various groups [39],
but interaction of the C=O groups of VSI with the
S=O group of DMSO seems to be preferable. Experi-
ments on copolymerization of VSI with n-butyl acry-
late, VA, HOEMA, methyl methacrylate, and styrene
showed that DMSO strongly affects the copolymeri-
zation constants (see table).

Interaction of VSI molecules with electron-donor
DMSO molecules results in redistribution of the elec-
tron density in the monomer molecule and increase in
the electron density on the double bond; as a result,
the relative activity of VSI decreases compared to
polymerization in the bulk or in an inert solvent,
dichloroethane. As a result, the copolymerization con-
stants of VSI with VA become closer, and it appears
feasible to prepare copolymers with better alternation
of the units [43, 44]. The copolymerization constants
and the probability of formation of particular micro-
structures in the copolymer chains depend on the
molar ratio of VSI and DMSO (see table). However,
in copolymerization of VSI with acrylic monomers,
a decrease in the relative activity of VSI results in that
the copolymers become less uniform in the composi-
tion; therefore, to obtain copolymers with better alter-
nation of the units, the reaction should be performed
in an electron-acceptor solvent, e.g., acetic anhydride
[45]. Dipole�dipole interaction of monomers with the
solvent and solvation effects should be expected in
(co)polymerization of VSI in water, but these pro-
cesses have been studied insufficiently.

Complexation of VSI with a solvent affects the co-
polymerization constants calculated taking into account
both the terminal and penultimate units of the macro-
chain [46]. Experiments on copolymerization of VSI

with HOEMA showed that the penultimate unit only
slightly affects the reactivity of the macroradical with
the VSI terminal unit, but with the HOEMA terminal
unit the effect of the penultimate unit is significant:
the VSI penultimate unit decreases, and HOEMA unit
enhances the reactivity of such macroradicals toward
HOEMA monomers. The occurring processes affect
the microstructure of the forming copolymers.

Heterophase copolymerizations in benzene are of
applied interest. The processes are fast and allow
preparation of copolymers in the form of finely dis-
pesred powders, which simplifies their isolation.
Although benzene, like DMSO, is an electron-donor
solvent, copolymerization of VSI with HOEMA in
benzene yielded copolymers with better alternation of
the units than in DMSO. This may be due to a strong-
er tendency of DMSO to form complexes with VSI,
owing to the presence of vacant orbitals on the sulfur
atom. Therefore, in DMSO, VSI is less active in co-
polymerization than in benzene (see table). However,
when comparing the copolymerization kinetics of VSI
with HOEMA in benzene and DMSO, it should be
taken into account that, in nonpolar solvents (dielectric
permittivity: benzene 2.28, DMSO 46.45), HOEMA
tends to associate, which affects its activity, i.e., the
copolymerization of VSI with HOEMA in benzene is
complicated by the effect of at least four factors,
which are difficult to rank with respect to the extent
of their influence.

To complete consideration of experimental data on
VSI copolymerization kinetics, one more way to con-
trol the relative activity of the monomers should be
noted: complexation of the comonomer (rather than
VSI) with the components of the medium. This ap-
proach was used in experiments on copolymerization
of VSI with VA in aqueous solution in the presence of
the initiating system manganese tris(acetylacetonate)�
acetic acid [17]. It is known that manganese tris(ace-
tylacetonate) forms a complex with VA monomer in
the initiation step, which enhances the relative activity
of VA. Under these conditions, the copolymerization
constants of VSI with VA become closer (see table),
which results in formation of the copolymer with
better alternation of the units.

Thus, studies commenced on Ushakov’s initiative
started a comprehensive research on radical copoly-
merization of VSI. A correlation was elucidated be-
tween the structure of the monomers, kinetic param-
eters of copolymerization, and nature of the reaction
medium; factors affecting the VSI reactivity were
revealed, and their total effect was analyzed; ways
to control the VSI reactivity and prepare VSI copoly-
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mers of preset structure and properties, suitable for
various applications, were outlined [47].

CONCLUSIONS

(1) The reaction medium strongly affects the rela-
tive activity of N-vinylsuccinimide in radical copoly-
merization and the microstructure of the resulting
copolymers. The major factors affecting the reaction
kinetics are complexation of N-vinylsuccinimide or
comonomer with components of the medium, homo-
phase or heterophase mode of the process, features of
the influence of the penultimate unit on addition of
monomers to the propagating radical, and polarity of
the medium (affecting the reactivity of monomers
that form homoassociates).

(2) Electron-donor solvents enhance the activity
of the N-vinylsuccinimide radical and decrease the
relative activity of the monomer in binary copolymeri-
zations.

(3) Heterophase copolymerization in benzene
allows preparation of N-vinylsuccinimide copolymers
at a higher rate, with isolation of the reaction products
as finely dispersed powders.
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Abstract�A group of crystalline and amorphous calcium�magnesium phosphates were prepared by exchange
in solution of sodium orthophosphate and calcium and magnesium chlorides at pH 8�12. The behavior of
the phosphates on heating to 1000�C was studied.

Calcium phosphates are components of prepara-
tions and materials for modern stomatology and ortho-
pedics [1�4]. Among them, the most widely used
compound is hydroxyapatite Ca5(PO4)3OH, which is
a mineral base of human and animal bone tissues
[4�8]. This compound is mainly used in the crystal-
line form. Its amorphous form, which has not yet
been obtained pure, should exhbit considerably higher
bioactivity.

Hydroxyapatite is sparingly soluble in water.
Therefore, chemical methods of its preparation include
exchange reactions in a solution between phosphates
and calcium salts [4]. Amorphous phosphates, which
can be considered as apatite-related compounds, are
precipitated in the presence of substances preventing
crystal nucleation and growth. As crystallization in-
hibitors can serve different substances, e.g., soluble
carbonates, fluorides, diphosphates, etc. [4, 9, 10]. Of
great interest are magnesium salts, whose behavior
in the course of the phosphate precipitation has been
considered elsewhere [5, 9�15]. A method has been
patented [16], according to which crystallization of
the precipitated apatite is prevented by adding soluble
magnesium(II) salts in the ratio Mg/Ca = 0.001�1.
The presence of Mg2+ ions opens new ways to control
properties of calcium-containing medical preparations
[17]. Moreover, amorphous calcium�magnesium
phosphates are interesting precursors for bioceramics.

The goal of this study was to refine the Mg/Ca
ratio ensuring formation of amorphous substances
from Na3PO4 aqueous solutions containing CaCl2 and
MgCl2 and to gain insight into the behavior of the
precipitated phosphates on heating.

EXPERIMENTAL

We used CaCl2, MgCl2, and sodium hydrophos-
phate Na2HPO4 (analytically pure grade). 5% aqueous
solutions containing the required amounts of both
chlorides were slowly added dropwise to a solution
of Na2HPO4 at vigorous stirring. Preliminarily,
the Na2HPO4 solution was adjusted to pH 12.0 to
neutralize acids released upon the hydroxyapatite for-
mation. After most of the substance was precipitated,
pH was decreased to 8.0, and then a 5% NaOH solu-
tion was added to maintain pH at this level up to the
synthesis completion. The precipitates were washed
with distilled water (pH 8) to fully remove Cl� ions,
decanted, and filtered through a glass frit. The sub-
stances were dried in air at room temperature and
studied by IR spectroscopy and X-ray phase and ther-
mal analyses. The IR spectra were recorded on a Spe-
cord M80 spectrometer from KBr pellets, and X-ray
diffraction patterns were taken on a DRON-3 dif-
fractometer (CuK� radiation). The thermal analysis of
0.2-g samples heated in platinum crucibles in air at
a rate of 10 deg min�1 was done with a MOM Q-1500
thermal analyzer (Hungary) using aluminum oxide as
reference.

The chemical analysis of the precipitates revealed
phosphorus(V), calcium(II), and magnesium(II) in
ratios used in the synthesis. According to the X-ray
phase analysis (Fig. 1), the substance precipitated with
calcium chloride from an Na3PO4 solution is crystal-
line hydroxyapatite [9]. In the diffraction patterns of
substances precipitated with calcium chloride in the
presence of small amount of MgCl2, the reflections
become less intense and more diffuse with growing
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2�, deg
Fig. 1. X-ray diffraction patterns of phosphates precipitated
from aqueous solutions containing CaCl2 and MgCl2:
(I /I0) relative reflection intensity and (2�) diffraction
angle; the same for Fig. 4. MgCl2/(MgCl2 + CaCl2) molar
ratio: (1) 0, (2) 0.05, (3) 0.10, (4) 0.20, (5) 0.25, (6) 0.35,
(7) 0.40, (8) 0.50, (9) 0.80, and (10) 1.00. (I) Ca5(PO4)3OH
and (II) Mg2OHPO4 �3H2O.

MgCl2/(MgCl2 + CaCl2) ratio. This means that the
less crystalline precipitate is formed. The diffraction
patterns of the substances precipitated from solutions
at 0.25 � MgCl2/(MgCl2 + CaCl2) � 0.35 suggest
that they are amorphous to a maximal extent. The sub-
stances formed from solutions with larger amounts of
MgCl2 contain the crystalline component Mg2OHPO4 �
3H2O, along with the amorphous phase. These data
show that formation of crystalline phosphates is in-
hibited in a narrow range of the MgCl2/(MgCl2 +
CaCl2) molar ratios (0.25�0.35), which is consider-
ably narrower than that reported in [16].

One of the reasons why the precipitated calcium�
magnesium phosphates are amorphous is that the
types of calcium� and magnesium�oxygen polyhedra
forming the phosphate structure are different. It is
known that the number of oxygen atoms bound to
Ca2+ ions can reach 12, whereas that for Mg2+ ions is

DTA

TG

DTG

Fig. 2. Thermogram of calcium�magnesium phosphate
precipitated at the atomic ratio Mg/(Mg + Ca) = 0.35.

commonly four [18]. Owing to such differences, the
Ca2+ and Mg2+ ions present simultaneously in certain
ratios in a solution containing PO4

3� ions cannot form
surroundings typical of crystalline hydroxyapatite and
basic magnesium phosphate. Instead of them, products
with the random distribution of cations among PO4
groups are formed.

The precipitated calcium�magnesium phosphates
dried to constant weight at room temperature are
hydrates. Their IR absorption spectra contain strong
absorption bands belonging to the O�H stretching
vibrations of water molecules. The water of crystal-
lization is lost even on weak heating. Figure 2 shows
for the sample whose composition corresponds to the
atomic ratio Mg/(Mg + Ca) = 0.35 that the dehydra-
tion becomes more active with increasing temperature,
with the maximal rate attained at about 160�170�C,
and is mainly complete at 400�450�C. The water
content in phosphates, as estimated from the thermal
analysis data, depends on the sample composition.
Figure 3a shows that, with an increase in the mag-
nesium(II) content in the substance, the water content
increases to the maximal value, which is reached in
the most amorphous products, and then decreases.

Dehydration is an endothermic reaction, and the
endothermic peaks in the DTA curves reflect the water
content in the substances (Fig. 3b). The endothermic
peaks are the strongest for the phosphates with the
atomic ratio Mg/(Mg + Ca) � 0.35.

The DTA curves of calcium�magnesium phos-
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(a)�m, wt %

(b)

Exo

Endo

Fig. 3. (a) Weight loss �m due to dehydration, as deter-
mined by thermal analysis, and (b) DTA curves of the
precipitated calcium�magnesium phosphates. Mg/(Mg +
Ca) atomic ratio: (1) 0, (2) 0.05, (3) 0.10, (4) 0.20, (5) 0.25,
(6) 0.35, and (7) 0.40.

phates also contain several exothermic peaks, showing
that the thermal transformations are accompanied by
heat evolution. An exception is hydroxyapatite, for
which only one weak endothermic peak with a mini-
mum at about 820�C is observed. The X-ray phase
analysis showed that, at this temperature, apatite par-
tially transforms into �-Ca3(PO4)2, and the relative
content of this salt somewhat increases with tempera-
ture. As known, hydroxyapatite is thermally stable
and dissociates only above 1300�1450�C [18�20].

(a)
I
II
III
IV

2�, deg

(b)

2�, deg

Fig. 4. Diffraction patterns of the thermal dissociation
products of phosphates precipitated from solutions contain-
ing CaCl2 and MgCl2. MgCl2/(MgCl2 + CaCl2) molar
ratio: (a) 0.05 and (b) 0.35. T, 	C: (a) (1) 600, (2) 640, and
(3) 900�1000; (b) (1) 580, (2) 650, and (3) 680�1000.
(a) (I) Ca5(PO4)3OH, (II) 
-Ca3(PO4)2, and (III) Ca7Mg2 �
(PO4)6. (b) (III) Ca7Mg2(PO4)6 and (IV) Ca3Mg3(PO4)4.

Therefore, the forming �-Ca3(PO4)2 can originate
from an impurity of a nonstoichiometric compound in
the precipitated substance, in which a part of PO4

3�

ions is replaced by HPO4
2� ions. Such apatites can

dissociate above 700�C to form Ca3(PO4)2 [4].

The apatite structure formed with CaCl2 in the
presence of a small amount of MgCl2, in particular,
at the ratio MgCl2/(MgCl2 + CaCl2) = 0.05, remains
unchanged up to nearly 600�C. Above this tem-
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perature, i.e., when the exothermic transformation at
640�C starts, a part of apatite transforms into
Ca3(PO4)2 (Figs. 3b, 4a). Interestingly, when a minor
amount of Mg2+ ions is present in the precipitated
phosphate, the temperature of the appearance of
�-Ca3(PO4)2 decreases from 820 to 640�C, and its
content in the heat-treated products increases. Another
salt, Ca7Mg2(PO4)6, appears on heating to 900�
1000�C.

The structural transformations in amorphous cal-
cium�magnesium phosphates are appreciable at
about 580�C, i.e., at temperatures of the onset of the
exothermic peaks in the corresponding DTA curves
(Figs. 3b, 4b). The crystalline Ca7Mg2(PO4)6 phase
appears in the products after the exothermic transfor-
mations at about 650�C are complete, and another
calcium�magnesium salt, Ca3Mg3(PO4)4, is detected
after passing the second exothermic effect (�680�C).

The substances precipitated from solutions at
MgCl2/(MgCl2 + CaCl2) � 0.50 also undergo thermal
transformations: the two above-indicated calcium�
magnesium phosphates whose relative content de-
pends on the composition are formed above 500�C.

CONCLUSIONS

(1) Crystalline or amorphous substances are pre-
cipitated from a sodium orthophosphate solution con-
taining calcium and magnesium chlorides, depending
on their relative content.

(2) The crystalline compounds are formed from
solutions containing excess of either of two chlorides,
whereas amorphous products are formed within the
narrow range of molar ratios MgCl2/(MgCl2 +
CaCl2) = 0.25�0.35.

(3) All the precipitated calcium�magnesium phos-
phates are hydrates. They lose water of crystallization
when heated to 400�C, with the amorphous form
preserved, and, depending on composition, they trans-
form into Ca5(PO4)3OH, �-Ca3(PO4)2, Ca7Mg2 �
(PO4)6, and Ca3Mg3(PO4)4 when heated above 500�C.
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Abstract�Regular trends in the phase formation in the course of oxidation of aqueous FeSO4 solutions
and(or) Fe(OH)2 suspensions under steady-state conditions (pH0 = const, T = const) with atmospheric oxygen
were studied within broad ranges of pH, temperature, total concentration c0

Fe(II), and air space velocity.

The oxidation of aqueous solutions of iron(II) salts
and(or) suspensions of iron(II) hydroxide with atmos-
pheric oxygen [system Fe(II)Rn�H2O�H+/OH��O2,
where R is Cl�, NO3

�, or SO4
2�] underlies industrial

processes of synthesizing inorganic pigments, ion-
exchange materials, and catalysts based on Fe(III)
oxide compounds, including hydrated compounds
[1�4]. It was found [2�11] that the phase composition
and crystal size of the resulting products depends on
both thermodynamic [temperature T and pH of reac-
tion medium, concentration of Fe(II) ions in solution
and(or) Fe(OH)2 in suspension, etc.] and kinetic
(average oxidation rate

�
V ) parameters of the synthesis.

It was shown [4�6] that, at
�
V � const, the phase com-

position changes in the sequence �(�)-FeOOH �
�-FeOOH � Fe3O4 as the temperature increases, with
the average crystal size d in these phases changing in
parallel with temperature; at T � const, the depen-
dences of the phase composition and crystal size on
�
V are opposite to those mentioned above [6, 11]. The
phase composition and crystal size depend on a num-
ber of parameters, and there is still no common opin-
ion on what of these parameters is decisive [2, 4�7],
which does not allow optimization of the synthesis of
products with reproducible properties.

The goal of this work was to refine regular trends
in phase formation in the course of oxidation of aque-
ous FeSO4 solutions and(or) Fe(OH)2 suspensions
with atmospheric oxygen (system FeSO4�H2O�
H+/OH��O2) at quasi-constant temperatures and pH
of the reaction medium.

EXPERIMENTAL

The starting reagents were aqueous solutions of
FeSO4 (1.7 M, preliminarily reduced with iron

powder) and NaOH (6.2 M), both of chemically pure
grade.

The oxidation was carried out in a 3 dm3 reactor
equipped with a bubbler with a sprayer for air supply,
a stirring device, systems of electrical heating and
thermostatic control (�2	C), a dosing unit for con-
tinuous supply of the NaOH solution, and also with
systems for continuous monitoring of the redox poten-
tial and pH of the medium (pH-340 pH-meter�milli-
voltmeter). To measure redox potential and pH values,
we used, respectively, platinum and hydrogen elec-
trodes coupled with a silver chloride reference elec-
trode. Calculated amounts of an FeSO4 solution and
distilled water were charged to the reactor and heated
to a specified temperature, and an NaOH solution was
fed to adjust the required pH0 of the reaction medium.
After that, we started to feed air into the reactor at a
constant rate, and also to feed an NaOH solution to
maintain a quasi-constant pH0 value (�0.25 units,
range 3.5 
 pH0 
 8.5). In some experiments, inter-
mediate samples of suspensions were taken during the
oxidation, and the compositions of the liquid and
solid phases were determined. The process was com-
pleted when the redox potential, which remained con-
stant in the initial stage of the oxidation, started to
increase sharply with time �.

On completion of the oxidation, we determined the
residual concentration c�0

Fe(II) (�0 is the oxidation
duration) in the suspension. The total initial concen-
tration of iron(II) c0

Fe(II) in FeSO4 solution and(or) in
Fe(OH)2 suspension was varied from 0.25 to 0.8 M
(taking into account dilution of the initial FeSO4 solu-
tion with NaOH solution); air space velocity Va, from
125 to 600 dm3 h�1 per 1 dm3 of FeSO4 solution



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 9 2003

1380 KLESHCHEVA et al.

� � 10�3, s
Fig. 1. Oxidation kinetics in the system FeSO4�H2O�
H+/OH�

�O2. T = 20�C, c0
Fe(II) = 0.25 M, Va = 600 dm3 h�1;

the same for Fig. 2. [c0
Fe(II), c�Fe(II)] Total initial and current

Fe(II) concentrations; (�) time. pH0: (1) 3.5, (2) 7.0, and
(3) 11.0.

pH0

Fig. 2. Rate constant k of the oxidation of FeSO4 solution
and(or) Fe(OH)2 suspension and phase composition of the
forming precipitate vs. pH0 of the reaction medium.

and(or) Fe(OH)2 suspension; and temperature and pH0
of the reaction medium, from 15 to 80	C and from
3.5 to 13, respectively. The resulting samples were
separated on a B�uchner funnel from the mother solu-
tion, washed with water until the absence of sulfate
ions in the filtrate, dried to a constant weight at a
temperature of about 70	C, and crushed.

The phase composition and crystal size of samples
were evaluated by X-ray phase analysis (DRON-3
X-ray diffractometer; filtered FeK� radiation) and by
transmission electron microscopy (UEMV-100K elec-
tron microscope), and their chemical composition and
cFe(II) in solution, by volumetric chemical analysis
and thermogravimetry (MOM derivatograph, Hun-
gary). The mean crystal size d in the precipitate
formed was calculated by a standard technique based
on physical broadening of the diffraction peaks 
2�.

In the first series of experiments, we varied pH0 of
FeSO4 solution and(or) Fe(OH)2 suspension at equal

values of the other parameters: c0
Fe(II) = 0.25�0.02 M,

Va = 600�50 dm3 h�1, and T = 20�2	C. It follows
from the experimental data that the dependences of the
current concentrations c�Fe(II) on time � can be line-
arized in the coordinates ln[c�Fe(II)/c

0
Fe(II)]�� (Fig. 1).

Therefore, the oxidation is described by the kinetic
equation

c�Fe(II) = c0
Fe(II) exp (�k�), (1)

where k is the oxidation rate constant. The values of
k were calculated by Eq. (1) from the experimental
c0

Fe(II), c�0
Fe(II), and �0 values.

The dependence of the oxidation rate constant on
pH0 is given in Fig. 2, which shows that, in the range
3.5 
 pH0 
 10, k linearly increases with pH0 from
2.6 � 10�4 to 4.9 � 10�3 s�1, and as pH0 increases
further to 13.0, the rate constant remains constant
within the limits of the experimental error. The results
obtained qualitatively agree with the data of [2], in-
dicating that the oxidation rate constant groups as pH
of aqueous solutions of Fe(II) salts increases. At the
same time, the experimental factor by which k changes
when pH of the FeSO4 solution and(or) Fe(OH)2 sus-
pension is changed by unity is considerably (by a
factor of approximately 10) smaller than that reported
in the monograph [2], which can be caused by dif-
ferent reaction conditions, e.g., different concentra-
tions of Fe(II) ions in solution.

The phase composition and crystal size of the
forming precipitate (Fig. 2) also depend on pH0. In
particular, in the ranges 3.5 
 pH0 
 4, 7 
 pH 
 8,
and 10 < pH0 
 13 iron(III) hydroxide�oxides of the
�, �, and � modifications are formed. Their average
crystal size is about 10, 4, and 9 nm, respectively.
Samples obtained at 4 < pH0 < 7 are two-phase (�- +
�-FeOOH), and, as pH0 increases, the weight fraction
of the �-FeOOH phase in the precipitates changes in
parallel. The phase composition of samples at pH0 �9
is not constant: in this pH region, various combina-
tions of iron(III) hydroxide-oxides of �, � and � modi-
fications and Fe3O4 phases can form.

In the second series of experiments, we varied the
temperature and pH0 of the reaction medium, air
space velocity Va, and total concentration c0

Fe(II). The
influence of these parameters on the oxidation rate
constant and also on the phase composition and
crystal size of the precipitate formed in the system
FeSO4�H2O�H+/OH��O2 is illustrated by the table. It
follows from the table (experiment nos. 1�8) that, at
the other parameters fixed, k changes in parallel with
temperature, with the relative change of the mean oxi-



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 9 2003

EFFECT OF SYNTHESIS PARAMETERS ON THE PHASE FORMATION 1381

Oxidation rate constant k and phase composition and crystal size of the precipitate forming in the system FeSO4�

H2O�H+/OH��O2
������������������������������������������������������������������������������������

Run �
pH0

�
c0

Fe(II), M
� V(O2), �

T, �C
�

k�104, s�1 � Phase composition (crystal size, nm)
� � � � � �no. � � � dm3 dm�3 h�1 � � � of precipitate

������������������������������������������������������������������������������������
1 � 3.8 � 0.30 � 220 � 15 � 1.5 ��-FeOOH (10)
2 � 3.8 � 0.30 � 220 � 30 � 2.6 ��-FeOOH (10) > �-FeOOH (7)
3 � 3.8 � 0.30 � 220 � 45 � 4.1 ��-FeOOH (10) � �-FeOOH (7)
4 � 4.5 � 0.25 � 600 � 35 � 6.1 ��-FeOOH (8) < �-FeOOH (5)
5 � 4.5 � 0.25 � 600 � 55 � 9.7 ��-FeOOH (8) � �-FeOOH (5)
6 � 7.5 � 0.25 � 440 � 20 � 20.1 ��-FeOOH (5)
7 � 7.5 � 0.25 � 440 � 45 � 25.6 ��-FeOOH (10) > �-FeOOH (6)
8 � 7.5 � 0.25 � 440 � 80 � 33.8 ��-FeOOH (15) >> Fe3O4
9 � 7.5 � 0.25 � 600 � 20 � 38.4 ��-FeOOH (3.5)

10 � 7.5 � 0.25 � 470 � 20 � 30.7 ��-FeOOH (8) << �-FeOOH
11 � 7.5 � 0.25 � 125 � 20 � 12.8 ��-FeOOH (21) < �-FeOOH (17)
12 � 5.0 � 0.25 � 600 � 45 � 12.8 ��-FeOOH (20) � �-FeOOH (7)
13 � 5.0 � 0.80 � 600 � 45 � 7.1 ��-FeOOH (20) >> �-FeOOH
14 � 7.0 � 0.25 � 600 � 40 � 38.4 ��-FeOOH (4)
15 � 7.0 � 0.40 � 600 � 20 � 12.8 ��-FeOOH (11) � �-FeOOH (9)
16 � 7.0 � 0.50 � 600 � 20 � 5.4 ��-FeOOH (17) > �-FeOOH (14)
17 � 7.0 � 0.60 � 600 � 20 � 2.8 ��-FeOOH (22)

������������������������������������������������������������������������������������

dation rate � [� = k(T2)/k(T1), T2 > T1] decreasing
monotonically with an increase in pH0 3.8 to 7.5.

The temperature dependence of k is apparently
responsible for the deviation of the sequences of
phase formation in the FeSO4 solution in the range
3.8 < pH0 < 5.5 from that found in [4, 5], according
to which at a fixed oxidation rate the �-FeOOH phase
is formed at higher temperatures than �-FeOOH. This
dependence is broken in run nos. 1�3 (table), which
is most likely due to a change in the rate constant of
the oxidation of the FeSO4 solution. As pH0 is in-
creased further, � decreases with temperature growth,
and the phase formation sequence takes its usual form:
�- � �-FeOOH � Fe3O4 [4, 5], which is illustrated
by run nos. 6�8 (table).

An increase in c0
Fe(II) in FeSO4 solutions (pH0 <

5.5) does not exert a significant influence on the aver-
age rate of Fe(II) oxidation, but results in an increase
in the mean crystal size and in the weight fraction of
the high-temperature phase in binary mixtures (table,
run nos. 12 and 13).

Vice versa, in the range 5.5 < pH0 < 8.5 corre-
sponding to partial precipitation of Fe(II) ions from
the solution at c0

Fe(II) > 0.3 M, k sharply decreases
with increasing Fe(OH)2 content in suspension (table,
run nos. 14�17). This is due to a change in the flow
characteristics of the suspensions during oxidation.
According to [12, 13], in this pH0 range the phase

known in the literature as �green rust II� forms as
an intermediate compound. It consists of crystals with
a pronounced platelike habit, which results in a sharp
increase in the viscosity of suspensions. As a con-
sequence, on the one hand, the solubility and diffusion
coefficient of oxygen in the reaction medium decrease,
and, on the other, the specific surface area of the gas
phase decreases because of the coalescence of air
bubbles [14]; this results in decreased oxidation rate
constant, increased mean crystal size, and decreased
temperature at which the �-FeOOH phase is formed.

Thus, it follows from the table that the phase com-
position and crystal size of products formed in the
system FeSO4�H2O�H+/OH��O2 largely depend on
the rate of oxidation of the FeSO4 solution and(or)
Fe(OH)2 suspension, and the rate constant k, in turn,
depends on temperature and pH0 of the reaction medi-
um, total concentration c0

Fe(II), and air space velocity.
In this case, in the entire examined range of variation
of the synthesis parameters, the influence of the oxida-
tion rate on the phase composition and particle size of
iron(III) oxides is opposite to the influence of tem-
perature. The observed dependence of the phase com-
position and particle size of the precipitate forming in
the system FeSO4�H2O�H+/OH��O2 on the oxidation
conditions agrees, on the whole, with the published
data for similar systems [2, 5, 6, 11]. This suggests
that the crystal growth during oxidation of aqueous
solutions of iron(II) salts and(or) Fe(OH)2 suspen-
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103/T, K�1

Fig. 3. Temperature dependence of ln k. c0
Fe(II) = 0.25 M.

pH0: (1) 3.8 and (2) 7.5. Air space velocity, dm3 dm�3 h�1:
(1) 220 and (2) 440.

sions, especially at low temperatures, proceeds under
conditions of high oversaturation. It results in de-
creased mean crystal size, increased crystal defective-
ness, and formation of phases with disordered crystal
structure, e.g., of �-FeOOH (Fig. 2).

Note that the temperature dependences of the oxi-
dation rate constant, at equal other parameters (table,
run nos. 1�3 and 6�8), are satisfactorily linearized
in the coordinates ln k � 1/T (Fig. 3). This points to
the activation nature of formation of Fe(III) oxides,
accompanied by elementary reactions of the oxidation
of iron(II) hydroxoaqua complexes in solution, sub-
sequent hydrolysis of iron(III) hydroxoaqua com-
plexes, and their passing from solution to the con-
densed state (incorporation of the complexes in the
lattice of the forming phases). Figure 3 shows that the
apparent activation energy Ea decreases from 25�2
to 7.5�0.7 kJ mol�1 as pH0 increases from 3.8 to 7.5.
As pH corresponding to complete hydrolysis of Fe(III)
ions in aqueous solutions (�2.4 [1, 2]) is much lower
than pH0 in our experiments, we can assume that
the oxidation of iron(II) hydroxoaqua complexes is
the limiting stage. In this case, the revealed depen-
dences of k (Fig. 2) and Ea (Fig. 3) on pH0 can be
interpreted from the standpoint of changing degrees of
hydrolysis (n values) and relative fractions of various
iron(II) hydroxoaqua complexes of the composition
[Fe(OH)n]aq

2�n (0 
 n 
 3) in solution.

In fact, as shown in [15], Fe(II) ions in aqueous
solutions are present as hydroxoaqua complexes with
n 0 (1.5 < pH < 9), 1 (4.5 < pH < 12; the maximum
of their weight fraction is reached at pH �7), 2 (6.5 <
pH < 9.5; the maximum at pH �9), and 3 (pH > 8).
Therefore, at pH0 3.8, only iron(II) aqua complexes
with n = 0 are oxidized, and at pH0 7.5 there are three
types of hydroxoaqua complexes with n 0, 1, and 2,

with [Fe(OH)]+
aq (n = 1) being the major species.

Quantum-chemical calculations performed in [16]
showed that, as n increases, the energy of the lowest
unoccupied 7a1g-like orbital of iron(II) hydroxoaqua
complexes monotonically decreases, and the band gap

Eg becomes narrower. Consequently, the reactivity
of iron(II) hydroxoaqua complexes increases, which is
probably responsible for a decrease in the apparent
activation energy of the oxidation.

CONCLUSIONS

(1) The dependences of the oxidation rate constant
k and of the phase composition and crystal size of
the precipitate formed in the system FeSO4�H2O�
H+/OH��O2 on the thermodynamic [temperature, pH,
total concentration c0

Fe(II)] and kinetic (air space veloc-
ity) parameters were found for the steady-state oxida-
tion mode (pH0 = const). The ranges of parameters
corresponding to the formation of the Fe3O4 and �-,
�-, and �-FeOOH phases were revealed.

(2) In the range 3.5 < pH0 
 7.5, all other condi-
tions being equal, k changes in parallel with pH0,
whereas the apparent activation energy Ea changes in
the opposite direction.
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Abstract�Sequence of chemical transformations occurring in the system FeOOH�Zn(OH)2�H2O in the
course of heat treatment at 125�200�C was studied by X-ray phase analysis, electron microscopy, and chemi-
cal analysis.

Finely dispersed zinc ferrite (average crystal size
from several tens to hundreds of nanometers) with
a spinel structure is a promising anticorrosive pigment
[1, 2] and a catalyst of chemical reactions of ammonia
oxidation, CO2 and H2O decomposition, methane
synthesis, etc. [3, 4]. Conventional processes for syn-
thesizing ferrites are based on solid-phase reactions of
iron oxides, hydroxides, carbonates, and(or) other
salts with those of the corresponding metal [4�7],
which occur actively in air at a high (above 700�C)
temperature. Activation of the mass transfer by cal-
cination of a charge results in agglomeration of par-
ticles, occurring in parallel with a chemical reaction
and causing polydispersity of the ferrites. Further-
more, ferrites with a spinel-type structure obtained
by a ceramic technology can dissolve a significant
amount of Fe2O3 [5], which results in the formation
of a heterogeneous product with irreproducible physi-
cochemical properties.

According to [4, 8], metal(II) ferrites can be ob-
tained by joint hydrolysis of M(II) and Fe(III) ions
in aqueous solutions. Chemical transformations of
nonequilibrium oxides and hydroxides of p and
3d metals in solutions are accompanied by active
mass exchange between the solid and liquid phases;
therefore, we can expect that ZnFe2O4 will be formed
by heat treatment of a mixture of Zn(OH)2 and
FeOOH suspensions, in particular, under hydrother-
mal conditions [9, 10].

The goal of this work was to study regular trends
in the phase formation in the system FeOOH�
Zn(OH)2�H2O and to reveal factors affecting the
phase composition and crystal size of the resulting
product.

EXPERIMENTAL

The starting reagents were aqueous solutions of
FeSO4 (chemically pure grade), ZnSO4 (chemically
pure grade), and NaOH [GOST (State Standard) 2263�
79] of concentrations 1, 6, 2.1, and 6.5 M, respec-
tively. The solutions were preliminarily filtered under
pressure to remove mechanical impurities; in addition,
the FeSO4 solution was preliminarily reduced with
iron powder.

Single-phase (according to X-ray phase analysis
and electron microscopy) iron(III) hydroxide-oxides of
� (acicular crystals, average size about 0.5 �m, form
factor f = 4) and � (ellipsoidal crystals, average size
about 0.1 �m, form factor f = 2) modifications were
obtained according to [9] by oxidation of 1 M FeSO4
aqueous solutions (pH 4.5) or Fe(OH)2 suspensions
(pH 9.5) with atmospheric oxygen at 25�C. A calcu-
lated amount of ZnSO4 solution was added with stir-
ring to FeOOH suspensions at room temperature, then
NaOH solution was added, and the reaction mixture
was subjected to hydrothermal treatment in autoclaves
equipped with stirrers. In laboratory experiments, the
hydrothermal treatment was carried out in 0.07 dm3

autoclaves, whereas enlarged laboratory samples were
prepared in 3 dm3 autoclaves. After the hydrothermal
treatment, samples of the resulting product were sepa-
rated by filtration under pressure from the mother
solution, washed to remove water-soluble salts, dried
to constant weight at 110�C, and crushed.

The following parameters were varied in the ex-
periments: FeOOH : Zn(OH)2 molar ratio in the ini-
tial suspensions, from 1.6 : 1 to 2.4 : 1; pH of suspen-
sions, from 9.0 to 12.0; and temperature T and dura-
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Phase composition of samples obtained by hydrothermal treatment of FeOOH and Zn(OH)2 (n = 2) suspensions at various
temperatures and durations of the treatment*
������������������������������������������������������������������������������������

FeOOH
�

T,
�

pH
� Phase composition* at indicated �, h

� � ��������������������������������������������������������������������
� �C � � 1 � 2 � 3 � 4

������������������������������������������������������������������������������������
�- � 125 � 9 �H � Z; �1 � �, �H � Z > F; �1 = 2.3, �F > H > Z; �1 = 0.4, �F >> H � Z; �1 = 0.07,

� � ��2 � � ��2 = 1.6 ��2 = 0.3 ��2 = 0.05
� � � � � �� 150 � 9 �F > H � Z; �1 = 0.7,�F >> H > Z; �1 = 0.15, �F; �1 = 0, �F; �1 = 0,
� � ��2 = 0.45 ��2 = 0.10 ��2 = 0 ��2 = 0
� � � � � �� 175 � 9 �F >> H � Z; �1 = 0.09,�F; �1 = 0, �F; �1 = 0, �F; �1 = 0,
� � ��2 = 0.06 ��2 = 0 ��2 = 0 ��2 = 0
� � � � � �� 150 � 12 �F >> H; �1 = 0.05, �F >> H; �1 = 0.04, �F >> H; �1 = 0.05, �F >> H; �1 = 0.007,
� � ��2 = 0 ��2 = 0 ��2 = 0 ��2 = 0
� � � � � �	- � 125 � 9 �H � Z; �1 � �, �H � Z; �1 � �, �H � Z; �1 � �, �H � Z; �1 � �,
� � ��2 � � ��2 � � ��2 � � ��2 � �
� � � � � �� 150 � 9 �H � Z; �1 � �, �H � Z; �1 � �, �H � Z > F; �1 = 3.7, �F > H � Z; �1 = 0.8,
� � ��2 � � ��2 � � ��2 = 2.5 ��2 = 0.6
� � � � � �� 175 � 9 �F > H � Z; �1 = 0.7, �F >> H � Z; �1 = 0.04,�F; �1 = 0, �F; �1 = 0,
� � ��2 = 0.45 ��2 = 0.03 ��2 = 0 ��2 = 0
� � � � � �� 200 � 9 �F; �1 = 0, �F; �1 = 0, �F; �1 = 0, �F; �1 = 0,
� � ��2 � 0 ��2 � 0 ��2 � 0 ��2 � 0
� � � � � �� 175 � 12 �F >> H; �1 = 0.07, �F >> H; �1 = 0.05, �F >> H; �1 = 0.06, �F >> H; �1 = 0.08,
� � ��2 = 0 ��2 = 0 ��2 = 0 ��2 = 0

������������������������������������������������������������������������������������
* (H) Hematite �-FeO3, (Z) zincite ZnO, and (F) zinc ferrite ZnFe2O4; [�1 = I012(Z)/I220(F)] the ratio of the integral intensities of

the diffraction maxima (012) of hematite and (220) of zinc ferrite; [�2 = I100(Z)/I220(F)] ratio of the integral intensities of the dif-
fraction maxima (100) of zincite and (220) of zinc ferrite.

tion � of hydrothermal treatment, from 125 to 200�C
and from 0.5 to 4 h, respectively.

The phase composiiton and crystal size of samples
were evaluated by X-ray phase analysis (DRON-3
X-ray diffractometer; filtered FeK� radiation) and by
transmission electron microscopy (UEMV-100K elec-
tron microscope). The chemical compositions of solu-
tions and also of intermediate and final products of
the synthesis were studied by volumetric chemical
analysis. Weight fractions of phases contained in two-
and three-phase samples were determined qualitatively
from the ratios of integral intensities �i of nonover-
lapping diffraction peaks. The unit cell parameter a of
zinc ferrite was determined from reflections with
Miller indices (800) and (733) using annealed poly-
crystalline MgO as an independent reference. The
average crystal size d of intermediate and final prod-
ucts was calculated by Selyakov�Scherrer’s formula
[11] from physical broadening of the diffraction peaks
�2	. The curve of size distribution of ZnFe2O4 crys-
tals was plotted on the basis of electron-microscopic
data. For this purpose, the average linear size of no

less than 200 nonoverlapping crystals was measured
in micrographs of the samples. The pigment param-
eters of samples were determined as described in [12].

The X-ray patterns of samples of the initial suspen-
sions contain only one group of diffraction maxima,
which should be assigned to the corresponding modi-
fication of iron(III) hydroxide�oxide [13]. Therefore,
zinc hydroxide formed by base hydrolysis is in the
amorphous state in suspension.

Depending on the parameters of hydrothermal treat-
ment, the X-ray patterns of all the samples after the
treatment contain from one to three different sets of
reflections, which can be assigned to ZnFe2O4,
�-Fe2O3, and ZnO phases [13]. We point out that the
formation of iron and zinc oxides upon the hydrother-
mal treatment agrees with our previous data on the
chemical transformations of FeOOH and Zn(OH)2 in
solutions [14, 15].

It follows from the experimental data systematized
in the table that the kinetics of ZnFeO4 formation
depends on three main parameters: heat treatment
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Fig. 1. Ratios of the integral intensities of hematite (012)
and zinc ferrite (220) reflections (�1), and also of zincite
(100) and zinc ferrite (220) reflections (�2) as functions of
the molar ratio �-FeOOH/Zn(OH)2 n in the suspension.
Hydrothermal treatment conditions: pH 10, T = 200�C,
� = 4 h; the same for Fig. 2.

100 200 d, nm
Fig. 2. Size distribution curves for single-phase samples
of ZnFe2O4 synthesized from (1) �- and (2) �-FeOOH.
(N) Number of crystals with size within a d	
d range;
(d) average size of this fraction of crystals; 
d = 2.5 nm.

temperature, pH of suspension, and phase composition
of FeOOH, whereas the phase composition of the
samples depends also on the molar ratio FeOOH and
Zn(OH)2 in the initial suspension (Fig. 1). In particu-
lar, at a fixed phase composition of FeOOH, the rate
of ZnFe2O4 formation monotonically increases with
temperature and pH of the suspension, and, when
�-FeOOH is used, with the other parameters being the
same, the lower temperature boundary of the ZnFe2O4
formation increases approximately by 25�C as com-
pared to �-FeOOH. This may be due to the fact that
transformations of �-FeOOH, compared to �-FeOOH,
yield larger crystals of �-Fe2O3 with a lower reactiv-
ity (compared to small crystals) [10].

An increase in the rate of the ZnFe2O4 formation
with increasing pH agrees with the data of [9] that
an alkaline medium initiates chemical transformations
of nonequilibrium compounds of p and 3d metals.
At the same time, when suspensions with pH > 10 are
subjected to a hydrothermal treatment, a part of Zn(II)
ions remains in solution because of amphoteric nature
of zinc compounds [16]. The concentration of Zn(II)
monotonically increases with increasing pH, reaching

5�7 g dm�3 (in terms of ZnO) at pH 12. This can ex-
plain the presence of an �-Fe2O3 impurity in ZnFe2O4
samples prepared by hydrothermal treatment of sus-
pensions with such pH, even in the case of stoichi-
ometric ratio of the components (see table).

To determine the homogeneity region of the form-
ing ZnFe2O4, we subjected �-FeOOH and Zn(OH)2
suspensions with pH 
 9 and various molar ratios n
to a hydrothermal treatment at 200�C for 4 h. Figure 1
shows that almost single-phase ZnFe2O4 samples are
formed at n � 2 (some of them contain small amounts
of �-Fe2O3 or ZnO impurity phase, which results
from inaccurate dosage of the components). Samples
obtained at n < 2 and n > 2 are two-phase:
ZnFe2O4 + ZnO and ZnFe2O4 + �-Fe2O3, respec-
tively. In this case, as n deviates from the stoichi-
ometric value, the weight fraction of ZnO or �-Fe2O3
phase in the samples increases.

Therefore, the composition of zinc ferrite formed
by hydrothermal treatment of aqueous solutions is
close to the stoichiometric composition ZnFe2O4.
This conclusion is confirmed by X-ray phase and
chemical analyses. These data show that, within the
limits of experimental error, single-phase samples of
ZnFe2O4 have the same unit cell parameter a (a =
0.8441�0.0002 nm) and chemical composition (in
terms of oxides they contain 33.1�0.5 wt % ZnO and
64.9�0.5 wt % Fe2O3). Using the results of the
chemical analysis, we have calculated the molar ratio

 of zinc and iron(III) oxides in single-phase samples
of ZnFe2O4 (
 = 1 : 1), which corresponds to the
stoichiometric composition of ferrites.

According to the electron microscopy, ZnFe2O4
crystals have an isometric shape with clear signs of
faces, and their average size dav depends on the
above-listed parameters and, to the greatest extent, on
the FeOOH crystal size. In particular, for equal condi-
tions of heat treatment (hydrothermal treatment tem-
perature and pH of suspension), dav of ZnFe2O4
samples obtained from �-FeOOH is approximately
twice as high as that of samples synthesized from
�-FeOOH. The increase in the temperature and pH of
the suspension results in the growth of the average
size of ZnFe2O4 crystals. Single-phase ZnFe2O4 sam-
ples, as well as other pigments obtained by the hydro-
thermal procedure [10, 14], are monodisperse, i.e.,
they are characterized by a narrow size distribution of
crystals (Fig. 2), which predetermines their high qual-
ity. We found that the main pigmental characteristics
of ZnFe2O4 samples basically depend on dav, and
their values monotonically decrease as dav increases.
In particular, as dav increases from 75 (ZnFe2O4 sam-
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ple synthesized from �-FeOOH) to 160 nm (sample
obtained from �-FeOOH), the covering power changes
from 15 to 9 g m�2, the oil-absorption power, from 35
to 20 g/100 g pigment, and the content of volatile and
water-soluble substances, from 0.7 to 0.4 and from 0.5
to 0.2 wt %, respectively.

The table shows that, at relatively low temperatures
of hydrothermal treatment, �-Fe2O3 and ZnO phases
are formed in an earlier stage of the treatment as com-
pared to ZnFe2O4. Therefore, the formation of the
equilibrium phase (zinc ferrite) in the system FeOOH�
Zn(OH)2�H2O is preceded by the stage of the forma-
tion of the �-Fe2O3 and ZnO phases, which are meta-
stable in this case, and the whole combination of
processes occurring in the system FeOOH�Zn(OH)2�
H2O can be presented by the scheme

2FeOOH 
� 	-Fe2O3

�
�

ZnFe2O4



�

Zn(OH)2 
� ZnO

2FeOOH 
� 	-Fe2O3

�
�

ZnFe2O4



�

Zn(OH)2 
� ZnO

Let us consider possible causes of this phenome-
non. According to [9, 10, 14, 15], the transformations
of �(�)-FeOOH and Zn(OH)2 in solutions proceed by
the dissolution�precipitation mechanism. This mech-
anism includes the following elementary stages:
(a) dissolution of crystals of a nonequilibrium phase
with the formation of hydroxoaqua complexes of the
metal ions, which are in equilibrium under specified
thermodynamic conditions [17]; (b) reaction between
hydroxoaqua complexes yielding nuclei of a new
phase and polynuclear crystal-forming complexes,
which serve as �building material� for the growing
crystals; (c) incorporation of the hydroxoaqua com-
plexes in the surface layer of the nuclei, which is
complicated by dehydration, olation, oxolation,
and(or) dehydroxylation [9, 15].

The experimental dependences of the formation
rate and average size of ZnFe2O4 crystals on pH of
suspension, and also the absence of eligibility in the
morphology and size of crystals of the nonequilibrium
(�-Fe2O3 and ZnO) and forming (ZnFe2O4) phases
(in particular, ZnO crystals are platelike and ZnFe2O4
crystals are isometric) suggest that the chemical reac-
tion of �-Fe2O3 with ZnO in solutions also proceeds
by the dissolution�precipitation mechanism.

The dissolution�precipitation mechanism involves
a directed mass transfer of a crystal-forming substance
from the crystals of a dissolving phase to the nuclei of

a forming phase. The nucleation probability and the
mass transfer intensity are proportional to the equi-
librium concentration cCFC of crystal-forming com-
plexes in solution. Under conditions of low solubility
of �(�)-FeOOH and Zn(OH)2 at relatively low tem-
peratures of the heat treatment, the nuclei of a new
phase are formed by the heterogeneous mechanism
[18], and the mass transfer proceeds stochastically
[19] with equal probabilities of the detachment and in-
corporation of crystal-forming complexes. In this case,
the formation of one or another phase is determined
by the probability of formation of the corresponding
nuclei.

Oxides, hydroxide�oxides, and hydroxides of p and
3d metals have similar structural motives. In particu-
lar, the crystal lattices of �(�,�)-FeOOH and �-Fe2O3
phases can be reproduced by oriented incorporation of
the same binuclear crystal-forming complex (CFC-1)
of the composition Fe2(OH)6 �4H2O [9, 15]. There-
fore, it is most likely that nuclei of �-Fe2O3 and ZnO
are formed by reactions between hydroxoaqua com-
plexes and(or) crystal-forming complexes of the corre-
sponding metals. The mechanism of the formation of
nuclei of M(II)Fe2O4 phases with a spinel structure,
e.g., magnetite, is more complicated. For example,
they can be formed by reaction of one crystal-forming
complex CFC-1 with two MFe(OH)5 �6H2O com-
plexes (CFC-2) [9]. As a consequence, the probability
of the formation of ZnFe2O4 nuclei at low concentra-
tions cCFC is much less than that of the nuclei of
�-Fe2O3 and ZnO phases. Therefore, chemical trans-
formations of nonequilibrium FeOOH and Zn(OH)2 in
the initial stage of heat treatment proceed toward for-
mation of oxides of the corresponding metals.

The following processes seem to proceed sub-
sequently in systems containing �-Fe2O3 and MO.
The �-Fe2O3 and ZnO phases, which have nonzero
solubility, are in equilibrium with the corresponding
hydroxoaqua complexes and(or) crystal-forming com-
plexes in solution. As a result of random reactions of
the complexes, the nuclei of the equilibrium phase
ZnFe2O4 are formed in this system. Iron(III) and
zinc(II) crystal-forming complexes start to get incor-
porated into the formed nuclei from solution, which
results in a decrease in their concentrations to the
level lower than c0

CFC and, as a consequence, in the
dissolution of �-Fe2O3 and ZnO crystals.

The value of c0
CFC changes in parallel with the in-

crease in temperature or pH of the suspension. As
cCFC increases, on the one hand, the duration of the
latent period of the nucleation stage decreases, and,
on the other hand, the intensity of the mass transfer
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in the disperse system increases. These trends are
manifested as an increase in the rate of ZnFe2O4 for-
mation and in the average size of its crystals, which
agrees with the experimental data.

CONCLUSIONS

(1) Formation of the equilibrium phase (ZnFe2O4)
upon hydrothermal treatment of the system FeOOH�
Zn(OH)2�H2O is preceded by chemical transforma-
tions of iron(III) hydroxide�oxides and zinc hydroxide
to the corresponding oxides.

(2) The main factors (temperature, pH of suspen-
sion, and phase composition of FeOOH) affecting the
rate of the ZnFe2O4 formation and the average size
of its crystals have been revealed.
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Abstract�The effect of bismuth(III) nitrilotriacetate M3Bi(Nta)2 �nH2O (M = Na, K, Rb, Cs, NH4, CN3H6)
and mixed-ligand bismuth(III) complex with ethylenediaminetetraacetate and thiourea KBi(Edta) �2tu on
an association of sea bacteria, seaweed (Ulva fenestrata), and biofouling was studied. The minimal concentra-
tions of some of these complexes suppressing bacterial growth were determined.

Metal complexonates are widely used in various
fields of science and industry, analytical chemistry,
and medicine [1, 2]. Complexonates of Group I and II
metals and transition metals were studied most exten-
sively. Data on nontransition metal complexonates are
scarce. Previously we prepared anionic bismuth(III)
complexes with anions of nitrilotriacetic acid (H3Nta)
and alkali metal, ammonium, and guanidinium cations,
M3Bi(Nta)2 �nH2O [3], and mixed-ligand Bi(III) com-
plex with anions of ethylenediaminetetraacetic acid
(H4Edta) and thiourea, KBi(Edta) �2tu [4]. The crystal
structures of (NH4)3Bi(Nta)2 [5, 6] and KBi(Edta) �2tu
[7] were determined.

The biological properties of many complexones are
understood well. Their molecules do not degrade or
transform in a biological medium. These compounds
form stable complexes with many metals. They have
long been used in toxicology as antidotes [1, 8].
Although some bismuth compounds (nitrates, citrate
complexes, basic bismuth gallate, etc.) are used in
medicine [2, 9, 10], the biological properties of bis-
muth(III) are not clearly understood. At the same
time, bismuth(III) as well as antimony(III) are thiol
poisons, since they selectively react with thiol (�SH)
groups of biological molecules, mainly of enzymes,
other proteins, and some amino acids [8, 11].

Bismuth(III) chloride and nitrate complexes exhibit
bactericidal properties with respect to Helicobacter
pylori bacteria [12, 13], and Bi(Nta) �2H2O and
Bi(HEdta), with respect to Escherichia coli [14]. No
data on bioligical properties of M3Bi(Nta)2 �nH2O

(M = Na, Cs, NH4, and CN3H6) and KBi(Edta) �2tu
are reported.

In this work we studied the biological effect of the
above bismuth(III) complexes on an association of sea
bacteria (sea bacteriocenosis), seaweed (Ulva fene-
strata), and macrobiofouling.

The bismuth complexes M3Bi(Nta)2 �nH2O (M =
Na, K, Rb, Cs, NH4, and CN3H6) and KBi(Edta) �2tu
were prepared by the procedure in [3, 4]. All these
complexes are readily soluble water at room tempera-
ture.

The biocidal activity of the bismuth complexes in
the solid state and in aqueous solution with respect to
sea bacteria was estimated by a conventional proce-
dure based on diffusion of a complex in agar contain-
ing the test object [15]. The experiments were per-
formed as follows. Fish-peptone agar was poured in
a Petri dish. A bacterial suspension isolated form sea-
water1 was placed in solidified agar plates. Hollow
glass cylinders (0.8 cm in diameter and 1 cm high)
were placed upright on the pretreated surface. Either
10�3 mol of solid compounds to be studied or 10�3�
10�4 M solutions of these compounds in distilled
water were introduced into the cylinders. The Petri
dishes with bacterial inoculation were incubated at
28�C for 48 h. The compound toxicity was estimated
from the diameter of the zone of suppressed bacterial
growth (ZSBG, cm), around the place of the com-
pound introduction. The stimulating influence of a
substance was manifested in more intense bacterial
������������
1 Rynda Bay, Amur Gulf, Sea of Japan.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 9 2003

1390 KOVALEVA et al.

Table 1. Estimated activity of the bismuth(III) complexes
with respect to sea bacteriocenosis [complex amount
10�3 mol, stimulated with (NH4)3Bi(Nta)2]
����������������������������������������

Compound � ZSBG, cm
����������������������������������������
Na3Bi(Nta)2 �4H2O � 2.5
(CN3H6)3Bi(Nta)2 �3H2O � 1.9
Cs3Bi(Nta)2 � 1.7
KBi(Edta) �2tu � 1.0
K3Bi(Nta)2 � 0.7
Bi(Nta)2 �2H2O � 0.5
����������������������������������������

Table 2. Oxygen content in seawater in experiments per-
formed under daylight and in the dark (complex concentra-
tion 0.001 g l�1)
����������������������������������������

Compound

� O2 content, g l�1

���������������������������
� photosynthesis � respiration
���������������������������
� experi- � refer- � experi- � refer-
� ment � ence � ment � ence

����������������������������������������
Na3Bi(Nta)2 �4H2O� 6.94 � 6.49 � 3.38 � 1.55
K3Bi(Nta)2 � 4.25 � 4.518 � 2.44 � 0.071
Rb3Bi(Nta)2 � 2.12 � 4.518 � 1.568 � 0.071
Cs3Bi(Nta)2 � 2.115 � 4.518 � 2.392 � 0.071
(NH4)3Bi(Nta)2 � 5.175 � 4.518 � 2.376 � 0.071
(CN3H6)3Bi(Nta)2 �� 7.4 � 6.49 � 0.828 � 1.55
3H2O � � � �
KBi(Edta) �2tu � 4.75 � 6.49 � 0.84 � 1.55
����������������������������������������

Table 3. Total biomass of fouling*
����������������������������������������

Compound
� c � 103, � m, � n,
� g l�2 � g l�1 � %

����������������������������������������
Na3Bi(Nta)2 �4H2O � 1.15 � 0.008 � 10
K3Bi(Nta)2 � 1.67 � 0.0095 � 11.9
Rb3Bi(Nta)2 � 1.26 � 0.0094 � 11.8
Cs3Bi(Nta)2 � 2.72 � 0.032 � 40.0
(NH4)3Bi(Nta)2 � 1.26 � 0.036 � 45.0
(CN3H6)3Bi(Nta)2 �3H2O � 1.25 � 0.0284 � 35.5
KBi(Edta) �2tu � 3.08 � 0.0213 � 26.6
����������������������������������������
* c is the complex content; m, biomass of fouling, and n, ratio

of the biomass grown on the examined sample to that on the
reference sample.

growth around the cylinder with examined compound
as compared to the remaining surface of the agar plate.

The effect of the bismuth(III) complexes on
U. fenestrata seaweed can be estimated from the oxy-

gen content in the system, which depends on the main
metabolic processes, photosynthesis and respiration.
The experimental procedure was described in [16].
Thalluses of freshly collected seaweed (5 g) were
placed in 1-l aquariums filled with seawater to the top.
A 0.01-g portion of a test compound (as determined
in preliminary experiments) was added. The reference
aquarium was free of the Bi(III) complexes. Some of
the aquariums with seaweed were kept at 22�24�C for
24 h under a daylight (photosynthesis), and the others
were kept in the dark (respiration). After that, the
oxygen content in the seawater was determined by
the Winkler procedure [17].

The biofouling was studied in June�October, 2002.
To prepare antifouling coatings, the complexes were
crushed to fine powders and introduced into a meth-
yl methacrylate solution in amount of up to 50 wt %
with respect to dry methyl methacrylate. A suspension
of the Bi(III) complexes in a methyl methacrylate
solution was applied to one side of Plexiglas plates
and dried until it ceased to be sticky. The coated and
noncoated plates were fixed in benches which were
immersed in sea.2 The number of each species on the
plates was determined visually at intervals of two
weeks.

After the completion of the experiment, the bio-
logical material was scraped off with a spatula made
from an inert material, dried at room temperaure to
constant weight, and weighed. The total biomass was
determined with respect to the reference sample.

The biological properties of bismuth(III) complexes
with Nta3� and Edta4� are presented in Tables 1�3.

Bi(Nta)2 �2H2O, M3Bi(Nta)2 �nH2O (M = Na, K,
Rb, Cs, NH4, CN3H6), and KBi(Edta) �2tu are toxic
with respect to associates of sea bacteria (Table 1).
The precursors of these complexes, Bi(OH)3, H3Nta,
and H4Edta, have no effect on vital functions of the
bacteria. The bactericidal properties of M3Bi(Nta)2 �
nH2O differ from those of KBi(Edta) �2tu: ZSBG
ranges from 0.5 to 2.5 cm. The most toxic among the
examined compounds is Na3Bi(Nta)2 �4H2O.

(NH4)3Bi(Nta)2, unlike the other complexes, stimu-
late bacterial growth: bacterial biomass is accumulated
around a cylinder with this complex.

It is difficult to explain why the biological effect
or M3Bi(Nta)2 �nH2O is opposite to that of (NH4)3 �
Bi(Nta)2. This may be due to the structural difference
of these complexes {only the (NH4)3Bi(Nta)2 structure
is known [5, 6]} or to different outer-sphere cations.
������������
2 Fedorov Bay, Peter the Great Gulf, 2-m depth.
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The coordination polyhedron of bismuth(III) in the
structure of (NH4)3Bi(Nta)2 is a distorted cube (coor-
dination number CN = 8). The Bi�O and Bi�N dis-
tances are 2.42 � 6 and 2.60 � 2 �, respectively.
Mononuclear complex anions [Bi(Nta)2]3� and am-
monium cations are bonded by hydrogen bonds to
form a framework structure.

Among the examined complexes, KBi(Edta) �2tu is
the least toxic with respect to sea bacteriocenosis
(Table 1). The coordination number of Bi(III) in the
crystal structure of this complex is also 8 [7]. The
complex anions [Bi(Edta)(tu)2]� are bonded via K+

cations and with the N�H���O hydrogen bonds into a
three-dimensional framework. The bismuth atom
forms four Bi�O bonds (2.36�2.48 �) and two Bi�N
bonds (2.46, 2.48 �) with the Edta anions and two
Bi�S bonds (3.09 and 3.22 �) with the thiourea
ligands.

The minimal M3Bi(Nta)2 �nH2O concentration
suppressing bacterial growth (MCSBG) in aqueous
solutions is 10�2 M. In the presence of solutions of
these complexes, the diameter of ZSBG varies from
1.4 to 1.6 cm. However, colonies of some bacteria
grew even in the ZSBG, which indicated that these
bacteria were stable to the Bi(III) complexes. A solu-
tion of KBi(Edta) �2tu is the most toxic; the diameter
of ZSBG is 2.5 cm; the MCSBG is 10�3 M.

We studied the effect of the bismuth complexes on
strains of p. Psedomonas sp., Bacillus sp., and Cyto-
phaga sp. A change in the pigmentation of their colo-
nies, loss of mobility, and induction of sporulation of
spore-forming bacteria in the region of substance dif-
fusion indicate morphological and physiological trans-
formations of bacterial cells.

The oxygen content determined in seawater of
aquariums with U. fenestrata seaweed in the presence
and in the absence of the Bi(III) complexes is pre-
sented in Table 2.

Some of the examined Bi(III) complexes, as in the
case of sea bacteria, inhibit vital functions of seaweed,
and the others stimulate their growth.

Analysis of the oxygen content in the aquarium
seawater shows that M3Bi(Nta)2 �nH2O (M = Na,
NH4, CN3H6) slightly stimulate the photosynthesis.
The activity of these complexes as compared to the
blank experiment increases in the following order:
NH4

+ < Na+ < CN3H6. The complexes M3Bi(Nta)2
(M = K, Rb, Cs) exhibit algicidal properties. They
inhibit photosynthesis, thus decreasing the oxygen
content in the aquarium seawater as compared to the
dark experiment. The inhibiting effect decreases in the

order K+ > Rb+ > Cs+. The complex KBi(Edta) �2tu
also inhibits photosynthesis.

The complexes also affect seaweed respiration.
(CN3H6)3Bi(Nta)2 �3H2O and KBi(Edta) �2tu stimu-
late respiration by a factor of 1/2 as compared to the
blank experiment. As a result, the oxygen content in
the seawater decreases (Table 2). The other complexes
M3Bi(Nta)2 �nH2O (M = Na, K, Rb, Cs, NH4) almost
completely suppress energy metabolism of the plants:
in the presence of these complexes, the oxygen con-
tent in the seawater strongly increases as compared to
that in the blank experiment.

The biocidal properties of M3Bi(Nta)2 �nH2O (M =
Na, K, Rb, Cs, NH4, CN3H6), and KBi(Edta) �2tu
with respect to macrobiofouling are presented in
Table 3. The study of the dynamics of macrobiofoul-
ing on the uncoated plates showed that three types
of animals are present in the biomass: Balanus im-
provisus, Hydrodes ezoensis, and Conopeum seurati.
No seaweeds were found in the biofouling.

Analysis of biofouling of plates coated with the
Bi(III) complexes revealed the compounds with bio-
cidal properties. All the examined complexes are
moderatly toxic or exhibit repellent properties with
respect to Conopeum seurati cortical pearlwort.

The average biomass grown on the reference
plates is 0.08 g cm�2. The biomass grown on the
plates correlates with the toxicity of the examined
complexes with respect to macrophytes. The most
toxic are M3Bi(Nta)2 complexes (M = Na, K, and Rb)
(Table 3).

The ratios of species growing on the plate surface
differ. Probably the toxic and repellent properties of
the complexes with respect to macrophytes are selec-
tive.

CONCLUSIONS

(1) The bismuth(III) complexes exhibit biological
activity with respect to sea bacteria and green weeds.
The sensitivity of these organisms to the complexes is
different.

(2) The biological effect of (NH4)3Bi(Nta)2 on sea
bacteriocenosis is similar to that on U. Fenestrata sea-
weed. This complex stimulates both bacterial growth
and photosynthesis. On the contrary, KBi(Edta) �2tu
inhibits these processes. The biological effect of the
other complexes depends on their composition and the
biological species.

(3) Bi(Nta)2 �2H2O, M3Bi(Nta)2 �nH2O (M = Na,
K, Cs, CN3H6), and KBi(Edta) �2tu inhibit growth of
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sea bacteria; M3Bi(Nta)2 �nH2O (M = K, Rb, Cs) and
KBi(Edta) �2tu inhibit photosynthesis; and M3Bi �
(Nta)2 �nH2O (M = Na, K, Rb, Cs, NH4) inhibit
respiration.

(4) (NH3)3Bi(Nta)2 stimulates growth of sea bac-
teria; M3Bi(Nta)2 �nH2O (M = Na, NH4, CN3H6)
stimulate photosynthesis; and (CN3H6)3Bi(Nta)2 �
3H2O and KBi(Edta) �2tu stimulate respiration.

(5) The Bi(III) complexes are moderately toxic or
exhibit repellent properties with respect to organisms
growing on Plexiglas plates. The antifouling proper-
ties of M3Bi(Nta)2 �nH2O (M = Na, K, Rb) are the
most pronounced.

REFERENCES

1. Dyatlova, N.M., Temkina, V.Ya., and Popov, K.I.,
Komleksony i komleksonaty metallov (Complexones
and Metal Complexonates), Moscow: Khimiya, 1988.

2. Mashkovskii, M.D. Lekarstvennye sredstva (Drugs),
Moscow: Meditsina, 1994, part 1.

3. Davidovich, R.L., Loginov, A.A., Medkov, M.A., and
Dyatlova, H.M., Koord. Khim., 1989, vol. 15, no. 5,
pp. 713�714.

4. Loginov, A.A., Medkov, M.A., Karasev, V.E., and
Davidovich, R.L., Ukr. Khim. Zh., 1989, vol. 55,
no. 8, pp. 795�799.

5. Suyarov, K.D., Shkol’nikova, L.M., Porai-Ko-
shits, M.A., et al., Dokl. Akad. Nauk SSSR, 1990,
vol. 311, no. 6, pp. 1397�1400.

6. Malyarik, M.A. and Ilyukhin, A.B., Koord. Khim.,

1998, vol. 43, no. 6, pp. 950�960.
7. Davidovich, R.L., Gerasimenko, A.V., and Kovale-

va, E.V., Zh. Neorg. Khim., 2001, vol. 46, no. 4,
pp. 623�628.

8. Oksengendler, G.I., Yady i protivoyadiya (Poisons and
Antidotes), Ser.: Chelovek i okruzhayushchaya sreda
(Human Being and Environment), Leningrad: Nauka,
1982.

9. Kriss, E.E., Volchenkova, I.I., et al., Koordinatsion-
nye soedineniya metallov v meditsine (Metal Com-
plexes in Medicine), Kiev: Naukova Dumka, 1986.

10. RF Patent 2 139 080.
11. Vrednye veshchestva v promyshlennosti (Noxious

Substances in Industry), Leningrad: Khimiya, 1997,
no. 3, pp. 476�477.

12. Turel, L., Golic, L., Bukovec, P., and Gubina, M.,
J. Inorg. Biochem., 1998, vol. 71, pp. 53�60.

13. Diemer, R., Keppler, B.K., Dittes, U., et al., Chem.
Ber., 1995, vol. 128, pp. 335�342.

14. Summers, S.P., Abboud, K.A., Farrah, S.R., and Pale-
nik, G.J., Inorg. Chem., 1994, vol. 33, no. 1, pp. 88�
92.

15. Rodina, A.G., Metody vodnoi mikrobiologii (Methods
of Aquatic Microbiology), Moscow: Nauka, 1965.

16. Polishchuk, R.A., Biologicheskie osnovy bor’by s
obrastaniem (Biological Foundations for Fouling Con-
trol), Kiev: Naukova Dumka, 1973, pp. 155�193.

17. Rukovodstvo po metodam khimicheskogo analiza mor-
skikh vod (Manual on Chemical Analysis of Sea-
waters), Orodovskii, S.G., Ed., Leningrad: Gidrome-
teoizdat, 1977.



1070-4272/03/7609-1393$25.00�2003 MAIK �Nauka/Interperiodica�

Russian Journal of Applied Chemistry, Vol. 76, No. 9, 2003, pp. 1393�1395. Translated from Zhurnal Prikladnoi Khimii, Vol. 76, No. 9,
2003, pp. 1433�1435.
Original Russian Text Copyright � 2003 by Bulanov, Pryakhin, Balabanov.

INORGANIC SYNTHESIS
����������������� �����������������

AND INDUSTRIAL INORGANIC CHEMISTRY

Preparation of High-Purity Silicon Tetrafluoride
by Thermal Dissociation of Na2SiF6

A. D. Bulanov, D. A. Pryakhin, and V. V. Balabanov

Institute of Chemistry of Ultrapure Substances, Russian Academy of Sciences, Nizhni Novgorod, Russia

Received April 16, 2003

Abstract�The possibility of preparing high-purity silicon tetrafluoride by the thermal dissociation of pure
grade Na2SiF6 was studied. The impurity composition of the product was studied by IR and atomic emission
spectroscopy and by mass spectrometry.

High-purity silicon tetrafluoride SiF4 is used for
preparing fluorine-doped amorphous hydrogenated
silicon [1] and ion implantation of silicon and fluorine
into gallium arsenide [2]. Because SiF4 has no in-
trinsic absorption bands, it is also used as doping
additive to decrease the refractive index of quartz
glass, which is very important in manufacture of
quartz fibers [3]. Also, silicon tetrafluoride is a con-
venient compound for centrifugal separation of silicon
isotopes [4].

The methods for preparing SiF4 can be subdivided
into four groups.

(1) Reaction of elemental silicon with fluorinating
agents F�, SF6, UF6, NF3 [5�10], which is a complex
procedure requiring sophisticated equipment.

(2) Fluorination of silicon dioxide [11�15]. This,
however, involves problems with hydrolysis of SiF4
by the reaction by-product, H2O.

(3) Fluorination of silicon tetrachloride [16�22].
With SiCl4 as the initial compound, it is necessary to
treat SiF4 to remove impurities of mixed fluorochloro-
silanes.

(4) Preparation of SiF4 from hexafluorosilicic acid
H2SiF6 and hexafluorosilicates of alkali (Li, K, Na)
and alkaline-earth (Ba, Ca) metals [23, 24]. It is
possible to decompose H2SiF6 [25�27] or metal hexa-
fluorosilicates [28�30] with concentrated acids (H2SO4
or H3PO4). However, silicon tetrafluoride obtained
by acid treatment has low purity.

Thermal dissociation of metal hexafluorosilicates is
the preferential method [31, 32]. The method is eco-
nomical and environmentally safe. It was found [33]
that SiF4 obtained by this method from Na2SiF6 is
relatively pure, because solid sodium fluoride sorbs
impurities. The content of the impurities in Na2SiF6

and SiF4 obtained from it is presented in the table
[34]. The relative intensity of ions in the mass spec-
trum of SiF4 is as follows [34]: SiF3

+ 96.9, Si2OF6
+

3.04, and SO2F3
+ 0.076.

The dissociation pressure of Na2SiF6 within 298�
968 K has been determined in [35]. A study [36] of
the effect exerted by CO2, SiO2, ZrO2, and HfO2 on
the Na2SiF6 thermal dissociation showed that addition
of SiO2 considerably decreases the dissociation rate.
The thermal dissociation of K2SiF6 in the liquid phase
(K2SiF6�KCl eutectic) is slower than in the solid

Results of plasma-assisted emission spectroscopic analysis
����������������������������������������

Element
� Content c � 104, wt %
��������������������������������
� in Na2SiF6 � in SiF4

����������������������������������������
Li � 0.2 � 0.01
Na � � � 1.8
K � 8.0 � 0.3

Mg � 6.4 � 2.3
Ca � 18 � 1.6
B � 0.8 � <0.01
Al � 1.3 � 1.2
P � 5.0 � 0.08

As � 0.2 � 0.28
V � 0.3 � <0.01
Cr � 8.8 � <0.01
Mn � 0.4 � 0.16
Fe � 38 � 0.04
Co � 0.7 � <0.01
Ni � 4.2 � <0.01
Cu � 0.6 � <0.01
Zn � 1.0 � <0.01
Pb � 5.0 � 0.03
Mo � 1.0 � <0.01

����������������������������������������
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Roughing
pump

Temperature
controller

Setup for the silicon tetrafluoride synthesis. For comments,
see text.

phase [37]. The influence of the H2O partial pressure
on the K2SiF6 thermal dissociation was studied in
[38]. It was found that the SiF4 being formed reacts
with H2O even at a low partial pressure of water
vapor to form various gaseous and X-ray amorphous
solid fluorosiloxanes.

EXPERIMENTAL

In this study, SiF4 was prepared by thermal dis-
sociation of pure grade sodium hexafluorosilicate
Na2SiF6. In this case, the yield of SiF4 approaches
100%, whereas in the case of the K2SiF6 thermal dis-
sociation it is considerably lower owing to K3SiF7
formation [39]. Moreover, NaF formed in this reaction
can be used for sorption purification of SiH4 to re-
move SiF4 impurity in the course of preparation of
silane from silicon tetrafluoride.

The impurity content in pure grade Na2SiF6, as
determined by laser mass spectrometry, is presented
below:

Impurity Content, Impurity Content,
element at. % element at. %

B 1�10�1 Cl 1�10�3

C 3�10�2 S 2�10�3

Mg 4�10�3 Ca 3�10�2

Al 4�10�4 Cr 5�10�5

P 2�10�2 Fe 2�10�3

The content of Sc, Ti, V, Mn, Co, Ni, Cu, Zn, Ga,
Ge, As, Se, Br, Rb, Sr, Y, Zr, Nb, Mo, Ru, Rh, Pd,
Ag, Cd, In, Sn, Sb, Te, I, Cs, Ba, Hf, Ta, W, Re, Os,
Ir, Pt, Au, Hg, Tl, Pb, and Bi impurity ions and lan-
thanides is below the detection limit of this method
(1 � 10�4

�2 � 10�5 at. %).

A setup for the silicon tetrafluoride synthesis is
shown schematically in the figure. The synthesis was
performed in a stainless steel reactor 1 equipped with
a resistance heater 2. The temperature of the heater

was adjusted to within �0.5�C with an R-133 preci-
sion temperature controller and a U-013 power ampli-
fier and measured with a Chromel�Alumel thermo-
couple 3. A stainless steel boat 4 charged with about
3-kg portion of Na2SiF6 was placed into the reactor.
The salt was preliminarily dried at 250�C in a vacuum
or in a nitrogen flow. Moisture and gases released
during preliminary evacuation of Na2SiF6 were con-
densed in a trap 5 cooled with liquid nitrogen.

The thermal dissociation of the salt was performed
at 500�620�C in a vacuum. Since the Na2SiF6 ther-
mal dissociation is a reversible reaction and the degree
of dissociation is pressure-dependent, the forming
SiF4 was fed continuously into a 4-l metallic cylinder
6 cooled with liquid nitrogen.

The pressure in the reactor and the rate of the SiF4
flow from the reactor into the receiving cylinder were
monitored with vacuum gage 7 and rotameter 8, re-
spectively. To remove suspended particles, SiF4 was
allowed to pass through a Petryanov cloth filter 9;
10�17 are stopcocks. The SiF4 yield in the process
approached 100%. Up to 1.5 kg of SiF4 can be ob-
tained on this installation in one process cycle.

The SiF4 thus obtained was analyzed for the con-
tent of molecular impurities by mass spectrometry and
IR spectroscopy [40]. Both methods revealed hexa-
fluorodisiloxane as the major impurity. Its content in
SiF4 amounts to several percents, which agrees with
the data of [34]. The mass spectrum contained no
lines assignable to the BF3 impurity. The content of
metallic impurities in the silicon tetrafluoride ob-
tained, which were concentrated by distilling off the
matrix and then analyzed by atomic emission spec-
troscopy, is presented below:

Impurity Content, Impurity Content,
wt % wt %

Al 1�10�8 Mn 3�10�10

Ni <2�10�8 Ca 7�10�8

Co <7�10�8 Pb <2�10�8

Ag <3�10�10 Sn <2�10�8

Cd <3�10�8 Cu 2�10�9

Fe 7�10�7 Ga <4�10�9

Cr 3�10�8 Sb <1�10�7

Mg 1�10�7 In <1�10�8

To perform further isotopic enrichment and use
SiF4 as a doping additive in manufacture of quartz
fibers, it was additionally purified by distillation.

CONCLUSION

High-purity SiF4 was obtained by thermal dissocia-
tion of pure grade Na2SiF6. IR spectroscopy and mass
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spectrometry revealed hexafluorodisiloxane as the
major molecular impurity in SiF4. According to the
data of atomic emission spectroscopy, the SiF4 pre-
pared contains about 10�7 wt % metallic impurities.
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by Ionic Layer Deposition on Quartz and Silicon Surfaces
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Abstract�Conditions for the synthesis of nanolayers of double Fe(III) and Ni(II) hydroxides by ionic layer
deposition on quartz and silicon surfaces were determined. The layers synthesized were studied by X-ray
photoelectron spectroscopy, ellipsometry, and UV-Vis and IR Fourier transmission spectroscopy.

It is known that metal hydroxides are effective sor-
bents and ion exchangers. The method of ionic layer
deposition (ILD) opens up new opportunities, as it
allows deposition of nanolayers of hydroxides on
a surface of an inert support with a preset specific sur-
face area. Conditions for the synthesis of FeOOH by
ILD were determined previously [1].

The goal of this work was to study conditions for
ILD of nanolayers consisting of hydroxides of two
metals. Hydroxides of Fe(III) and Ni(II) were chosen
as the objects of the study. We expected that a layer
of Fe(III) hydroxide could be obtained by the tech-
nique from [1] involving the following successive
steps: sorption of Fe2+ from a solution of Mohr’s salt
on the support surface, removal of excess solution by
washing with water, oxidation of the sorbed ions with
a solution of H2O2(OH�), and removal of excess
H2O2 solution by washing with water. One such
sequence of treatments formed one ILD cycle. Upon
multiple repetition of ILD cycles, the thickness of the
layer proportionally increased. When synthesizing a
layer of double Fe(III) and Ni(II) hydroxide, it is pos-
sible to combine oxidation of sorbed Fe(II) ions and
sorption of Ni(II) ions and to prepare a layer of the
double hydroxide by a minimal number of treatments
of the surface with chemicals, using an ammonia solu-
tion of an Ni(II) salt. In such solutions, on the one
hand, Fe(II) is catalytically oxidized to Fe(III) with
oxygen dissolved in water, and, on the other, a layer
of Fe(III) hydroxide is formed on the surface and
Ni(II) ions are sorbed on this layer [2]. It is also
known [3] that the double-charged metal ions sorbed
on Fe(III) hydroxide from ammonia solutions are not
removed from the surface on washing the sample
with water.

EXPERIMENTAL

Melted quartz of KU grade and single-crystalline
silicon of the KEF-7.5 grade ([100] orientation),
polished to class 14 of surface finish, were used as
supports for the synthesis. The quartz supports were
washed in acetone and kept at 90�100�C for 10 min
in concentrated nitric acid and then washed with
water, a KOH solution with pH 9, and again water.
The single-crystalline silicon substrates were etched
in HF, heated in concentrated HNO3 for 0.5 h to 90�

100�C to form a surface layer of silicon oxide, and

�, nm

Fig. 1. UV-Vis transmission spectra of nanolayers of Fe(III)
and Ni(II) hydroxide synthesized on the surface of melted
quartz by (1) 10, (2) 20, and (3) 30 ILD cycles. (D) Optical
density and (�) wavelength.
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washed with distilled water, a KOH solution with
pH 9, and again water.

The reagents for the synthesis were a freshly pre-
pared solution of Mohr’s salt (NH4)2[Fe(SO4)2] �
6H2O and an ammonia solution of NiSO4 (pH 8.0�

8.5) with concentrations of 0.01 M. The ammonia
solution was prepared by dissolving a weighed sample
of an Ni(II) salt in an 0.1 M solution of (NH4)2SO4
with preliminarily added 25% solution of NH4OH in
an amount of 0.15�0.25 ml per 50 ml of the ammoni-
um salt solution [4]. Excess reagents were washed off
from the surface with water. The time of treating the
supports in reagent solutions and water was 0.5 min.

We used IR Fourier and UV-Vis transmission spec-
troscopy, X-ray photoelectron spectroscopy, and el-
lipsometry. The UV-Vis transmission spectra were
recorded on a Perkin�Elmer Lambda-9 spectropho-
tometer at a scan rate of 50 nm min�1 and a slit pro-
gram of 2 nm; the IR Fourier spectra, on a Perkin�
Elmer 1760X spectrophotometer (50 scans); and the
X-ray photoelectron spectra, on a Perkin�Elmer 5400
spectrometer using MgK� excitation radiation. The
ellipsometric measurements of the thickness of the
synthesized layers were carried out on an ellipsometer
with a light incidence angle of 45� and � = 632.8 nm.

As seen from the UV-Vis transmission spectra
(Fig. 1), performing 10, 20, and 30 ILD cycles on a
quartz plate gives rise to a broad absorption band in
the range 200�450 nm with the integral intensity in-
creasing with increasing number of cycles. According
to the ellipsometry measurements, one cycle of the
treatment of a support results in formation of an ap-
proximately 0.7-nm-thick layer on the support sur-
face. According to X-ray photoelectron spectroscopy
(Fig. 2), the layer consists of Fe(III), Ni(II), and oxy-
gen atoms, which are characterized by peaks in the
spectrum with maxima at 711.9, 855.9, and 531.1 eV,
respectively. The positions of the first two peaks al-
lows their assignment to 2p electrons of Fe(III) and
Ni(II) in the corresponding hydroxides [5]. The con-
centration ratio Fe(III)/Ni(II) in the layer, determined
from the intensities of their peaks, is 1/0.4. Sulfate
ions, which could enter into the layer from solutions
of the reagents, are absent. The layer also contains
H2O molecules and OH� groups incorporated into
metal hydroxides, which can be identified in the IR
Fourier spectrum of the layer (Fig. 3) by the bands
of stretching vibrations at 3800�3000 cm�1 and of
bending vibrations at 1640 and 1560�1392 cm�1,
respectively. A broad absorption band in the region of
1000�400 cm�1 and a narrow band at 370 cm�1 are

(a)

E, eVN(E)/E, arb. units
(b)

E, eVN(E)/E, arb. units

eV

(c)

E, eV

eV

N(E)/E, arb. units

Fig. 2. X-ray photoelectron spectra of a nanolayer of Fe(III)
and Ni(II) hydroxide synthesized on the surface of single-
crystalline silicon by 20 ILD cycles: [N(E)/E] intensity and
(E) binding energy. (a) Total spectrum, (b) Fe region, and
(c) Ni region.

also seen in the spectrum. According to [6, 7], these
spectra can be assigned to amorphous double Fe(III)
and Ni(II) hydroxide. In view of all the data ob-
tained in this work, its formula can be presented as
FeNi0.4(OH)3.8 �nH2O.

CONCLUSION

Repeated alternate treatment of a silica surface with
a solution of Mohr’s salt and an ammonia solution of
NiSO4 by the ionic layer deposition technique yields
nanolayers of double Fe(III) and Ni(II) hydroxide on
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�, cm�1

Fig. 3. IR Fourier transmission spectra of a nanolayer of
Fe(III) and Ni(II) hydroxide synthesized on the surface of
single-crystalline silicon by 20 ILD cycles: (T) transmission
and (�) wave number.

the support surface. The concentration ratio Fe/Ni in
the layer is 1/0.4, and its thickness can be preset by
the number of ionic layer deposition cycles, with one
treatment cycle giving an 0.7-nm-thick layer on the
surface.
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Abstract�Liquid�vapor equilibria and azeotropy in isobutanol�n-butanol�butyl butenyl ether ternary system
and in isobutanol-butyl butenyl ether and n-butanol�butyl butenyl ether binary systems were studied experi-
mentally and calculated, as well as azeotropy in butyl alcohols�butyl butenyl ether�water systems under
atmospheric and reduced pressure. Recovery of commercial butyl alcohols by distillation of alcohol�ether
fractions was studied.

To decrease losses of commercial products in oxo-
synthesis of butyl alcohols, recovery of butyl alcohols
by distillation of the alcohol�ether fraction should be
optimized by mathematical simulation. The simulation
requires knowledge of parameters of the liquid�vapor
equilibrium and azeotropy in isobutanol�n-butanol�
butyl butenyl ether ternary system and in binary sys-
tems of these compounds.

Oxosynthesis of butyl alcohols yields alcohol�ether
fractions as a by-product in amount of 10�15% of
the produced butyl alcohols. The content of butyl
alcohols in these fractions is 50�70%.

This fraction is used today as a fuel component.
Feasibility study shows that recovery of more that
50% of saleable butyl alcohols gives a profit with fast
pay-back of investments.

The alcohol�ether fraction contains also saturated
C8 ethers (dibutyl ether, diisobutyl ether, butyl iso-
butyl ether) and the corresponding C8 vinyl ethers.

Unsaturated C8 ethers are formed in the step of C12
acetal degradation when butyric aldehydes are hydro-
genated to form butyl alcohols. The acetals are present
in the raw material to be hydrogenated as by-products
of propylene hydroformylation [1].

The liquid�vapor equilibria in butyl alcohol�
saturated C8 ether systems have been extensively
studied [2�6]. These processes are simulated well by
UNIFAC group procedure [7]. At the same time, no

data on the equilibria in butyl alcohol�unsaturated C8
ether systems are reported. Hence, equilibria in these
systems cannot be simulated.

To study the liquid�vapor equilibria in the latter
systems, we prepared unsaturated C8 ether, butyl
butenyl ether (BBE).

The synthesis of BBE involves two steps. The first
is preparation of C12 acetal, dibutyl butyral, from
n-butyric aldehyde and n-butanol purified by distil-
lation.

C12 acetal was distilled under reduced pressure and
thermolyzed on calcium phosphate catalyst at 200�
220�C under atmospheric pressure to form n-butanol
and BBE.

The unsaturated C8 ether was isolated by distilla-
tion. The boiling point at 760 and 100 mm Hg
is 145.4�C and 83.7�C, respectively; density d 4

20 =
0.773 kg m�3; refractive index nD

20 = 1.3974.

No physicochemical properties of this ether are re-
ported in available handbooks. All the other chemicals
used in this work were thoroughly purified; their
physicochemical parameters were consistent with the
published data [8].

The liquid�vapor equilibrium was studied on a
circulation unit connected with a manostat. The
design of the unit provided minimal consumption
of chemicals. The vapor condensed in a receiver was
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Table 1. Parameters of liquid�vapor equilibrium in n-butanol (1)�BBE (2) and isobutanol (1)�BBE (2)* systems at 760
and 100 mm Hg
������������������������������������������������������������������������������������

n-Butanol�BBE � Isobutanol�BBE
������������������������������������������������������������������������������������

x1 � y1 �
T, �C

�
�y1, mol %

�
�T, �C

� x1 � y1 �
T, �C

�
�y1, mol %

�
�T, �C��������������	 � � 
���������������	 � �

mol % � � � � mol % � � �
������������������������������������������������������������������������������������

Pressure 760 mm Hg

5.7 � 22.2 � 137.1 � �0.8 � �0.9 � 4.2 � 19.8 � 138.5 � 0.9 � �0.8
10.8 � 34.8 � 134.6 � �0.8 � 1.1 � 9.7 � 36.5 � 134.0 � 0.7 � 0.8
20.4 � 50.1 � 128.8 � �0.3 � 0.9 � 18.4 � 52.0 � 126.9 � �0.9 � 0.9
32.7 � 62.2 � 124.3 � 0.7 � 0.8 � 27.5 � 64.7 � 121.5 � 0.7 � 0.7
38.4 � 64.3 � 123.0 � �0.8 � 0.8 � 39.8 � 72.8 � 116.7 � �0.8 � 0.9
47.9 � 70.9 � 121.5 � 0.8 � 1.0 � 45.5 � 77.7 � 115.0 � 0.9 � 0.9
56.3 � 72.8 � 120.2 � �1.0 � 0.8 � 57.2 � 82.6 � 112.4 � 0.7 � 0.8
68.0 � 80.1 � 119.0 � 1.6 � 0.7 � 69.2 � 85.0 � 110.8 � �0.8 � 1.0
79.4 � 84.7 � 117.8 � 1.1 � 0.2 � 79.3 � 89.6 � 109.7 � 0.8 � 0.8
88.3 � 88.6 � 116.9 � �0.3 � �0.5 � 93.5 � 94.0 � 108.9 � �0.7 � 1.0
96.8 � 95.3 � 117.6 � �0.9 � 0.1 � 97.7 � 98.1 � 108.1 � 0.4 � 0.2

������������������������������������������������������������������������������������
�
�

�y� = 0.83 mol %, �
�

�
�

T� = 0.71�C � �
�

�y� = 0.75 mol %, �
�

�
�

T� = 0.80�C
������������������������������������������������������������������������������������

Pressure 100 mm Hg

5.0 � 17.1 � 79.6 � �0.5 � �0.6 � 10.2 � 35.2 � 76.7 � 0.7 � 0.7
11.4 � 33.7 � 75.9 � 0.9 � �0.9 � 18.7 � 52.1 � 72.0 � 0.8 � 0.5
22.7 � 50.6 � 73.7 � 0.8 � 0.9 � 26.9 � 62.9 � 68.9 � 0.7 � 0.8
34.8 � 61.5 � 70.9 � 0.7 � 0.7 � 40.4 � 74.4 � 64.8 � 0.7 � 0.7
40.5 � 63.9 � 69.6 � �0.6 � 0.3 � 45.8 � 77.6 � 64.0 � 0.8 � 1.0
49.8 � 68.3 � 68.7 � �1.0 � 0.4 � 57.6 � 81.0 � 61.9 � �0.9 � 0.6
57.2 � 71.1 � 67.6 � �1.1 � �0.2 � 69.5 � 84.1 � 61.3 � �0.8 � 0.9
81.6 � 80.0 � 66.4 � 0.9 � �0.9 � 79.8 � 86.0 � 60.8 � �0.4 � 0.7
89.9 � 83.7 � 67.9 � 1.0 � 0.3 � 89.1 � 87.3 � 60.4 � �0.4 � 0.3
98.7 � 95.7 � 69.0 � 0.2 � �0.3 � 97.9 � 93.7 � 60.8 � �0.5 � 0.1

������������������������������������������������������������������������������������
�
�

�y� = 0.77 mol %, �
�

�
�

T� = 0.55�C � �
�

�y� = 0.67 mol %, �
�

�
�

T� = 0.63�C
������������������������������������������������������������������������������������
* xi and yi are the content of ith component in the liquid and vapor phases, respectively; T is the boiling point of the solution;

the same for Table 2.

analyzed by gas chromatography with an accuracy of
0.5 mol %.

The boiling point of the solutions was measured in
the course of the experiment with an accuracy of
0.2�C.

The experimental parameters of the liquid�vapor
equilibrium in the n-butanol (NB)�BBE and iso-
butanol (IB)�BBE binary systems at 760 and 100 mm
Hg are summarized in Table 1, and the parameters for
the ternary system at 760 and 100 mm Hg, in Table 2.
The differences between the experimental and calcu-
lated (NRTL equation [9]) concentrations of the com-
ponents in the vapor phase and boiling points of the

solution components �yi and �T and the average abso-
lute deviations �

�
�y� and �

�
�
�
T� are also presented in

Tables 1 and 2. The parameters of the liquid�vapor
equilibrium in the ternary system were calculated
from the NRTL equation parameters, which, in turn,
were calculated from the data on the liquid�vapor
equilibrium in the binary systems.

As seen from Tables 1 and 2, the calculated param-
eters agree well with the experimental results.

n-Butanol and BBE form an azeotrope. Under a
pressure of 760 mm Hg, the BBE content in the azeo-
trope is 10.5 mol % (16.9 wt %) and its boiling point
is 116.8�C. Under a pressure of 100 mm Hg, the
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Table 2. Parameters of liquid�vapor equilibrium in IB (1)�NB (2)�BBE (3) system
������������������������������������������������������������������������������������

x1 � x2 � y1 � y2 �
T, �C

� �y1 � �y2 �
�T, �C�����������������������������������������	 
���������������������	

mol % � � mol % �
������������������������������������������������������������������������������������

Pressure 760 mm Hg

12.5 � 62.7 � 16.0 � 65.4 � 116.8 � 1.87 � �0.44 � �0.4
12.5 � 75.0 � 15.2 � 73.4 � 116.2 � 1.71 � �1.32 � �0.2
24.8 � 50.2 � 32.9 � 49.7 � 115.9 � 1.27 � �0.02 � �1.0
25.3 � 62.6 � 33.8 � 57.8 � 115.5 � �1.08 � �0.69 � �1.0
37.8 � 50.2 � 45.0 � 44.7 � 113.8 � 1.83 � �1.12 � �0.6
50.0 � 12.5 � 68.1 � 13.3 � 112.7 � 1.74 � �0.73 � �0.4
50.0 � 24.8 � 61.8 � 22.2 � 112.6 � 1.80 � �0.01 � �0.6
62.5 � 12.7 � 74.9 � 10.3 � 110.9 � 1.13 � 0.44 � �0.3
62.8 � 25.3 � 70.2 � 20.0 � 111.2 � 1.22 � �0.12 � �0.6
75.1 � 12.4 � 81.3 � 8.7 � 110.1 � 0.78 � 0.59 � �0.7

������������������������������������������������������������������������������������
�
�

�y� = 1.08 mol %, �
�

�
�

T� = 0.58�C
������������������������������������������������������������������������������������

Pressure 100 mm Hg

12.5 � 62.7 � 16.7 � 60.8 � 67.0 � 1.68 � �0.04 � �1.0
12.5 � 75.0 � 15.4 � 65.3 � 67.9 � 1.55 � 0.27 � �1.7
24.8 � 50.2 � 33.5 � 46.8 � 64.9 � 1.19 � �0.79 � �0.1
25.3 � 62.6 � 30.8 � 51.4 � 65.8 � 1.57 � �0.02 � �0.7
37.8 � 50.2 � 43.6 � 40.0 � 64.7 � 2.24 � �1.14 � �0.7
50.0 � 12.5 � 69.2 � 11.8 � 62.8 � 0.85 � �0.06 � �0.7
50.0 � 24.8 � 62.1 � 20.2 � 63.5 � 1.11 � 0.09 � �1.1
62.5 � 12.7 � 72.3 � 10.9 � 61.3 � 2.67 � �1.11 � 0.0
62.8 � 25.3 � 67.0 � 18.6 � 62.9 � 1.75 � �1.09 � �0.9
75.1 � 12.4 � 79.4 � 7.7 � 61.7 � �0.78 � 0.47 � �0.7

������������������������������������������������������������������������������������
�
�

�y� = 1.05 mol %, �
�

�
�

T� = 0.78�C
������������������������������������������������������������������������������������

BBE concentration in the azeotrope is 22.4 mol %
(33.3 wt %), and its boiling point is 66.2�C.

No azeotrope was found in the isobutanol�BBE
system under atmospheric pressure. However, under
reduced pressure (100 mm Hg), the compounds do
form an azeotrope [bp 60.2�C, BBE concentration
12.9 mol % (20.4 wt %)].

Calculation by the azeotrope search program
showed that ternary azeotropes were formed in the
IB�NB�BBE ternary system neither at 760 nor at
100 mm Hg. The study of this system on a high-per-
formance column by the procedure in [10] confirmed
this assumption.

In this work we studied phase equilibria in distilla-
tion of systems containing saturated butyl alcohols
and unsaturated butyl ethers to determine initial pa-
rameters for a mathematical model of distillation of
commercial butyl alcohols from these systems.

It is known [11] that ternary azeotropes are formed
in systems consisting of water, butyl alcohols, and
saturated butyl ethers; however, for the similar systems
with unsaturated butyl ethers, no data are reported.

In this work we determined the compositions and
boiling points of ternary azeotropes in H2O�IB�BBE
and H2O�NB�BBE systems at a pressure from 100 to
760 mm Hg.

These experiments were performed on a laboratory
50-mm column 150 cm high, packed with 2 � 3 �
3 mm three-edged spirals made from 0.4-mm Ni-
chrome wire.

The column efficiency determined with the IB�NB
system [12] was 68�70 TP.

The azeotrope composition was determined by the
procedure in [10]. The gaseous distillate was con-
densed, homogenized with acetone, and analyzed
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Table 3. Boiling points Tb and compositions of H2O�IB�
BBE and H2O�NB�BBE azeotropes at different pressures
����������������������������������������

P,
�

Tb,
� Concentration, wt % �BBE : alcohol

� 
�����������������	
mm Hg � �C � H2O � alcohol � BBE �

weight ratio

� � � � �
in azeotrope

����������������������������������������
H2O�IB�BBE

100 � 45.9 � 24.1 � 20.7 � 55.2 � 2.7
200 � 59.7 � 25.8 � 21.9 � 52.3 � 2.4
300 � 68.4 � 27.2 � 23.2 � 49.6 � 2.1
500 � 80.6 � 29.4 � 25.4 � 45.2 � 1.8
760 � 90.9 � 31.4 � 28.5 � 40.1 � 1.4

H2O�NB�BBE

100 � 44.6 � 27.3 � 22.8 � 49.9 � 2.2
200 � 58.3 � 29.4 � 26.4 � 44.2 � 1.7
300 � 66.9 � 31.2 � 27.8 � 41.0 � 1.5
500 � 79.0 � 33.4 � 30.0 � 36.6 � 1.2
760 � 89.1 � 35.7 � 33.0 � 31.3 � 0.95

����������������������������������������

chromatographically. The results of these experiments
are presented in Table 3.

As shown above, the BBE : NB weight ratio strong-
ly increases with decreasing pressure: at 760 and
100 mm Hg it is 0.20 : 1 and 0.50 : 1, respectively.
Addition of water to the IB�BBE and NB�BBE sys-
tems also increases this ratio (Table 3). Thus, we
suggest that butyl alcohol�butyl ether systems can be
efficiently separated by distillation under reduced
pressure in the presence of water as a separating agent.

Industrial alcohol�ether fractions formed in produc-
tion of butanols by oxosynthesis have the following
composition (wt %): IB 30�50, NB 20�40, saturated
buthyl ethers 4�11, unsaturated butyl ethers 5�12,
butyl formates 3�7, butyric aldehydes 1�3, and water
1�5.

We studied distillation separation of butanol form
an industrial alcohol�ether fraction1 of the following
composition (wt %): IB 39.29, NB 33.34, saturated
buthyl ethers 9.87, unsaturated butyl ethers 11.26,
butyric aldehydes 2.08, butyl formates 2.74, and
water 1.42.

A five-component system containing (wt %) IB
44.2, NB 33.3, dibutyl ether (DBE) 9.8, BBE 11.3,
and water 1.4 was used as a model.

To simulate the distillation process, we used param-
eters of the NRTL equation for the binary system
under a pressure of 760 and 100 mm Hg. The param-
������������
1 Salavatnefteorgsintez Joint-Stock Company.

eters calculated by the procedure in [13] are sum-
marized in Table 4.

The saturated vapor pressure of pure components
was calculated by the Antoine equation in the follow-
ing form:

B
log P = A � ������,C + T

where P is the saturated vapor pressure (mm Hg), T is
the temperature (�C), and A, B, C are the Antoine
constants.

The parameters of the Antoine equation for IB,
NB, water and DBE taken from [14] were brought to
the above form of the equation. The BBE parameters
were determined in this work by treatment of the
experimental temperature dependence of saturated
vapor pressure of BBE (Table 5).

The separation parameters of the model system
were computed by the program for calculation of dis-
tillation parameters, developed on the basis of the
concept in [15, 16].

To recover high-grade NB [GOST (State Standard)
5208�81] and high-grade IB [GOST 9536�79], the
content of butyl alcohols and unsaturated compounds
in the product should be no less than 99.4 wt % and
no more than 0.02 wt %, respectively.

The distillation parameters at which butyl alcohols
are separated to the highest extent at the indicated
column efficiency and 760 and 100 mm Hg from the
alcohol�ether fraction meeting the GOST require-
ments are presented in Table 6.

As seen from Table 6, under reduced pressure the
yield of butyl alcohols is higher at smaller reflux
ratios.

On an industrial scale, we suggest to recover butyl
alcohols on a 23 600-mm column 1000 mm in diam-
eter, equipped with 40 valve single-flow plates.

To check the adequacy of calculation of the quality
and the yield of butyl alcohols recovered from the
alcohol�ether fraction, we performed a pilot experi-
ment on this column.

The initial alcohol�ether fraction was fed to the
21st plate from the top, and the separating agent
(steam) was fed to the 36th plate (in the initial mix-
ture, H2O : BBE = 1 : 1). The column was sprayed
with the organic phase from the florentine with the
reflux ratio of 9�10.
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Table 4. Parameters of NRTL equation
������������������������������������������������������������������������������������

System
� 760 mm Hg � 100 mm Hg

�����������������������������������������������������������������������
� �12 � �21 � �12 � �12 � �21 � �12

������������������������������������������������������������������������������������
NB�BBE � 0.9776 � 0.1242 � 0.4 � 2.1047 � �0.1230 � 0.4
IB�BBE � 1.9805 � �0.6088 � 0.3 � 3.2272 � �0.7412 � 0.3
NB�DBE � 1.2734 � �0.0729 � 0.4 � 1.3068 � 0.2524 � 0.4
IB�DBE � 3.4845 � �1.9043 � 0.1 � 0.9872 � 0.3085 � 0.4
H2O�IB � 3.5987 � 0.4653 � 0.4 � 3.4984 � 0.5140 � 0.4
H2O�NB � 3.5864 � 0.4951 � 0.4 � 3.6000 � 0.5757 � 0.4
H2O�BBE � 5.6281 � �0.9681 � 0.1 � 5.3635 � �0.7941 � 0.1
H2O�DBE � 5.7557 � �1.1372 � 0.1 � 5.6131 � �0.9847 � 0.1
DBE�BBE � �0.2111 � 0.2288 � 0.1 � 1.3457 � �1.0773 � 0.1
������������������������������������������������������������������������������������

The composition of the fraction obtained by separa-
tion from the bottoms was as follows (wt %): H2O
0.07, IB 50.01, NB 49.88, saturated butyl ethers 0.02,
and unsaturated butyl ethers 0.01. Commercial iso-
butanol and n-butanol were recovered by distillation
of this fraction on a column with 90 valve plates at
a reflux ratio of 12.

Commercial IB was taken off from the seventh
plate form the top, and NB, from the bottoms. The
quality of the commercial alcohols met the GOST
requirements. The yield of IB and NB based on their
potential content in the head ether fraction was 75 and
90.3%, respectively.

The yield of high-grade butyl alcohols, calculated
on the basis of the developed model, agreed well with
the results of the experimental run on the industrial
distillation column.

Thus, the experimental and calculated data of this
work can be used to design a process for recovery of
commercial butyl alcohols from side alcohol�ether
fraction at the Salavatnefteorgsintez Joint-Stock
Company.

CONCLUSIONS

(1) Liquid�vapor phase equilibria in isobutanol�
n-butanol�butyl butenyl ether ternary system and in
binary systems of these compounds were studied
experimentally at 760 amd 100 mm Hg. n-Butanol
and butyl butenyl ether form an azeotrope at 760 and
100 mm Hg; no azeotropes were found in the iso-
butanol�butyl butenyl ether system at 760 mm Hg,
but at 100 mm Hg this system has an azeotrope. No
ternary azeotrope was found in the three-component
system. The average absolute error of calculating the
equilibrium composition of the ternary system by the

NRTL equation from the equilibrium compositions of
the binary systems of the components is 1 mol %.
The boiling point of the equilibrium ternary system
was calculated by this procedure with an absolute
error of 0.6�0.8�C. Thus, the calculation results are
quite adequate.

Table 5. Parameters of the Antoine equation
����������������������������������������

Component � A � B � C
����������������������������������������

IB � 7.32707 � 1248.479 � 172.850
NB � 7.47681 � 1362.390 � 178.720
H2O � 7.94915 � 1657.459 � 227.020
DBE � 6.98250 � 1431.500 � 207.000
BBE � 6.98250 � 1431.500 � 203.600

����������������������������������������

Table 6. Influence of the efficiency E, pressure in the top
of the column Ptop, and reflux ratio (RR) on the theoretical
yield Y of high-grade butyl alcohols. Pressure drop on a
single TP 6 mm Hg; temperature of the reflux in decanter
30�C; weight ratio of the separating agent (H2O) to sum of
butyl alcohols 1 : 1
����������������������������������������

Ptop,
�

E,
� Feed � Plate for H2O�

RR

�
Y,*

mm Hg
�

TP
� plate � introduction � �

%� 
����������������	 �
� � TP (from the top) � �

����������������������������������������
760 � 20 � 11 � 17 � 15.3 � 47.4
100 � 20 � 11 � 17 � 10.8 � 68.9
760 � 25 � 13 � 22 � 12.2 � 54.7
100 � 25 � 13 � 22 � 9.4 � 84.3
760 � 35 � 18 � 31 � 9.0 � 63.7
100 � 35 � 18 � 31 � 7.2 � 91.5
760 � 40 � 22 � 37 � 7.0 � 68.5
100 � 40 � 22 � 37 � 5.4 � 93.1

����������������������������������������
* Based on the potential content in the alcohol�ether fraction.
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(2) As the pressure in the column decreases from
760 to 100 mm Hg, the concentration of butyl butenyl
ether in the ternary azeotropes formed in the water�
isobutanol�butyl butenyl ether and water�n-butanol�
butyl butenyl ether systems increases from 31.3 to
49.9 and from 40.1 to 55.2 wt %, respectively.

(3) More than 80 wt % of high-grade butyl al-
cohols can be isolated from industrial alcohol�ether
fractions of the oxosynthesis by azeotropic distillation
with water on a column with 25 TP efficiency at a
pressure of 100 mm Hg and the reflux ratio of 9�10.
The butanol fraction is taken off from the stripping
part of the column.
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Abstract�The partial pressures of sodium nitrite and sodium nitrate over the system NaNO2�NaNO3 were
determined at 798, 823, and 848�C. For sodium nitrate, A and B coefficients of the Clausius�Clapeyron
equation, partial molar heats of vaporization, activities, and activity coefficients were calculated as functions
of composition.

Molten nitrites and nitrates of alkali metals and sys-
tems based on them are used as high-temperature heat
carriers in vulcanization of extruded rubber articles,
in heat treatment of metals, and for preparing heat-
resistant lubricants [1]. For this reason, study of
physicochemical properties of nitrite�nitrate molten
salt systems is of both theoretical and applied im-
portance.

In this work, proceeding with studies [2�5] on
physicochemical properties of nitrite�nitrate salt
melts, we measured the saturated vapor pressure of the
system NaNO2�NaNO3 at 798, 823, and 848 K. The
experimental procedure and method of determining
saturated vapor pressure of individual molten salts
have been reported previously [2].

The mass spectrometry data [6, 7] for vapors of
alkali metal nitrites and nitrates show that the vapor
phase coexisting with nitrite�nitrate melts consists
of monomeric molecules. This made it possible to
calculate the saturated vapor pressure over pure com-
ponents and their mixtures from the content of the
components in a given volume of the vapor. As previ-
ously, the content of the sodium cations in the con-
densed vapor phase was determined by flame photom-
etry [25], and the concentration of NO2

� anions, by
permanganate titration [8]. The content of NaNO2 and
NaNO3 was calculated from these data.

The results of measurements of the vapor pressure
over the sodium nitrite and sodium nitrate melts at
798 and 848 K are plotted in Fig. 1. As seen, the con-
centration dependence of the saturated vapor pressure
in the NaNO2�NaNO3 system exhibits negative devia-
tions from Raoult’s law, decreasing with increasing
temperature. Under isothermal conditions, the vapor

(a)P, Pa

mol %
P, Pa

mol %

(b)

Fig. 1. Vapor pressure P over the melts of the sys-
tem NaNO2�NaNO3 (mol %) at (a) 798 and (b) 848 K.
(P0

NaNO2
, P0

NaNO3
) Vapor pressures over the pure compo-

nents. (1, 2) Partial pressure of NaNO2 and NaNO3, respec-
tively, and (3) total pressure.
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Table 1. Saturated vapor pressure PNaNO3
, coefficients A and B of the Clausius�Clapeyron equation, and partial molar

heats of vaporization �Hvap
NaNO3 of sodium nitrate in the system NaNO2�NaNO3

������������������������������������������������������������������������������������

cNaNO3

� PNaNO3
, Pa, at indicated temperature T, K � Coefficients of equation �

�Hvap
NaNO3 � 10�3,

������������������������������������������������������������in melt, mol %� 798 � 823 � 848 � A � 10�3, K � B � J mol�1

������������������������������������������������������������������������������������
10 � 0.29 � 0.69 � 1.94 � 11.159 � 13.44 � 213.66
20 � 0.68 � 1.82 � 4.22 � 10.710 � 13.37 � 205.06
40 � 1.80 � 4.07 � 10.33 � 10.257 � 13.11 � 196.39
50 � 2.50 � 5.63 � 14.64 � 9.568 � 12.39 � 183.20
60 � 3.40 � 7.92 � 16.36 � 9.216 � 11.02 � 176.46
80 � 6.61 � 14.38 � 31.00 � 9.068 � 10.54 � 173.63
90 � 8.21 � 17.30 � 36.32 � 8.635 � 11.74 � 165.33

100 � 10.01 � 20.84 � 43.05 � 8.628 � 11.81 � 165.21
������������������������������������������������������������������������������������

Table 2. Activity a and activity coefficient � of sodium nitrate in the system NaNO2�NaNO3 at various temperatures
������������������������������������������������������������������������������������

T, K
� a (numerator) and � (denominator) at indicated content of NaNO3 in melt, mol %
��������������������������������������������������������������������������
� 10 � 20 � 40 � 50 � 60 � 80 � 90

������������������������������������������������������������������������������������
798 � 0.029 � 0.068 � 0.18 � 0.25 � 0.34 � 0.66 � 0.82� ���� � ���� � ���� � ���� � ���� � ���� � ����� 0.29 � 0.34 � 0.44 � 0.50 � 0.57 � 0.83 � 0.91� � � � � � �
823 � 0.033 � 0.87 � 0.19 � 0.27 � 0.38 � 0.69 � 0.83� ���� � ���� � ���� � ���� � ���� � ���� � ����� 0.33 � 0.43 � 0.48 � 0.55 � 0.64 � 0.86 � 0.92� � � � � � �
848 � 0.045 � 0.98 � 0.24 � 0.34 � 0.44 � 0.72 � 0.85� ���� � ���� � ���� � ���� � ���� � ���� � ����� 0.45 � 0.49 � 0.60 � 0.67 � 0.74 � 0.9 � 0.95

������������������������������������������������������������������������������������

pressure over the binary melts monotonically de-
creases as the content of sodium nitrate in the mixture
increases. For component concentrations less than
5 mol %, the saturated vapor pressure as a function

log PNaNO3 [Pa]

103/T, K�1

Fig. 2. Vapor pressure of sodium nitrate PNaNO3
in the sys-

tem NaNO2�NaNO3 vs. temperature T. NaNO3 content in
melt, mol %: (1) 20, (2) 40, (3) 50, (4) 60, (5) 80, and
(6) 100.

of composition is adequately described by Raoult’s
law. In the region of the equimolar concentrations
of the components, the extent of the negative devia-
tions increases.

Because the vapor pressures of sodium nitrite and
sodium nitrate differ greatly, the total saturated vapor
pressure over the system is determined by the NaNO3
partial pressure.

The temperature dependence of the vapor pressure
of the components over the melts of various composi-
tions is adequately described by the Clausius�Cla-
peyron equation log P = B � A/T. The coefficients of
the equation are given in Table 1. Figure 2 shows the
log P = f (1/T) plots for different concentrations of
sodium nitrate in the melt.

The partial molar heats of vaporization of sodium
nitrate from the melts of various compositions were
calculated from the slopes of the straight lines

�H = 2.3RA,

where R is the universal gas constant
(8.314 J mol�1 K�1).
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With decreasing concentration, the heat of vapori-
zation of sodium nitrate increases, i.e., the strength of
interaction between the particles increases. The ex-
perimental data and results of their processing are
presented in Table 1.

The coefficient of the linear correlation of log P
with 1/T varies from 0.78 (at low concentrations) to 1.

The experimentally determined saturated vapor
pressures over the pure components Pi

0 and their par-
tial pressures Pi in the system were used to calculate
the activities (ai = Pi/Pi

0) and the activity coefficients
(�i = ai/Ni) for sodium nitrate in the binary system [9]
(Ni is mole fraction of NaNO3 in the melt). The calcu-
lation results are presented in Table. 2.

As seen, the activity of sodium nitrate exhibits
negative deviations from the mole fraction. Therefore,
the calculated activity coefficients are less than unity.

In the system NaNO2�NaNO3, the extent of devia-
tions of the vapor pressure from ideality is larger than
in the previously studied system NaNO2�KNO3 [5].
This may be explained by formation of a continuous
series of solid solutions of NaNO2 and NaNO3 and of
the chemical compound NaNO2 �NaNO3 [10, 11].

Studies of N.S. Kurnakov’s school [12] have shown
that, when a solid ionic compound is melted, a part of
ions can form complex species in equilibrium with
simple ions. Therefore, the partial pressures of the
components in the system decrease, the vapor pres-
sures of the components exhibit considerable devia-
tions from Raoult’s law, and, consequently, the activ-
ity is not equal to concentration.

CONCLUSIONS

(1) The partial pressures of sodium nitrite and
sodium nitrate over the system NaNO2�NaNO3 at
798, 823, and 848 K were determined. For sodium ni-
trate, the coefficients A and B of the Clausius�Cla-

peyron equation and the partial molar heats of vapori-
zation were calculated.

(2) The saturated vapor pressure exhibits negative
deviations from Raoult’s law, indicative of certain
interaction of the components in a melt.

(3) The activities and activity coefficients of sodi-
um nitrate were calculated as functions of composition
and temperature. The activity of sodium nitrate shows
negative deviations from the mole fraction. As a
result, the activity coefficient is less than unity.
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Abstract�The boundaries of phase equilibria involving calcium sulfate crystal hydrates in a citric acid solu-
tion were calculated. The influence exerted by an excess amount of sulfuric acid on the stability of calcium
sulfate crystal hydrates in citric acid solutions was considered. The possibility of achieving a hemihydrate
mode of citric acid extraction from calcium citrate was studied.

Acid calcium sulfate suspensions are formed in
sulfuric acid extraction of citric acid (C6H8O7) from
calcium citrate Ca3(C6H5O7) �4H2O [1, 2]. The solu-
bility and stability of calcium sulfate (CaSO4) modi-
fications predetermines important parameters of the
C6H8O7 manufacture process, such as concentration
and purity of the product acid, throughput of the
stages of suspension filtration and calcium sulfate
washing, washing efficiency, conditions of acid evap-
oration, CaSO4 properties in hydration and dehydra-
tion processes, CaSO4 transportability, content of total
and crystallization water, and impurity background.
All these characteristics are comparatively rarely dis-
cussed in the literature.

Citric acid plants mainly employ a semicontinuous
extraction process with varying H2SO4 : C6H8O7 ratio,
which predetermines the presence of crystals with dif-
ferent microgranulometric characteristics in citro-
gypsum. It was found, in particular, that about 60% of
the total amount of crystals are isolated parallelogram-
shaped crystals 70 �m long and 15 �m wide. Separate
finer and coarser gypsum crystals with dimensions of
30 � 10 and 400 � 300 �m are found, together with
fine crystals of calcium oxalate and shielded crystals
of calcium citrate. Such an inhomogeneity of the solid
phase is accounted for by the method of C6H8O7 ex-
traction from solid Ca3(C6H5O7) �4H2O in a hetero-
geneous system.

Data on the concentration and temperature bound-
aries of mutual phase transformations of calcium sul-
fate crystal hydrates are important for practical use of
crystallization processes occurring in sulfuric acid and
nitric�sulfuric acid extraction of phosphoric [3] and,
apparently, citric acids. Analysis for the content of
these compounds in phosphoric and nitric acid solu-

tions was a subject of numerous papers [4, 5]. No pub-
lished data of this kind could be found for citric acid,
and, therefore, these boundaries were determined ten-
tatively by a prognosis graphical-analytical calcula-
tion. The points in which calcium sulfate dihydrate
(CaSO4 �2H2O) and hemihydrate (CaSO4 �0.5H2O)
coexist in equilibrium are commonly found by study-
ing their solubility and determining graphically the
intersection points of the solubility isotherms of gyp-
sum and calcium sulfate hemihydrate, or by compar-
ing the water vapor pressures over the corresponding
solutions with the dissociation pressure of the revers-
ible reaction

CaSO4 �2H2O(s) �� CaSO4 �0.5H2O(s) + 1.5H2O(vapor).

(1)

To make a rough prognosis of the conditions (acid
concentration, temperature) of phase equilibrium bet-
ween gypsum and hemihydrate in acid solutions,
parameters of dehydration by reaction (1) yielding
water vapor were compared with water vapor pres-
sures over solutions of phosphoric [6], nitric, and
citric acids.

The dehydration parameters and the equilibrium
content of the acid were found on the assumption that
dissolved CaSO4 affects only slightly the equilibrium
pressure over solution, PH2O(sol), which is close
(equal) to the dehydration pressure PH2O(dehydr).

To find the acid concentration in a eutonic solution
saturated with CaSO4 �2H2O and CaSO4 �0.5H2O, the
dependence PH2O = f (cacid) was plotted for each iso-
therm-polyconcentrate of an acid, and an isobar of
PH2O over gypsum at the same temperature was



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 9 2003

INFLUENCE OF CRYSTALLIZATION CONDITIONS IN PRODUCTION OF CITRIC ACID 1409

drawn to its intersection with the isotherm. Figure 1
exemplifies the construction for 80�C. Table 1 com-
pares the dihydrate�hemihydrate equilibrium condi-
tions for solutions of the three acids, obtained by this
method also for other temperatures. The isotherms
PH2O = f (cacid) for citric acid emerge from the point
corresponding to the water vapor pressure over water
and intersect the isobar of water vapor pressure over a
solution saturated with citric acid [7]. The isotherms
for nitric (HNO3) and phosphoric (H3PO4) acids were
plotted using experimental data, and the isotherm for
C6H8O7 is represented by a prognosis line 3 [6].

It should be noted that the water vapor pressures
over solutions of nitric [8, 9] and phosphoric [6] acids
are well represented in the literature and the calculated
conditions of phase transformation are close to those
found experimentally. It is possible that the prognosis
data on the content of C6H8O7 may be somewhat
overestimated. However, these data also indicate that
appearance of a more stable phase, CaSO4 hemihy-
drate, is possible at 80�90�C at citric acid concentra-
tions in the extraction solution exceeding 40%. At
100�C, occurrence of the dihydrate�hemihydrate
phase transformation would be expected at a lower
concentration of citric acid, which, according to some
data [10], stabilizes calcium sulfate hemihydrate.

As already mentioned, the fact that citric acid is
a foodstuff results in that it is difficult to use various
control agents to affect the crystallization process.
Therefore, the main way to control the crystallization
process is to vary the temperature and concentration
characteristics.

The quality of the forming CaSO4 crystals is the
most important characteristic of the crystallization
process. The shape and size of calcium sulfate crystals
formed in extraction determine the filtering properties
of a layer of this material and, consequently, the ef-
ficiency of its washing. These parameters of the crys-
tals depend on the temperature and acid concentration,
extent and conditions of supersaturation elimination,
and relative amounts of Ca2+ and SO4

2� ions in solu-
tion.

The necessity for controlling the crystallization
process predetermines the choice of specific schemes
for introduction of raw materials, circulation solu-
tions, and suspensions into the reaction mass, cooling
of the reaction mass, and its separation into zones
with different temperature and concentration charac-
teristics. For example, with the temperature raised
from 30 to 80�C, the length of gypsum crystals in-
creases by a factor of 10�15, and their width, by a
factor of 3�5.

c, wt %

PH2O, mm Hg

Fig. 1. Graphical illustration of how the acid concentrations
are found for the dihydrate�hemihydrate equilibrium at
80�C. (PH2O) Water vapor pressure and (c) acid concen-
tration. System: (1) CaSO4�HNO3�H2O, (2) CaSO4�
H3PO4�H2O, and (3) CaSO4�C6H8O7�H2O.

Combined dihydrate�hemihydrate extraction tech-
niques, in which calcium sulfate first crystallizes in
the form of a metastable phase, CaSO4 �0.5H2O, and
then transforms into a more stable phase, CaSO4 �
2H2O, have been implemented, and they showed very
good performance in manufacture of H3PO4.

As seen from Fig. 1, CaSO4 must crystallize in the
form of gypsum in extraction of citric acid under
industrial conditions. However, hemihydrate is to be
formed on raising the concentration to 55% and tem-
perature to 90�C.

Isotherms�polybars of water vapor over H2SO4
solutions exhibit curvilinear behavior (Fig. 2Ia). Now
a polybar will be plotted for the dehydration reaction
in the range from 60 to 100�C. The A60�A100 line is
the locus of points with equal water vapor pressures
over gypsum in its conversion into the hemihydrate
and over an acid solution. Owing to the relatively low
CaSO4 solubility in acid solutions [12], it is assumed
that CaSO4 has virtually no effect on the water vapor

Table 1. Parameters of equilibrium dehydration of gypsum
into hemihydrate by reaction (1)
����������������������������������������

T, �C
� PH2O(dehydr),

� Acid concentration, wt %
� �����������������������
� mm Hg [1] � H3PO4 � HNO3 � C6H8O7

����������������������������������������
25 � 9.2 � 67 � 47 �
60 � 96.1 � 56 � 43 � 73.5
80 � 294.7 � 44 � 28.5 � 60.0
90 � 477.9 � 33.3 � 19 � �

100 � 733.4 � 3.4 � 2.5 � 7.0
����������������������������������������
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I

(a)P, kPa

c, wt %

A100

A90

A80

A60

T, �C
(b)

c, wt %

CSH

CSD

II

(a)P, kPa
A100

B100

A90

A80

A60
B60

c, wt %T, �C
(b)

CSH

CSD

c, wt %
Fig. 2. Equilibrium parameters of gypsum dehydration into hemihydrate for solutions of (I) sulfuric and (II) citric acids:
(P) water vapor pressure, (c) acid concentration, and (T) temperature. (a) Graphical method for determining gypsum dehydra-
tion parameters: temperature and acid concentration; (b) recommended line: locus of points corresponding to parameters of the
CSD�CSH mutual transformations in acid solutions. CSD, calcium sulfate dihydrate CaSO4 �2H2O; CSH, calcium sulfate hemi-
hydrate CaSO4 �0.5H2O.

pressure over a solution in water�acid systems. Plot-
ting the A60�A100 line on a graph of temperature
against H2SO4 concentration yields a polythermal
diagram of mutual transformations of calcium sulfate
crystal hydrates in sulfuric acid (Fig. 2IIb).

Whereas the concentration dependence of PH2O
over solution has been described in sufficient detail
[9], there are only two experimental points in each
isotherm for C6H8O7 solutions: water and saturated

Table 2. Calculated citric acid concentrations cc.a at which
the water vapor pressure at 60�C is equal to the indicated
water vapor pressure Pw.p over phosphoric acid solution
with indicated concentration cp.a
����������������������������������������

Pw.p, kPa � cp.a, % � cc.a, %
����������������������������������������

19.62 � 10 � 13.2
18.97 � 20 � 26.4
17.80 � 30 � 39.7
16.04 � 40 � 52.6
13.67 � 50 � 66.1
12.39 � 55.6 � 73.5

����������������������������������������

acid solution (Fig. 2IIa, B60�B100 line); the vapor
pressure over citric acid solutions is calculated using
the similarity theory. The reason for such a choice is
the structural similarity of the molecules of both acids,
i.e., three stages of dissociation of hydrogen ions,
with the first constant K1 at 25�C equal to 7.6�10�3

for phosphoric acid and 7.45�10�4 for citric acid [9].

Two expressions follow from the similarity theory
[13]:

c� /c" = Cc, p� /p" = Cp, (2)

where c� is the C6H8O7 concentration; c", H3PO4 con-
centration; p�, water vapor pressure over C6H8O7 solu-
tion; p", water vapor pressure over H3PO4 solution;
Cc and Cp, similarity constants.

Taking the constant Cp to be unity, i.e., equating
the water vapor pressures for both the acids, gives for
the constant Cp at 60�C a value of 73.5/55.6 = 1.32,
where 73.5 stands for the concentration of a saturated
solution of C6H8O7, and 55.6, for the corresponding
concentration of an H3PO4 solution, at which the
water vapor pressure over solution (12.39 kPa) is
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equal to the water vapor pressure over a C6H8O7 solu-
tion [7].

Using the resulting constant Cc, it is possible to
calculate from data on H3PO4 [9] the corresponding
concentrations for citric acid (Table 2). Thus, the cal-
culated curve of water vapor pressure over a citric
acid solution at 60�C is plotted (Fig. 2IIa). Similar
calculations for temperatures of 80, 90, and 100�C
yield isotherms�polybars for C6H8O7. The A60�A100
line is the locus of points corresponding to equal
water vapor pressures over gypsum in its conversion
into hemihydrate and over a citric acid solution. Plot-
ting the A60�A100 line as a graph of temperature
against C6H8O7 concentration gives a calculated poly-
thermal diagram describing mutual transformations of
CaSO4 crystal hydrates in C6H8O7 (Fig. 2IIb).

The prognosis calculations performed, combined
with published data on solubility and phase transfor-
mations of calcium sulfate crystal hydrates in the sys-
tems CaSO4�H2SO4�H2O and CaSO4�C6H8O7�H2O,
make it possible to plot a polythermal diagram of mu-
tual phase transformations CaSO4 �2H2O �

� CaSO4 �
0.5H2O in citric�sulfuric acid solutions (Fig. 3).

Figure 3 shows isotherms connecting the points
that correspond to the compositions of the sulfuric and
citric acid solutions in which gypsum and calcium sul-
fate hemihydrate are in equilibrium at a given tempera-
ture. The short-dash lines represent isoconcentrates
corresponding to mixtures of solutions containing
equal amounts of C6H8O7 and H2SO4. The intersec-
tion points of the isotherms and isoconcentrates char-
acterize the composition of solutions in which gypsum
and calcium sulfate hemihydrate are simultaneously
in metastable equilibrium at a given temperature,
i.e., the points at which the water vapor pressure
over an acid solution and that of CaSO4 �2H2O �

�

CaSO4 �0.5H2O dissociation are equal. The line with
constant total concentration of C6H8O7 + H2SO4,
equal to 50%, intersects the isotherms of phase trans-
formations at 60 and 80�C. Consequently, to the
metastable equilibrium CaSO4 �2H2O �

� CaSO4 �
0.5H2O at 60�C corresponds a solution containing
32% citric acid and 18% sulfuric acid. Gypsum must
be more stable in solutions with a lower content of
sulfuric acid, and hemihydrate, in those with higher
content of H2SO4.

Thus, to obtain at the output of the extraction proc-
ess a high concentration of citric acid, 50% and more
at 80�C, and to ensure crystallization of gypsum, it is
necessary to maintain the content of sulfuric acid in
solution at a level not exceeding 1%. At H2SO4

c, wt %

c�, wt %

Fig. 3. Polythermal diagram of equilibrium transformations
CaSO4 �2H2O �

� CaSO4 �0.5H2O in the system CaSO4�
H2SO4�C6H8O7�H2O: (c) citric acid concentration and
(c�) sulfuric acid concentration. (I) Isotherms of phase
transformations and (II) compositions of solutions with
constant total concentration.

T, �C

H2SO4/(H2SO4 + C6H8O7)

Fig. 4. Concentration ratio and total concentration of
sulfuric and citric acids in solutions of the system
CaSO4�H2SO4�C6H8O7�H2O vs. temperature T of equi-
librium transformations CaSO4 �H2O �

� CaSO4 �0.5H2O.
[H2SO4/(H2SO4 + C6H8O7)] Fraction of sulfuric acid in
the total amount of acids. Total concentration of acids (%):
(1) 20, (2) 30, (3) 40, (4) 50, and (5) 60.

content higher than 1%, crystallization of calcium sul-
fate hemihydrate or recrystallization of gypsum into
hemihydrate may begin. Similarly, performing the
process in the hemihydrate mode requires a �5% ex-
cess of sulfuric acid in order to prevent the process
from passing to the range of joint crystallization of
gypsum and hemihydrate, which may lead to forma-
tion of poorly filterable fine crystals.

The temperatures of phase transformations in solu-
tions of sulfuric and citric acids can be calculated in
the same way. As seen in Fig. 4, the temperature of
equilibrium phase transformations depends linearly on
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Table 3. Calcination of the calcium sulfate samples obtained
������������������������������������������������������������������������������������

cc.a, %
�Amount of moisture, %, removed at indicated temperature, �C� Total amount of � Mass fraction
��������������������������������������������� ������������������
� 20�90 � 90�160 � 160�600 �

crystal hydrate
� gypsum � hemihydrate� � � � water, % � �

������������������������������������������������������������������������������������
30 � 17.56 � 19.02 � 0.92 � 20.3 � 88.3 � 11.7
40 � 5.08 � 15.74 � 1.5 � 17.1 � 64.7 � 35.3
50 � 8.39 � 10.8 � 1.64 � 12.29 � 31.22 � 68.78

Reagent � 0.26 � 19.98 � 0.89 � 20.7 � 93.7 � 6.3
������������������������������������������������������������������������������������

the ratio of acids in the mixture. With increasing mass
fraction of H2SO4, the temperature of the phase transi-
tion of gypsum into calcium sulfate hemihydrate
becomes lower.

The extraction of citric acid from calcium citrate
and hydrocitrate was studied, and the possibility of
performing dihydrate�hemihydrate extraction was
assessed.

A study of extraction from calcium citrate demon-
strated that the crystallization of calcium sulfate
always begins with the formation of hemihydrate crys-
tals, which disappear by the middle of the process, at
citric acid content not exceeding 50%, to give place to
gypsum crystals. When the content of citric acid is
raised to >50%, the extraction process begins in a
similar way and a stable hemihydrate appears by the
end of the process, with the amount of the hemihy-
drate the greater, the higher the content of the acid. In
this case, crystals of calcium sulfate hemihydrate pre-
cipitate from the mother liquor several hours after its
filtration.

Presumably, citric acid present in high concentra-
tion decelerates crystallization and recrystallization of
calcium sulfate and phase transitions in this material,
which results in that the extraction takes much longer
time. Such an increase in the process duration may be
technologically unacceptable. Attempts to make the
extraction process shorter markedly impair the filtra-
tion characteristics.

c, wt %

A, t m2 h�1

Fig. 5. Effect of a calcium sulfate seed on the throughput A
of main filtration. (c) Content of citric acid. Decomposition
of citrate: (1) without seed and (2) with seed; that of hydro-
citrate: (3) without seed and (4) with seed.

When extraction is performed in the crystallization
region of calcium sulfate hemihydrate, the throughput
of the main filtration in terms of citric acid increases
by a factor of 2, from 1.79 to 3.57 t (m2 h)�1. Intro-
duction of a seed (mixture of gypsum and hemihy-
drate, obtained in preceding experiments) improves
the quality of hemihydrate crystals and also makes it
possible to avoid formation of fine crystals. When
the extraction process was carried out in the hemihy-
drate mode with a seed, the throughput of filtration
increased to 4.81 t (m2 h)�1.

Experiments on calcination of the resulting calcium
sulfate samples at different temperatures confirmed
that calcium sulfate is mainly present in the form of
hemihydrate already at a citric acid content of 50%.
For comparison, the results obtained in calcination of
reagent-grade gypsum are presented (Table 3).

A study of the extraction of citric acid from calci-
um hydrocitrate (CaC6H6O7 �4H2O) under similar
conditions demonstrated that mainly gypsum (up to
60%) crystallizes in the existence range of the hemi-
hydrate in the presence of a seed. This may be due to
a steeper, compared to the case of Ca3(C6H5O7)2 �
4H2O, rise in the content of citric acid in solution in
decomposition of CaC6H6O7 �4H2O; as already men-
tioned, concentrated citric acid decelerates mutual
transformations of the crystal hydrates. Introduction of
a seed (mixture of gypsum and an intermediate prod-
uct, similar to that used in the preceding experiments)
improves the crystallization of gypsum and stabilizes
this material: no hemihydrate formation is observed.
Gypsum exists, in the beginning, as a stable phase and
then, with increasing content of C6H8O7 in solution,
becomes metastable, but is not dehydrated to hemihy-
drate. Citric acid exerts a stabilizing influence on the
solid phase, irrespective of whether or not it is stable
under the given conditions. The key factor in this case
is what phase existed in the system previously.

Generalization of the data on the throughput of the
main filtration reveals two well-pronounced depen-
dences (Fig. 5).
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In extraction of citric acid from calcium citrate, an
extremum is observed at citric acid content of 40%,
with the decrease and increase in throughput around
the extremum being due to, respectively, an increase
in viscosity and transition to the hemihydrate region
of extraction.

In extraction from calcium hydrocitrate, no extre-
mum is observed, since the process does not pass to
the hemihydrate mode because of the stabilizing ac-
tion of citric acid, and calcium sulfate precipitates in
the form of gypsum.

On the basis of the experimental data obtained, a
procedure for continuous extraction of citric acid from
calcium citrate was proposed, together with ways to
raise the concentration of the production acid after the
extraction stage. It was established that citric acid
lowers the rate of phase transformations, which is
particularly noticeable at its contents exceeding 40%.
In this case, the degree of decomposition of calcium
citrate may decrease to 30%, thereby making greater
the loss of the target product.

CONCLUSIONS

(1) In extraction of citric acid, calcium sulfate pre-
cipitates in conformity with the Ostwald rule first as a
metastable crystal hydrate, which is then transformed
into a more stable hydrate form; an excess amount of
sulfuric acid also shifts the process to the region of
joint crystallization of gypsum and the hemihydrate
and markedly impairs the quality of the resulting
crystals.

(2) Citric acid markedly decelerates hydration and
dehydration of calcium sulfate. Gypsum was obtained
in 60% citric acid at 90�C and did not undergo de-
hydration during 90 min of extraction. The lowest
throughput of filtration is characteristic of the region
with citric acid content ranging from 40 to 50%, i.e.,
the zone of joint crystallization of gypsum and calci-
um sulfate hemihydrate, which is confirmed by a
prognosis calculation of the metastable equilibrium
boundaries.

(3) A method for decomposition of calcium citrate
in solution was developed, which makes it possible to
carry out the extraction process itself in a homogene-
ous system. It was established that, at high content of
the acid (>50%), calcium sulfate crystallizes pre-

dominantly in the form of the hemihydrate CaSO4 �
0.5H2O.
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Abstract�Sorption of Ni2+, Cu2+, Mn2+, Fe3+, and Cr3+ from model solutions with natural sorbents (clay,
loam, sandy loam, zeolite) was studied. The optimal conditions of sorption were determined. The effect of pH
and electrolytes on the sorption efficiency was studied.

A study of sorption properties of natural materials
was performed with soil samples (clay, loam, sandy
loam, zeolite) collected near Nizhni Tagil and Revda
towns (Sverdlovsk oblast) in which the environmental
situation is presently very bad. As zeolite sample we
took clinoptilolite of the Kholinsk deposit (Buryatia).
The compositions of aluminosilicates studied were as
follows (SiO2 and Al2O3, wt %): clinoptilolite 65.7
and 11.5; clay 70.1 and 18.2; loam 65.8 and 24.3; and
sandy loam 86.8 and 5.6, respectively. Estimation
of the sorption power of soils would allow prediction
of the danger of groundwater pollution with metals
from sewage percolating through soils and monitoring
of the features of sorption processes in such tech-
nologies as underground and heap leaching [1, 2].

Sorption was studied under static conditions by the
method of separate samples. A sorbent sample (ms, g)
was immersed in 100 ml of a model solution with
a known metal concentration, and the mixture was
agitated with a shaker. The time in which the sorption
equilibrium was attained was determined in pre-
liminary experiments. As a rule, the time of contact of
the sorbent and solution was no more than 30 min.
The required pH was adjusted with 1 N H2SO4 or
0.1 N NaOH. The completeness of metal recovery was
monitored by the standard methods [3]. Sorption of
metal ions was performed with both nonfractionated
and fractionated zeolite. The 0.5�1.5-mm fraction
proved to be optimal.

To choose metal ions that make the major contribu-
tion to the groundwater pollution in the region in
question, we collected information on the quantitative
and qualitative composition of sewage from industrial
plants. The typical pollutants are copper, nickel, man-
ganese, and iron compounds, bichromates, sulfates,

and oil products. A study of leaching of clay, loam,
and sandy loam in various media showed that the
main metal pollutants of the groundwater are Ni2+,
Cu2+, Fe3+, and Cr3+. In our experiments, we used
NiSO4, CuSO4, MnSO4, NH4Fe(SO4)2, KCr(SO4)2,
Na2SO4, Cd(NO3)2, and Al2(SO4)3.

The sorption efficiency was estimated by the proc-
ess time t and degree of metal recovery from the solu-
tion S (%):

S = (Cin � Ceq)�100/Cin,

where Cin and Ceq are the initial and equilibrium
metal concentration, respectively, mg l�1.

The data were treated by standard methods [4].

The sorption efficiency substantially depends on
pH. The effect of pH was studied within the pH range
0.7�8.5. The results are shown in Figs. 1 and 2. In
acidic media (pH < 3.0�3.5), the recovery of all the
metals studied decreases because of the competitive
effect of the acid. At pH > 4.0�4.5, hydrolyzed metal
species are formed, which are well sorbed with the
sorbent (the recovery with zeolite reaches 98�99.5%
and with soils, 65�85%).

Sorption of Ni(II) reaches 98% (pH > 4.0); that of
Cu(II), 99.5% (pH > 5.5); and that of Fe(III), 75%
(pH � 3.0) and more than 90% (pH > 7.5).

Chromium can exist in solution as Cr3+ (in acid
medium), as hydroxo complexes, or as chromate or
bichromate ions [5]; its behavior is rather complex. In
neutral and weakly alkaline media, Cr3+ is hydrolyzed
to chromium(III) hydroxide. The recovery of Cr3+

amounts to 96�97% at pH > 2.9.

The recovery of Mn is affected by the features of
conversion of manganese compounds into MnO2
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(90% recovery is reached in neutral solutions). The
maximum of Cu(II) sorption was 63% on sandy loam,
80�83% on clay and loam, and 87% on zeolite . At
larger amounts of the sorbent, the sorption maximum
shifts to the acid region. The static capacity of clino-
ptilolite (g kg�1) was determined to be 1.71 for Ni(II),
1.59 for Cu(II), 0.61 for Cr(III), 1.95 for Fe(III), and
2.31 for Mn(II).

Let us perform the quantitative treatment of the
experimental data for Cu(II) assuming that copper
sorption with natural sorbents proceeds by the ion-
exchange mechanism. Ion exchange in soils was dis-
covered more than 150 years ago. Now, the sorption
is considered as the main mechanism of interaction of
heavy metals with inorganic components of soils [2].
Heavy metals form with clay minerals both exchange-
able and nonexchangeable species.

The ion-exchange equilibria are often described by
the equations derived from the law of mass action [6]:

log � = A � (Z1 /Z2) log as, (1)

where � is the distribution coefficient of Cu(II) bet-
ween the sorbent and solution [i.e., S/(1 � S), where
S is the degree of Cu(II) recovery from the solution];
Z1 and Z2 are charges of the copper ion and compet-
ing cation, respectively; as is the activity of the com-
peting cation in the solution; and A is the constant
depending on the concentration of electrolyte cations
in the solid phase, exchange constant, and activity
coefficients of the ion being recovered and the com-
peting ion in the solid phase and solution. This equa-
tion is general for all cases of the ion exchange. When
the sorption indeed occurs by ion exchange, the
log ��log As dependence is a straight line with the
slope equal to Z1/Z2, i.e., to the ratio of the real
charges of the exchanging ions.

When the competing ion is hydrogen ion, Eq. (1)
transforms into

log � = B + ZpH, (2)

where Z is the charge of the cation being recovered
and B is the constant similar to constant A for the case
of the presence of hydrogen ions as the only compet-
ing ions in the system.

The pH dependences of copper sorption, shown in
Fig. 2, were treated by Eq. (2), and the Z values ob-
tained are listed in Table 1.

Table 1 shows that the experimental data are de-
scribed by curves with two linear sections and a bend

S, %

Fig. 1. Degree of metal sorption on clinoptilolite as a func-
tion of pH. CM = 50 mg l�1, ms = 10 g, t = 30 min. (S) De-
gree of metal sorption from solution; the same for Fig. 2.
(1) Cr3+, (2) Cu2+, (3) Ni2+, (4) Mn2+, and (5) Fe3+.

S, %

Fig. 2. Degree of Cu2+ sorption on natural sorbents as
a function of pH. CCu = 100 mg l�1, ms = 5 g, t = 30 min.
(1) Zeolite, (2) clay, (3) loam, and (4) sandy loam.

at pH 2.3�2.5. Within the pH range 0.7�2.3, the Z
values are close to 1. In this case, the equivalent ex-
change of Cu2+ with Ca2+, Mg2+, Mn2+, and other
cations can occur. When copper exists as single-
charged complex ions CuCl+, CuOH+, CuHCO3

+, etc.,
the equivalent exchange of these ions with H+ ion is
possible.

Within the pH range 2.5�5.5, the log ��pH depen-
dence remains linear, but in this case the other proc-

Table 1. Angular coefficients Z of Eq. (2) in sorption of
Cu(II)
����������������������������������������

Sorbent
� Z for indicated pH range
�����������������������������
� 0.7�2.3 � 2.5�5.5

����������������������������������������
Zeolite � 0.94 � 0.34
Clay � 0.91 � 0.28
Loam � 0.81 � 0.39
Sandy loam � 0.72 � 0.25

����������������������������������������
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log as

log �

Fig. 3. Coefficients of Cu(II) distribution between clay
and solution as a function of activity of competing salt
cations in sorption. (�) Coefficient of Cu(II) distribution
between clay and solution and (as) activity of competing
cations in the solution. (1) Na2SO4, (2) Cd(NO3)2, and
(3) Al2(SO4)3.

esses are superimposed on the ion-exchange mech-
anism such as hydrolysis of copper and other metals;
the amount of H+ ions in the system decreases, and
copper complex species with the total fractional
charge are formed. The contribution of the chemisorp-
tion to the interaction of copper cation with natural
sorbents also increases.

We also studied the effect of Na2SO4, Cd(NO3)2,
and Al2(SO4)3 on the sorption Cu(II) at pH 2.25�2.31,
when the interaction of Cu2+ with the sorbents fol-
lows the ion-exchange mechanism. The salt concentra-
tion range was 0.005�0.05 M. The experiments
showed that the presence of a competing electrolyte in
the solution decreases the Cu2+ sorption. The experi-
mental data were treated by Eq. (1). The results are

Table 2. Angular coefficients Z1/Z2 of Eq. (1) in sorption
of Cu(II)
����������������������������������������

Sorbent � Salt � Z1/Z2
����������������������������������������
Zeolite � Na2SO4 � 0.53

� Cd(NO3)2 � 0.67
� Al2(SO4)3 � 0.42� �

Clay � Na2SO4 � 0.57
� Cd(NO3)2 � 0.45
� Al2(SO4)3 � 0.66� �

Loam � Na2SO4 � 0.50
� Cd(NO3)2 � 0.65
� Al2(SO4)3 � 1.10� �

Sandy loam � Na2SO4 � 0.44
� Cd(NO3)2 � 0.55
� Al2(SO4)3 � 0.75

����������������������������������������

shown in Fig. 3 and Table 2. The dependences in
Fig. 3 are straight lines, in accordance with assump-
tion on ion-exchange character of interaction of Cu2+

with natural sorbents. As seen, suppression of Cu2+

sorption with cations increases in the order Na+ <
Cd2+ < Al3+. This indicates that the competing effect
of the cations added is the stronger, the higher their
charge and the smaller their radius.

Figure 2 shows that, in the presence of aluminum
sulfate, the exchange between Cu2+ and Al3+ is ap-
proximately equivalent (Z1 : Z2 = 2 : 3) only for clay.
In the other cases, the equivalent exchange was not
observed. In accordance with the law of mass action,
an increase in salt concentration leads to a decrease in
the Cu(II) sorption in the case of ion exchange. When
the electrolyte concentration in the solution increases,
the ions undergo dehydration to a growing extent and,
as a result, the nature of the ions involved in the ion
exchange changes. In the process, the exchange �con-
stant� is variable and depends on the degree of hydra-
tion (it increases with a decrease in the degree of
hydration of ions). Thus, in the case of ion-exchange
type of interaction between copper ion and the sor-
bent, an increase in the ionic strength of the solution,
on the one hand, decreases this interaction because of
competition and, on the other hand, increases interac-
tion because of the corresponding increase in the ex-
change constant as a result of the cation dehydration.
The real result is the sum of both processes. Such
readily interpretable factor as the degree of hydration,
which characterizes the deviation of the system with
ion exchange from the ideal behavior, is used for a
long time to explain the experimental results [7].

Under the experimental conditions (Table 2), the
effect of competition of the electrolyte ions prevails
over the effect their dehydration; as a result, the
dependence

log � = f (log as) (Z1/Z2 � 0.4�0.6).

becomes flatter.

A decrease in the degree of hydration of ions with
an increase in the electrolyte concentration results in
a change in the order of sorbability, which is reflected
in the Z1/Z2 value (Table 2). As the sorption condi-
tions, e.g., acidity or sorbent mass, are varied, the
features of the ion-exchange interaction (i.e., the ratio
of charges of exchanging species Z1/Z2) change, and
under definite conditions Z1/Z2 reaches the theoretical
value. Thus, equations derived from the law of mass
action are valid for ion-exchange sorption of Cu(II)
with natural sorbents.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 9 2003

SORPTION PROPERTIES OF NATURAL ALUMINOSILICATES 1417

CONCLUSIONS

(1) Optimal conditions of sorption of Ni(II),
Cu(II), Mn(II), Fe(III), and Cr(III) on clinoptilolite
(95�99% recovery), and Cu(II) compounds on soils
(sandy loam, loam, and clay; 77�96% recovery) were
found.

(2) The equations derived from the law of mass
action well describe the dependence of Cu(II) distribu-
tion between the sorbent and solution on the concen-
tration of competing components (acid, salt).
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Abstract�Adsorption of zinc acetate on the surface of activated carbons modified with acetic acid was
studied as a function of the process temperature, initial concentration of the salt, and pH of the initial solution.

Studies of adsorption of zinc acetate from aqueous
solutions on the surface of HNO3-treated activated
carbons under conditions of solution circulation with a
linear velocity of 12�15 cm s�1 through a fluidized
bed of the support showed that the adsorption process
in the dynamic mode substantially differs from that
in the static mode [1, 2]. The dependences of the
amount of adsorbed zinc acetate on the process tem-
perature and velocity of solution circulation pass
through extrema. The sorption catalysts obtained
[2, 3] demonstrated high activity in the synthesis of
vinyl acetate [4, 5]. The activity and stability in time
of the catalysts prepared in the extreme mode of re-
peated cyclic changes of the synthesis temperature
(175�205�230�C) [4] exceeded the parameters of
the commercial catalyst produced by Montecatini
Company (MAVC) [4].

The study of other methods of modification of
activated carbons (AC) showed that oxidation with
hydrogen peroxide and treatment with dilute acetic
acid at elevated temperatures give similar results. The
technological simplicity of the latter method makes it
attractive for commercial production of catalysts of
vinyl acetate synthesis.

EXPERIMENTAL

Activated carbon (AGN-2) taken as 1�3-mm par-
ticles was dried at 260�280�C and treated with 2�
3 wt % acetic acid at the solution to activated carbon
volume ratio of 3 : 1. The solution was continuously
fed through an AC layer in the reactor for 120 min by
a circulation pump at a velocity V = 6�7 cm s�1 at
60�5�C. Then, carbon was filtered and heated at
90�95�C for 2 h. The AGN-2 parameters before and
after treatment are listed in Table 1.

The catalyst was prepared under conditions of cir-
culation of the zinc acetate solution in alternating
directions (from top to bottom and vice versa) and at
various solution flow velocities (within the 12�
31 cm s�1 range). 12 cm3 of carbon was weighed on
an analytical balance and placed in a reactor. The
reactor was a glass tube with filters from both sides to
restrict displacement of the carbon. Then, the zinc ace-
tate solution was circulated through a mobile carbon
bed using circulation pump. The velocity of the solu-
tion flow through the reactor was monitored with a
rheometer. The variation of the concentration in time
was determined by a differential interferometric meth-
od. The measurement error was 5%. The best results
were obtained at V = 15 cm s�1 as in [2, 4]. The cata-
lyst was prepared at 25�85�C.

The specific surface area and the volume and distri-
bution of pores of the supports and catalysts were
determined from the adsorption isotherms of vapors of
C6H6, CH3COOH (25�C), and liquid nitrogen (78 K)
at the initial pressure of 10�5

�10�6 mm Hg. Adsorp-
tion was performed by the method described in [6].
The specific surface area was calculated by the BET

Table 1. Parameters of the pore structure of AGN-2
(AGN-3) activated carbon before and after treatment with
acetic acid
����������������������������������������

Methods of � V
�
� Vmacro�Vmeso� Vmicro � Ssp for

�����������������������AGN-2
� cm3 g�1 �

C6H6,
treatment � � m2 g�1

����������������������������������������
Initial �0.630� 0.275 �0.040� 0.315 � 870.5
After treatment�0.638� 0.281 �0.049� 0.308 � 868.7
with acetic acid� � � � �
����������������������������������������
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method. The differential curves of pore size distribu-
tion were calculated from the data of adsorption of
CH3COOH vapor by the Kelvin�Kiselev equation [7].

The catalyst activity was determined in a flow
reactor (for details, see [4, 8]) at 175, 205, and 230�C
at a constant space velocity of the C2H2 + CH3COOH
+ N2 mixture (volume ratio C2H2 : CH3COOH : N2 =
4 : 1 : 1) of 4.2 h�1.

The comparison of the characteristics of the initial
activated carbon AGN-2 and that treated with acetic
acid (Table 1, Fig. 1) shows that the pore structure of
AC weakly changes after the treatment. The meso-
pores are somewhat widened, and their volume slight-
ly increases (in Fig. 1, the peak heights and areas in-
crease, and a third peak appears).

The shape of the adsorption kinetics curves at the
initial concentration c0 = 13.5 wt % and temperatures
of 25 and 50�C (Fig. 2a, curves 1, 2) indicates that
the adsorption process is complex, including mono-
molecular and polymolecular adsorption. An abrupt
increase in the concentration of the adsorbed salt, fol-
lowed by a new plateau, is observed in all the kinetic
curves of Zn(OAc)2 adsorption from aqueous solu-
tions at c0 = 13.5 wt % and 25�50�C after 80�90 min.
Interaction of carbon with water is weak [in aqueous
solutions of Zn(OAc)2], since carbon is hydrophobic.
This fact complicates penetration of the hydrated
Zn(OAc)2 molecules from aqueous solution into the
carbon interlayer space, the more so as the size of
Zn(OAc)2 molecules and particularly of their as-
sociates is relatively large for micro- and supermicro-
pores. With time, the surface is gradually coated with
a monolayer of zinc acetate associates. After forma-
tion of such a layer, the adsorption accelerates (after
80�90 min), and polymolecular adsorption occurs
with formation of several layers of the active com-
ponent as a result of intermolecular interactions. This
hypothesis accounts for the most important character-
istics of both types of curves of Zn(OAc)2 (Fig. 2)
and acetic acid adsorption on activated carbons.

It should be noted that, at a higher zinc acetate
concentration (19.6 wt %) and 25�50�C (Fig. 2b,
curves 1, 2), no inflection was observed. The adsorp-
tion reaches a plateau within 60 min, and the plateau
lies substantially higher than for the concentration of
13.5 wt %. At higher salt concentrations, the steps
of monomolecular and polymolecular adsorption
coalesce. At 75�C (Figs. 2a, 2b, curves 3), maxima
appear in the kinetic curves, probably due to the fact
that the rapidly sorbed species of zinc acetate (asso-
ciates, colloidal particles) increase the concentration
of the adsorbed salt above the equilibrium concentra-

log R [�]

log (�V/�R) [ml g�1 ��1]

Fig. 1. Differential curves of pore volume distribution in
size, log (�V/�R) vs. log R, for activated carbon AGN-2,
plotted from the isotherms of benzene vapor adsorption:
(1) before treatment and (2) after treatment with 10%
CH3COOH.

(a)a, mmol g�1

�, min
(b)a, mmol g�1

�, min
Fig. 2. Variation with time � of zinc acetate adsorption a
from aqueous solutions with CH3COOH-treated AC at V =
15 cm s�1. T (�C): (1) 25, (2) 50, and (3) 75; (4) initial
AGN-2. Initial concentration of zinc acetate c0 (%):
(a) 13.5 and (b) 19.6.

tion. With time, these species again pass into the solu-
tion, and the adsorption equilibrium is attained.

The comparison of the kinetic curves of zinc ace-
tate adsorption at 50�C and salt concentration in the
solution of 19.6 and 13.5 wt % on activated carbons
treated with acetic acid and untreated shows that ad-
sorption in 60 min on treated carbons is substantially
(by a factor of 2.5) greater (Fig. 2b, curves 2, 4), and
the total amount of the adsorbed salt is two times
greater (in 2 h at c0 = 19.6 wt %).

Within the 25�85�C temperature range, the tem-
perature dependence of the amount of the salt ad-
sorbed on carbons treated with acetic acid passes
through a pronounced maximum (Fig. 3). The amount
of the acetate adsorbed reaches a maximum at 50�C.
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a, mmol g�1

T, �C
Fig. 3. Adsorption of Zn(OAc)2 a from aqueous solutions
on activated carbons treated with acetic acid as a function
of temperature of catalyst application T. c0 = 19.6 wt %,
V = 15 cm s�1. � (min): (1) 30, (2) 120, and (3) 210.

a, mmol g�1

V, cm s�1

Fig. 4. Limiting adsorption capacity of Zn(OAc)2 a on
AGN-2 activated carbon treated with acetic acid as a func-
tion of velocity of solution circulation V. T = 50�C, c0 =
19.6 wt %, pHinit 5.6, adsorption time 240 min.

a, mmol g�1

ceq, M

Fig. 5. Isotherms of Zn(OAc)2 adsorption a on AGN-2 ac-
tivated carbon treated with acetic acid. (ceq) Salt equi-
librium concentration. T = 50�C, c0 = 19.6 wt %, V =
15 cm s�1. pHinit: (1) 5.6, (2) 3.3, (3) 8.7, and (4) 13.

a, mmol g�1

ceq, M

Fig. 6. Isotherm of acetic acid adsorption a on AGN-2 ac-
tivated carbon at 50�C. (ceq) Acetic acid equilibrium con-
centration; the same for Fig. 8.

Similar temperature dependences were observed pre-
viously for zinc acetate adsorption on the AC surface
treated with nitric acid [2, 5] and for mercury chloride
adsorption on AC [6, 9]. The dependence of the limit-
ing adsorption capacity for zinc acetate on the velocity
of the salt solution circulation also passes through
a maximum (Fig. 4), which is attained at the velocity
of 15 cm s�1. This velocity was used when studying
the temperature (Figs. 1, 3) and pH (Fig. 5) depen-
dences of adsorption. All the isotherms of zinc acetate
adsorption within the pH range 2.9�13 correspond to
the Langmuir type (Fig. 5). Unexpectedly, the pH
dependence of the adsorption capacity passes through
a maximum (amax at pH 5.6).

The study of the adsorption of acetic acid at 50�C
showed (Fig. 6) that the adsorption capacity for the
acid exceeds by a factor 2�3 the maximal capacity for
zinc acetate (Fig. 6). Since a substantial part of acetic
acid, apparently, exists on the AC surface at the tem-
perature of catalyst drying (90�95�C) in the adsorbed
state, the maximum in the pH dependence of the
limiting capacity for Zn(OAc)2 can be explained
by preferred adsorption of neutral salt species or as-
sociates with formation of the surface complexes
H[Zn(OAc)3]. Adsorption of such complexes at pH
2.9 (additions of acetic acid) is lower, while increase
in the pH above 8 eliminates the adsorbed acid from
the AC surface, which also decreases the limiting
capacity for zinc acetate. The salt species that are hy-
drolyzed at pH > 8 are neutralized by the desorbed
acetic acid:

AcOHads + [Zn(OAc)(OH)] �
� Zn(OAc)2 + H2O. (1)

Therefore, pH of the solution (in the range of pH >
8) does not change in the course of adsorption. Ad-
sorption of neutral Zn(OAc)2 species at pH < 5 also
does not change pH of the solution in time.

Adsorption of the neutral species is not probably
single adsorption process. The maximum in the tem-
perature dependence suggests the occurrence of the
endothermic processes (decomposition of associates,
ion exchange with surface acidic groups) increasing
the adsorption capacity within the 25�50�C tempera-
ture range. Within this temperature range, the con-
tribution of hydrolysis also increases [formation of
Zn(OAc)(OH) and the other species]. Probably, the
constancy of pH during adsorption is explained by
adsorption of hydrolyzed species at simultaneous
binding of acetic acid with the AC surface, i.e., by
reaction (1).

Within the 25�75�C temperature range, the tem-
perature dependence of the specific surface area Ssp
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Table 2. Parameters of catalysts supported on CH3COOH-treated AGN-2 activated carbon found from adsorption of
acetic acid vapor
������������������������������������������������������������������������������������

Catalyst

�

T,

�
Amount of

� Porosity** �
Ssp, m2 g�1,

�
� = �VA/(l h)� � �������������������������������������� �

�
�C

� adsorbed salt,* � W0
� � W0

1 � W0
2 � B1	106 � B2	106 � for acetic � (activity)

� � �������������������������������������� �
� �

mmol g�1

� cm3 g�1 �
acid

�
at 230�C

������������������������������������������������������������������������������������
U0 � 50 � 0.078 � 0.425 � 0.284 � 0.141 � 3.134 � 6.493 � 327.5 � 62.4
U1 � 25 � 0.647 � 0.154 � 0.083 � 0.071 � 1.460 � 7.76 � 66.2 � 93.6
U2 � 50 � 1.235 � 0.206 � 0.110 � 0.096 � 2.603 � 6.65 � 168.1 � 163.3
U3 � 75 � 0.135 � 0.157 � 0.095 � 0.062 � 1.986 � 8.67 � 74.37 � 107.6
U4 � 85 � 0.105 � 0.105 � 0.060 � 0.045 � 1.043 � 9.05 � 52.8 � 72.8

������������������������������������������������������������������������������������
* Amounts of adsorbed salt at the initial concentration of 19.6 wt% and adsorption time of 4.5 h are presented. U0 is the catalyst

prepared by supporting Zn(OAc)2 aqueous solution on the initial AGN-2 AC.
** Parameters of the Dubinin�Radushkevich equation.

has a maximum at 50�C (Fig. 7); upon adsorption,
Ssp of AGN-2 decreases from 900 to 168 m2 g�1.

It should be noted that the pretreatment of the sup-
port with acetic acid is the main factor determining
the amount of the adsorbed salt and the surface area;
the presence of the acid is important specifically in the
instant of adsorption. Under optimal temperature con-
ditions of salt application (50�C) and pH 5�6, both
the specific surface area of the catalyst and its activity
in the vinyl acetate synthesis are maximal (Table 2)
and substantially exceed these parameters for the sup-
port untreated with the acid. It follows from Table 2
that the total volume of the catalyst pores W� and
Ssp (Fig. 7) pass through a maximum at 50�C; in spite
of a large amount of the salt adsorbed, this indicates
more uniform distribution of the salt under these con-
ditions, providing very large specific surface area of
the catalyst.

As seen from Fig. 8, at the Zn(OAc)2 equilibrium
concentration ceq < 0.45 M, all the adsorption iso-
therms are of the Langmuir type, i.e., the equilibrium
adsorption is formation of a monolayer. With increas-
ing ceq, the adsorption passes through a maximum,
and the adsorption isotherms acquire a previously
unknown shape.

At ceq < 0.4 M, the adsorption isotherms are de-
scribed by the equation

a
�

bi ceq
a = �������, (2)

1 + biceq

where a	 is maximal content of Zn(OAc)2 in the AC
unit weight after impregnation (mmol g�1); a, adsorp-
tion (mmol g�1); ceq, equilibrium concentration of

the salt in the solution (M); and bi, adsorption con-
stant.

The bi values are 2.18� 10�3, 6.40� 10�3, and
1.85� 10�3 at 25, 50, and 75�C, respectively, having
a maximum at 50�C.

Ssp, m2 g�1

Ssp of AC

T, �C

Fig. 7. Specific surface area Ssp of the catalyst as a func-
tion of the temperature of Zn(OAc)2 application T from
aqueous solutions on AGN-2 activated carbon treated with
acetic acid.

a, mmol g�1

ceq, M

Fig. 8. Isotherm of Zn(OAc)2 adsorption from aqueous
solutions on AGN-2 activated carbon treated with acetic
acid. Application temperature (�C): (1) 25, (2) 50, and
(3) 75.
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CONCLUSIONS

1. The study of the adsorption power of CH3COOH-
treated AC with respect to zinc acetate showed that
the amount of the adsorbed salt, specific surface area,
and catalytic activity in the synthesis of vinyl acetate
pass through maxima at the temperature of zinc ace-
tate application of 50�C.

2. The adsorption capacity of CH3COOH-treated
AC at 50�C passes through a maximum at pH 5�6.

3. The adsorption isotherms of zinc acetate on AC
treated with acetic acid do not follow the Langmuir
law.
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Abstract�The features of anthracite oxidation as influenced by temperature and time were determined.
Physicochemical and sorption characteristics of the resulting cation exchanger were studied.

Many sorts of natural coals, similar to activated
coals, exhibit cation-exchange characteristics, which
can be enhanced by oxidative and thermal treatment
[1�4]. Oxidation of ordinary activated coals at heating
to 400�450�C in air yields so-called oxidized coals
[1, 5] having a pronounced capability for selective ion
exchange owing to the presence of surface acidic
groups substituting metal cations for hydrogen ions.
They are also capable to form surface complexes with
metal ions and are catalytically active in some reac-
tions. These characteristics can be efficiently used for
thorough purification of process solutions, selective
recovery and concentration of impurities [6], and
production of high-purity substances.

It was of interest to study the possibility of produc-
tion of cation exchangers based on anthracite, cheap
natural coal with inexhaustible resources, high content
of carbon, and low ash content.

The goal of this work was to determine the opti-
mum temperature�time conditions of anthracite oxida-
tion and to study physicochemical and sorption char-
acteristics of the resulting cation exchanger.

Experiments were performed with anthracite of
the A type,1 crushed to particles with the size of 0.5�
3.0 mm.

Initially anthracite was activated with steam at
850�C to the burn-out of 20, 40, and 60%. The result-
ing samples were oxidized in humid air at 270, 320,
and 370�C to 20�30% burn-out. To estimate the effi-
ciency of oxidation of activated anthracite, the initial
(fossil) coal was also subjected to oxidation.

During oxidation, the burn-out was determined at
certain time intervals, and the static exchange capacity
(SEC) was determined.
������������
1 Donetsk coal field (Sverdlovsk, Lugansk oblast).

In some cases, we measured pH values of oxidized
samples and the volume of sorption pores with respect
to benzene and methanol [7], studied the sorption
activity with respect to iodine and methylene blue
(MB), measured the specific surface area Ssp with
respect to argon, and analyzed oxygen-containing
groups by titration with bases of various strength
(Boehm method) [8]. According to this method, the
total content of oxygen-containing carboxy and phen-
olic groups was determined from sorption of 0.1 N
NaOH solution, the content of weakly and strongly
acidic groups, from sorption of 0.1 N Na2CO3 solu-
tion, and the content of strongly acidic carboxy
groups, from sorption of 0.1 N NaHCO3 solution. The
content of phenolic and weakly acidic carboxy groups
was determined from the corresponding difference in
the SEC values.

It is well known [3] that the exchange capacity of a
carbon cation exchanger is affected by the chemical
nature of the raw material, its porosity, and specific
surface area, i.e., by factors governing the accessibil-
ity of reaction centers at which ionogenic groups
are formed. Coals and, in particular, anthracite are
peculiar natural compounds with undeveloped poros-
ity. The specific surface area of fossil anthracite is
small (0.7�1.0 m2 g�1); therefore, it is preactivated to
develop the porous system and uncover new active
centers accessible for atmospheric oxygen. In turn,
owing to formation of various acidic groups contain-
ing coordination-unsaturated oxygen atoms and
bonded to the system of conjugated bonds at the sur-
face of oxidized carbons, the subsequent reactions of
carbons with some metal cations involve not only
exchange of hydrogen ions for cations but also forma-
tion of more or less stable surface complexes in which
functional groups of carbons serve as ligands.
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SEC, mg-equiv g�1

SEC, mg-equiv g�1

(a) (b)

(c) (d)

t, h t, h
Fig. 1. Kinetic curves of variation of SEC during oxidation
of the (a) the initial sample of anthracite and samples preac-
tivated to burn-ou of (b) 20, (c) 40, and (d) 60%. (t) Time.
Oxidation temperature, �C: (1) 270, (2) 320, and (3) 370.

SEC, mg-equiv g�1

SEC, mg-equiv g�1

SEC, mg-equiv g�1

(a)

(b)

(c)

�, %
Fig. 2. SEC as a function of burn-out � in oxidation of
the (1) initial sample of anthracite and samples preactivated
to the burn-out of (2) 20, (3) 40, and (4) 60%. Oxidation
temperature, �C: (1) 270, (2) 320, and (3) 370.

A kinetic study of SEC growth with heating is im-
portant for understanding the course of anthracite oxi-
dation, in particular, for determining the optimal tem-
perature interval of stability of oxygen-containing
groups participating in cation-exchange processes.

The kinetic curves shown in Figs. 1a�1d indicate
that the rate of accumulation of functional groups in
all the considered cases increases with heating. Thus,
the degree of oxidation characterized by SEC equal to
1.0 mg-equiv g�1 is attained in several tens hours at
270�C, in 6�8 h at 320�C, and in 2�4 h at 370�C.
Preactivation exerts no significant effect on the shape
of the kinetic curves: they are linear in the initial por-
tion, with subsequent tendency to saturation. For the
initial anthracite, the curves are concave, which is
caused by inefficient oxidation in the initial portion of
the curve, evidently owing to low development of the
surface. For the samples of anthracite preactivated to
20�60% burn-out, the reached values of SEC are
close to each other. In oxidation of the initial anthra-
cite, the SEC is considerably lower; in this case, the
material expands.

Figures 2a�2c show that formation of protonogenic
groups at the surface of anthracites in their oxidation
is accompanied by different weight loss (burn-out)
depending on the treatment temperature. At 270�C,
the samples of preactivated anthracite are character-
izad by abrupt increase in SEC, whereas for the initial
anthracite accumulation of SEC is decelerated and the
reached values of burn-out are considerably lower. At
higher oxidation temperature, the difference between
the initial and activated samples becomes more pro-
nounced. The higher the burn-out in activation, the
higher the reached values of SEC at similar burn-out
values.

It is also seen from Fig. 2 that the range 270�
320�C is optimal for oxidation of activated anthracite.
Apparently, at higher temperatures, burning of carbon
is intensified and, correspondingly, the fraction of sur-
face functional groups decreases.

As subjects for sorption studies, we took the sam-
ples of activated and oxidized anthracites whose char-
acteristics are listed in the table.

The characteristics of the sorbing materials were
estimated by sorption of Cu2+, Pb2+, Cd2+, Zn2+,
Cr2+, Co2+, Mn2+, Fe3+, and Ni2+ ions from the
Ringer solution containing NaCl 9.0, KCl 0.42, CaCl2
0.24, and NaHCO3 0.15 g l�1 as a salt background.
The sorption tests were carried out at pH 4 under
static conditions at the ratio solid : liquid = 1 : 100
and contact time of no less than 6 h at continuous
stirring. The concentration of ions in the model solu-
tion simulating a multicomponent system containing
Ca2+ ions before and after attainment of the sorption
equilibrium was determined by the standard procedure
on an S-115M-1 atomic absorption spectrophotometer.
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Knowing the filtrate concentration before (c0) and
after (cs) sorption, the weighed portion of the sorbent
m, and the volume of the sample solution V, we eval-
uated the sorption A and the distribution coefficient
Kd of metal ions by the formulas

A = (c0 � cs)V/m, Kd = A /cs �100.

The sorption isotherms presented in Fig. 3 show
that the samples of oxidized anthracite have, as ex-
pected, a higher ability to sorb ions of heavy metals
than the initial activated analogs.

The sorption efficiency in each case was evaluated
by comparison of the Kd values for activated and
oxidized samples under standard conditions: ceq =
1 mg l�1 and ceq = MPC (maximum permissible con-
centration) of the studied cations (Fig. 4). According
to GOST (State Standard) 2874�82, the MPC values
in drinking water are as follows: Cu2+ 1.0, Pb2+ 0.03,
Zn2+ 5.0, Cr3+ 0.05, Mn2+ 0.1, Fe3+ 0.3, Co2+ 0.1,
Ni2+ 0.1, and Cd2+ 0.001 mg l�1. With respect to the
sorbability, the cations can be ranked in the following
order: for activated anthracite at ceq = 1 mg l�1, Fe3+ >

Cu2+ > Pb2+
� Cd2+ > Mn2+ > Ni2+ > Zn2+ > Cr3+ >

Co2+; at ceq = MPC, Fe3+ > Cd2+ > Cu2+ > Pb2+ >

Mn2+ > Ni2+ > Co2+ > Zn2+ > Cr3+; for oxidized
anthracite at ceq = 1 mg l�1, Cu2+ = Pb2+ > Fe3+ >
Cd2+ > Mn2+ > Ni2+ > Co2+ > Zn2+ > Cr3+, and at
ceq = MPC, Cd2+ > Pb2+ > Fe3+ = Cu2+ > Mn2+ >

Ni2+ > Co2+ > Zn2+ > Cr3+.

The diagram of the Kd values (Fig. 4) shows that
the maximal sorption selectivity is observed for
Cu2+, Pb2+, and Cd2+ cations. In this case, the sorp-
tion power of oxidized samples increases in sorption
of Cu2+ by a factor of 3.5, Cd2+, by a factor of 6,
and Pb2+, by a factor of 18. For the other cations,
Kd increases by a factor of 2�3. This activity series of
the ions makes especially promising the use of anthra-
cite cation exchanger for purification of water to re-
move toxic heavy metals and also for recovery of
microimpurities of Zn2+, Cr3+, Co2+, Mn2+, and Ni2+

ions in conditioning of process solutions.

CONCLUSION

(1) The efficiency of oxidation of anthracite with
humid air and the resulting values of static exchange
capacity are governed by temperature conditions of
the process and also the degree of preactivation of
anthracite. The optimal temperature range to attain

Physicochemical and porosimetric characteristics of
carbons used in sorption studies
����������������������������������������

Characteristic
� Anthracite
�����������������
� activated � oxidized

����������������������������������������
Bulk density, g cm�3 � 0.50 � 0.42
pH � 8.98 � 3.53
Burn-out,* % � 62 � 68.4
SEC, mg-equiv g�1: � �

HCl � 0.6 � 0
NaOH � � � 1.5

Content of oxygen-containing � �
groups, mg-equiv g�1: � �

strongly acidic carboxy � � � 0.8
weakly acidic carboxy � � � 0.1
phenolic � � � 0.6

Ws, cm3 g�1: � �
with respect to C6H6 � 0.35 � 0.39
with respect to CH3OH � 0.35 � 0.39

Sorption of I2, % � 75 � 61
Sorption of MB, mg g�1 � 100 � 112
Ssp with respect to argon, m2 g�1 � 842 � 930
����������������������������������������
* The values of burn-out are given considering activation of

the initial raw materials.

A, mg g�1

A, mg g�1

A, mg g�1

(a)

(d)

(g)

(b)

(e)

(h)

(c)

(f)

(i)

ceq, mg l�1 ceq, mg l�1 ceq, mg l�1

Fig. 3. Isotherms of sorption of metal ions from Ringer
solution at pH 4 on (1) anthracite samples oxidized at 270�C
and (2) activated sample. (A) Sorption of metal ions and
(ceq) equilibrium concentration. (a) Cd2+, (b) Pb2+, (c) Cr3+,
(d) Ni2+, (e) Co2+, (f) Mn2+, (g) Fe3+, (h) Cu2+, and
(i) Zn2+.
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Kd, ml g�1

Kd, ml g�1

(a)

(b)

Fig. 4. Diagram of distribution coefficients Kd for the
samples of (1) activated and (2) oxidized at 270�C anthra-
cite at (a) ceq = 1 mg l�1 and (b) ceq = MPC.

the maximal static exchange capacity is 270�320�C at
40�60% burn-out of preactivated samples.

(2) Sorption studies showed that oxidation of ac-
tivated anthracite increases the volume of sorption
pores, specific surface area, and, as a consequence,
sorption activity with respect to tested substances. In
addition, oxidized anthracite is an effective carboxylic
cation exchanger with respect to multicharged metal
ions.

(3) The series of activity of Cu2+, Pb2+, Cd2+,
Zn2+, Cr3+, Co2+, Mn2+, Fe3+, and Ni2+ ions in sorp-
tion with activated and oxidized anthracite samples
under standard conditions (ceq = 1 mg l�1 and ceq =
MPC) were established. Fairly high selectivity of
sorption of Cu2+, Pb2+, and Cd2+ ions with oxidized
anthracite from multicomponent salt solution was
revealed.
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Abstract�The review summarizes data on the present state of organization of collection and processing of
lead battery scrap, the most important variety of lead-bearing secondary raw materials. Hydrometallurgical
procedures ensuring recovery and refining of lead with the highest environmental safety are considered in
detail. The review is based on publications of 1997�2002.

In the last decade, much attention has been given to
collection and processing of lead-bearing secondary
raw materials, and in the first place to utilization of
spent lead batteries. This problem is becoming in-
creasingly important in economical and environmental
regard from year to year [1]. At present, lead batteries
are the most widely used secondary chemical power
source. These batteries include starter (used for elec-
tric start of combustion engines), traction (feeding
electric motors of vehicles), and stationary (used in
radioelectronic devices and as emergency power
sources) batteries. There is no serious alternative to
lead batteries in transportation. The rise in manufac-
ture of electromobiles also leads to increasing demand
for batteries [2].

According to the International Lead and Zinc Study
Group (ILZSG), the main amount of consumed lead is
expended for manufacture of lead batteries (%): 72.1
in 1997, 74.2 in 1998, and 74.9 in 1999 [3]. It should
be noted for comparison that only 45% of lead was
expended for manufacture of lead batteries in 1973
[4]. A considerable amount of lead was spent at that
time for production of tetraethyllead (antiknock addi-
tive to motor fuel) [5]. Beginning in 1996, tetraethyl-
lead has not been used in any of foreign countries [6].

At present, world’s annual output of lead exceeds
6 million tons: 5999 thousand tons in 1998, 6277
thousand tons in 1999, and 6532 thousand tons in
2000 [3]. The monograph [7] gives somewhat smaller
figures for the manufacture of refined lead: 5634
thousand tons in 1998 and 5620 thousand tons in
1999. Globally, the fraction of lead produced from
secondary raw materials is no less than 55%, being as
high as 85�100% in some countries. For reference,

not so long ago, in 1986, the manufacture of refined
lead from ore exceeded its production from secondary
raw materials: the total output was 4009 thousand
tons, amount produced from primary raw material was
2179 thousand tons, and that from secondary raw ma-
terials, 1830 thousand tons [7]. According to Besser’s
data [3], 88% of lead manufactured in Russia in 2000
was obtained by processing secondary raw materials
(battery scrap, cable sheaths, wastes from battery
plants). The main and the most difficultly processed
kind of lead-bearing secondary raw materials is bat-
tery scrap. The average service life of lead batteries is,
depending on the battery purpose and working condi-
tions, 3�5 years, and the extent of recovery of the
metal from these batteries is determined by processing
technology, occasionally being very high.

Despite that Russia occupies the fourth place in the
world as regards its total lead resources (after the
United States, Australia, and Kazakhstan), the quality
of Russia’s deposits is, on the whole, inferior to that
in foreign countries [7]. Under present-day conditions,
gross investment in the development of the ore base
of Russia’s lead industry is hardly expectable. Only
one third of the exhausted resources of lead is re-
produced [8]. In 2001, the manufacture of lead in
the form of concentrates was 31.5% of the level of
1990 [7].

Metallurgical plants for ore processing, which re-
mained in the territory of Russia after the geopolitical
changes of 1991, Elektrotsink Joint-Stock Company
(Vladikavkaz) and Dal’polimetall Joint-Stock Com-
pany (Primorskii krai), are equipped with outdated
apparatus and do not undergo any reconstruction.
Lead is manufactured at the Elektrotsink plant by the
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classical scheme of blast smelting, with stock ag-
glomeration done by an imperfect method. The smelt-
ing of lead at the Dal’polimetall combine is done with
the use of reactive furnace smelting [7].

All over the world, measures are taken for organiz-
ing efficient collection of batteries and improving
the flowsheet of their utilization. It should be con-
stantly kept in mind that, being economically impor-
tant, these problems are of profound environmental
significance. As regards its impact on living bodies,
lead belongs to highly toxic substances, which re-
quires that batteries should be collected to the maxi-
mum possible extent [9�14]. In addition to lead, bat-
tery scrap contains such toxic substances as antimony
and sulfuric acid electrolyte. Spent lead batteries are
an important source of environmental pollution with
lead in our country [12]. According to expert esti-
mates, dumps, transport yards, and other places all
over the territory of Russia contain up to 1 million
tons of lead in battery scrap [10], with this figure in-
creasing by 50�60 thousand tons annually. According
to other estimates [15], the amount of battery scrap
may increase, at the existing state of battery collection
and processing, by 150�200 thousand tons every year.
Absolutely unacceptable are storage of spent batteries
in garages and their removal to dumps, irrespective
of the type of wastes to be stored there.

Already in 1998, the developed countries achieved
a high level of battery scrap collection (%): UK more
than 90, Germany 95, Italy 85, US up to 98, France
�90, Sweden nearly 100, and Japan �90 [15, 16]. An
important role in utilization of lead batteries is played
by international and national regulations in this field,
effective system for scrap collection and processing,
environmental consciousness of citizens, and under-
standing of the importance of the problem at all levels
of the society. In the United States, utilization of bat-
teries is stimulated and supported by the federal
administration [17], an infrastructure is created for
collection and utilization of batteries, and all battery
components find new application. At the same time,
there is no system for collection and utilization of
spent batteries in Russia, including its central regions,
and the efficiency of the existing procedures is poor
[18]. Vasin [19] studied the present state of the system
for collection of spent batteries in the Moscow region
and made an attempt to assess the damage inflicted
on the nature by unprocessed batteries.

The Russia’s system for processing of nonferrous
scrap metals is affected by shortcomings of licensing
of this kind of activities [20]. According to the avail-
able estimates, up to 70% of the turnover of nonfer-

rous scrap metal and wastes is illegal [21]. One of
manifestations of the illegal turnover of scrap and
waste are illegal plants. During the years in which
Russia has been passing to market economy, small
plants appeared which smelt various metals from
scrap and waste using low-level technology, without
due systems for gas purification and appropriate regu-
lations of storage and disposal of wastes. The products
manufactured at plants of this kind have extremely
poor quality, but their cost is lower than that at
licensed plants with higher-level technology. All these
factors largely refer to processing of lead-bearing sec-
ondary raw materials.

The lead branch of the nonferrous metallurgy in
Russia should be based, in the first place, on utiliza-
tion of secondary raw materials, have regional struc-
ture, and use environmentally safe technologies.

The presently existing flowsheets for processing of
lead batteries were analyzed in [15, 22�27]. All the
processing plants in the developed countries deal with
spent batteries with undischarged electrolyte, in con-
formity with the existing regulations. The system for
collection and transportation of such batteries does not
assume any intermediate yards or areas for their open-
ing and crushing. Discharge and utilization of the elec-
trolyte, and other operations, are carried out directly at
the plants processing the battery scrap. Unfortunately,
the regulations operative in Russia make it possible to
receive all kinds of lead batteries �..with discharged
electrolyte.� Thus, utilization of a toxic electrolyte
containing suspended lead oxides and sulfides, which
belong to substances of the first degree of hazard, is
not subject to any regulations [3].

Two fundamentally different technologies are used
in processing of lead battery scrap. The first of these
includes preliminary treatment of the battery scrap:
crushing and separation of organic components (ebo-
nite, polypropylene, polyethylene, polyvinyl chloride)
from lead-containing fractions, oxysulfate and metal-
lic. The last two fractions are processed using various
techniques to give the corresponding commercial
products.

The second technology consists in smelting of a
stock composed of unprocessed batteries with re-
moved electrolyte, fluxes, and fuel. This process
yields lead bullion, which should be refined. The
organic components burn out, and sulfur passes partly
into matte and partly into the gas phase. Chlorine con-
tained in polyvinyl chloride reacts with lead to give
lead chloride passing into dust, which requires further
processing to recover lead. The process is mainly
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carried out in blast furnaces. Irrespective of a tech-
nology adopted, plants usually perform the whole set
of procedures for scrap processing, from separation of
electrolyte and its processing to manufacture of lead,
its alloys, and some intermediates. Each of the two
technologies has its own advantages and disadvant-
ages. According to a review [15], no more than 10�
15% of the world’s manufacture of secondary lead
from spent batteries was accounted for by smelting
of unprocessed lead battery scrap in blast furnaces
by 1998.

In view of the existing tendency toward use of
chlorine-free separators, the amount of dusts obtained
in blast furnaces will decrease. Replacing ebonite with
other materials in fabricating battery cases makes
lower the total content of sulfur in the battery scrap,
diminishes the amount of the forming mattes, and de-
creases the content of sulfur in the gas phase. Despite
these positive tendencies, construction of blast fur-
naces and gas-purification systems requires gross in-
vestment, necessitates processing of the forming inter-
mediate products (dusts and mattes), leads to forma-
tion of lead bullion with high content of antimony,
and contradicts the present-day conservation trends. In
1997�1998, a German company Warta assembled
a blast furnace for processing of lead-bearing sec-
ondary raw materials at Kursk battery plant [28].
Unfortunately, it was impossible to find in the litera-
ture any data concerning the results obtained with this
installation. In the author’s opinion, lead battery scrap
is a specific kind of secondary raw materials, whose
processing must differ significantly in equipment-
related and technological regard from that of any type
of lead-containing ores. From the standpoint of en-
vironment protection and investment in construction
of regional plants for utilization of lead batteries, it is
hardly advisable to employ technologies that involve
smelting of unprocessed battery scrap in blast fur-
naces. In view of the present-day situation in Russia,
there is no reason to create new plants for joint proc-
essing of ore and secondary raw materials.

In the case of preliminary cropping of batteries, ir-
respective of the way in which this is done, the key
issue is the method for lead recovery from the oxysul-
fate fraction. The active pastes from the positive and
negative plates of a battery fall into this fraction. On
the average, an active paste washed with water con-
tains (wt %) Pb 73.5, Sb 0.3, As up to 0.004, Cu 0.1,
Fe 0.05, and SO4

2� 16.7 [14]. The main components
of the active paste are PbSO4 and PbO2, and, to a
lesser extent, PbO �PbSO4, Pb2O3, and Pb. With ac-
count taken of the fact that lead oxides are rather
easily reduced to metal by any carbonaceous reducing

agent at relatively low temperature (720�740�C), it
seems appropriate to convert lead sulfate into lead hy-
droxide or carbonate by a simple hydrometallurgical
procedure (desulfation or desulfurization). In this case,
the problem of sulfur utilization is solved completely,
with sulfur passing into the aqueous phase in the form
of a soluble sulfate. The desulfation process is em-
ployed in quite a number of flowsheets at plants in
Western countries, its environmental advantages
being indubitable. Physicochemical and technological
studies of the desulfation process were considered in
detail in a review [29]. The best suitable reagents for
the desulfation process are aqueous solutions of sodi-
um hydroxide or carbonate [27, 30]. The reaction,
which is not subject to any essential kinetic hindrance
and is sufficiently fast, is based on much lower solu-
bility products (SP) of lead(II) hydroxide or carbo-
nate, compared to lead sulfate. For example, SP =
10�7.8 for PbSO4 and varies with temperature only
slightly. At the same time, SP for Pb(OH)2 and
PbCO3 is, respectively, 10�15.3 (20�C) and 10�13.1

(25�C) [29].

Desulfation gives commercial sodium sulfate con-
forming to quality standards as regards its content of
heavy metals [31]. Utilization of sulfur in the form of
sodium sulfate has also been recommended by Zaikov
and co-authors [32]: in processing of anodic sludges
formed in manufacture of copper foil, lead(II) sulfate
is converted into carbonate.

An important factor affecting the extent and rate of
desulfation is the degree of crushing of the active
paste being processed. A factor hindering the desulfa-
tion process in repeated use of a mother liquor is ac-
cumulation of Na2SO4. It was also noted in [11] that
the most advanced method for utilization of sulfur is
desulfation to give commercial sodium sulfate, gyp-
sum plaster, etc. Mention has been made of the ad-
visability of using potassium carbonate for desulfation
of active paste from lead battery scrap [33]. This con-
clusion is substantiated by the fact that K2CO3, being
a by-product of alumina manufacture from nepheline
raw materials, is produced by the Russian industry in
sufficient amounts and the market of potassium sul-
fate is less saturated than that of sodium sulfate. It
was noted in [27] that use of K2CO3 can be substan-
tiated not only economically. It is known that no
double salt similar to NaPb2(CO3)2OH is formed with
potassium carbonate, which facilitates desulfation.

Industrial instrumentation of the desulfation proc-
ess poses no difficulties. Further processing of the
desulfated material consists in thermal decomposition
of lead carbonate and concomitant compounds (basic
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lead carbonates) and subsequent reduction of lead
oxides. Investigations have shown [34] that decom-
position of PbCO3 onsets under usual conditions
already at 280�C, being complete at 510�C. Reduction
of lead(IV) oxide contained in the desulfated paste by
solid carbonaceous reducing agents onsets at 380�
390�C and is complete at 400�410�C. It should be
kept in mind that the saturated vapor pressure of lead
at 1000 K is as low as 1.45 Pa (1.09�10�2 mm Hg)
[35].

An alternative process for recovery of lead from
battery scrap, based on dissolution of lead sulfate in
aqueous NH4OH and subsequent recovery of lead by
cementation with metal powders, was proposed in
[36]. The process was performed in autoclaves at
100�C at a stirring rate of 300 rpm. The effect of vari-
ous factors on the course of the process was analyzed.

The apparatus for reduction of the desulfated paste
and the choice of reducing agents may vary depending
on the production scale, investment, and availability
of one or another type of equipment. Preliminary
briquetting of the starting material with coal powder
has no effect on the reduction process. An important
conclusion is that lead(II) oxide is reduced with suf-
ficient rate and completeness at a temperature not
exceeding 720�740�C.

As already noted, desulfation must be preceded by
processing of lead battery scrap in one or another way.
According to [15], already by 1998, more than two
thirds of waste lead batteries were utilized in the
world’s practice after preliminary processing. Accord-
ing to the available evidence, the flowsheet with pre-
liminary scrap processing is adopted at the Verkhnei-
vinskii plant of nonferrous metals [37]. Mechanized
battery scrap processing is used at the Ryaztsvetmet
plant [38].

Let us consider some other flowsheets developed
or being developed in Russia with account of the
domestic economic capacity. The Gintsvetmet State
Research Center of the Russian Federation (Moscow)
proposed a technology for processing of battery scrap
and other kinds of lead-bearing secondary raw materi-
als with the use of soda-free smelting. The scheme in-
cludes mechanized scrap processing, melting of the
metallic fraction in a melting kettle, electrothermal
smelting of the oxysulfate fraction, refining of lead
bullion, and processing of a number of intermediate
products, with their subsequent transfer to the corre-
sponding plants (copper matte, arsenic-containing
alloy, slag). The main equipment was designed for a
plant with output capacity of 15 000 t of lead per year.

A decision has been made, on the basis of an analy-
sis of technologies for cropping battery scrap into
fractions, that it is appropriate to accept the offer of
an Italian company, Engitec Impianti SpA. The
CX-compact installation designed by this company is
environmentally safe, has small size, and separates
battery scrap into five fractions: metallic, oxysulfate,
polypropylene, polyvinyl chloride, and ebonite. The
main characteristics of the installation were reported
in [23], with references given to publications with
detailed description of the CX-compact installation.
According to the available data [15], the installation
designed in Italy has found wide use in numerous
countries.

The central place in the technology proposed by the
Gintsvetmet Institute is occupied by matte- and soda-
free electric smelting. To smelting are directed,
together with the oxysulfate fraction, oxide dross
obtained in melting of the metallic fraction in melting
kettles and dusts caught in cleaning gases formed in
the course of the smelting itself. The theory and tech-
nology of the process have been described in a number
of reports, beginning in 1988 [38�43]. The authors
proceed from the assumption that melts are vigorously
agitated in electric smelting by convective flows gen-
erated at the electrodes. This creates conditions for
reactive smelting; sulfides completely react with
oxides and sulfates to give molten lead, rapidly flow-
ing down [40].

The lowering of the temperature of slag melting
and, correspondingly, that of the process as a whole is
due to the fixed FeO : SiO2 : CaO ratio and increased
content of lead silicates in the slag. No soda is in-
troduced into the stock. Dosing of a reducing agent
(coke breeze) controls reduction of sulfates to sulfides,
but only in amount necessary for their reaction with
oxides to occur. Release of sulfur dioxide into the gas
phase shifts the reaction equilibrium and favors com-
plete consumption of the sulfides, which rules out
matte formation.

In [39], the experience of utilization of lead-bearing
secondary raw materials at the Ryaztsvetmet plant
with the use of electric smelting was summarized. The
results obtained were compared with the parameters
characteristic of other methods for battery scrap proc-
essing: smelting in shaft and short-drum-type fur-
naces. Here, only the results obtained using the Gin-
tsvetmet technology are considered. In this case, the
stock contains battery scrap (80�90%), coke (3�4%),
and slag-forming materials (5�10%). The smelting
products contain 92�94% lead bullion, 3�5% slag, and
4�7% dust. The extent of lead recovery from the raw
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materials being processed into lead bullion is as high
as 95%. The process temperature is 1100�C [40].

In [40, 42], mention was made of quite a number
of advantages of soda-free matte-free electric smelting
over battery scrap processing in shaft or short-drum
furnaces: the amount of forming waste gases is 3�5
times smaller; also lower is discharge of lead-contain-
ing dust into the atmosphere; the technology is vir-
tually waste-free.

A comparative analysis of the feasibility of in-
dustrial methods for battery processing was also made
in [25, 26]. In the opinion of Koshelev and co-authors
[25], certain advantages are observed in the case of
melting of unprocessed batteries in a blast furnace; the
technology was assessed on the basis of the results
obtained at a plant in Germany. Also promising is ap-
plication of the Vanyukov process to melting of un-
processed battery scrap (melting in a liquid bath). In
this case, a continuous operation mode, complete
burning of organic components, and high economical
and environmental characteristics are achieved.
A detailed critical analysis of this standpoint was
presented by Besser [26].

Of interest are publications concerned with relative-
ly low-temperature processes of melting of lead-con-
taining materials [44, 45]. One of these [44] suggests
processing of the oxysulfate fraction of lead battery
scrap by low-temperature soda smelting, with the sys-
tem Na2CO3�NaCl, in which a eutectic mixture exists
at 634�C (36.5 mol % NaCl), recommended as salt
flux. Sodium sulfate forming in exchange reaction
between lead sulfate and soda does not lead to any
rise in the melting point of the complex salt system.
A carbonaceous reducing agent is introduced after
exchange processes in the system are complete, at
about 700�C. Thus, the reaction between lead sulfate
and sodium carbonate occurs in a salt melt. The pos-
sibility of achieving, in principle, a high recovery of
lead in the form of metal at minimum amount of
noxious substances (sulfur dioxide, chlorine, lead
chloride, lead vapor) discharged into the atmosphere
was noted in [44].

In [45], melting of lead-containing materials in
a lead bath under a layer of sodium hydroxide flux
at 550�C was suggested. Experiments were carried out
on laboratory scale. A 0.05-kg amount of NaOH is
consumed in the bath per 2.5 kg of wastes (lead-rich
materials, lead battery scrap). The extent of lead re-
covery is 98 and 75% in smelting with and without
flux, respectively. Spent flux can be used for desulfa-
tion of the active paste from lead battery scrap.

An extensive series of recent investigations at the
Institute of High-Temperature Electrochemistry, Ural
Division, Russian Academy of Sciences, in Yekaterin-
burg was devoted to physicochemical foundations of
processing of lead-containing materials with the use of
carbonate melts [46�55]. The method of thermo-
dynamic modeling was widely used in these studies to
determine the possibility of occurrence of one or
another high-temperature process and to assess tenta-
tively the behavior of impurities. The essence of the
technique was described in detail in [56].

A detailed thermodynamic analysis of the possibil-
ity of reducing PbO, PbCl2, PbS, and PbSO4 under
equilibrium conditions with carbon in carbonate melts
of various compositions yielded data on the effect of
temperature and other factors on the extent of lead
recovery [48, 54]. The monograph [55] mainly dis-
cusses two issues: processing of various kinds of lead-
containing raw materials, including the active paste of
lead batteries, in carbonate melts at temperatures of up
to 1000�C and electrochemical processing of oxidized
wastes in hydroxide melts. A thermodynamic analysis
and laboratory and pilot-plant tests demonstrated that
use of molten carbonates ensures nearly 100% reduc-
tion of lead compounds, nearly theoretical consump-
tion of a reducing agent, small volume of waste gases,
and dramatic decrease in the amount of the forming
dust. It should, however, be mentioned that no de-
tailed flowsheet is given in the monograph [55] and
other publications of its authors for the case of lead
battery scrap. Electrochemical processing of lead
oxide with the use of an alkali�carbonate electrolyte
can hardly compete with the rapidly occurring pyro-
metallurgical reduction of lead(II) oxide with any car-
bonaceous reducing agent at 720�740�C [57, 58].
Use of ionic melts in the technology for processing
of lead-bearing secondary raw materials has been
described in detail previously [59, 60].

Quite a number of recent investigations have been
devoted to physicochemical foundations and tech-
nologies of lead refining. In [61, 62], the possibility
was demonstrated for lead purification to remove
antimony by introducing aluminum into the melt at
700�720�C with subsequent slow cooling of the metal
to 340�350�C. Experiments and theoretical calcula-
tions produced well-consistent results. Samples taken
in the course of cooling contain AlSb intermetallic
compound. The content of antimony in lead can be
diminished to 0.005 wt %. For deeper purification of
lead to remove antimony and some other impurities, it
is advisable to use a method based on anodic polariza-
tion of a metal being refined in molten sodium hy-
droxide. In large-scale experiments, 35 kg of a metal
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to be refined was charged into the electrolyzer and the
yield of refined metal was 99.0�99.5% in terms of
charged metal at a process temperature of 340�
370�C. The content of antimony can be diminished to
0.001%. Simultaneously, it is possible to remove
aluminum, tin, arsenic, and iron, which are not found
in lead after anodic polarization, at detection limit of
1 �10�3%, irrespective of their initial content [64].

Omel’chuk and co-authors used for selective ex-
traction of tin, bismuth, antimony, and arsenic impuri-
ties from lead the method of cathodic refining with
molten sodium hydroxide [65]. As is known [59, 60],
the method consists in that sodium is deposited on the
surface of the refined metal acting as cathode, with the
corresponding intermetallic compounds formed. Here,
it should be emphasized that deposition of sodium and
compound formation constitute a single electrochemi-
cal event. Under certain conditions (temperature,
current density, etc.), these compounds pass from the
cathodic metal into electrolyte. By varying the elec-
trolysis conditions, it is possible to control the order
in which the alloy components are extracted. Accord-
ing to the authors’ data [65], the method of cathodic
refining makes it possible to extract such components
as bismuth, antimony, tin, and arsenic virtually com-
pletely from lead-based alloys. Highly important for
processes of electrochemical refining with the use of
ionic melts as electrolyte, and also for other refining
techniques involving intermetallic compounds, are
their thermodynamic characteristics, and also the
thermodynamic properties of the corresponding liquid
phases.

The general principles underlying various kinds of
intermetallic processes applicable to removal from
lead of such impurities as bismuth, antimony, arsenic,
and tellurium were considered in [66]. Some in-
vestigations have been concerned with thermodynamic
properties of liquid alloys and solid phases in the
sodium�tellurium system [67], sodium bismuthide
(Na3Bi) [68], liquid alloys in the systems sodium�

bismuth and lead�sodium�bismuth [69, 70], and liquid
and solid phases in the system sodium�antimony [71].
The pseudobinary system Pb�Bi2Mg3 was studied
using the calorimetric method, integral excess Gibbs
energies at 973, 1023, and 1073 K were calculated,
and the phase diagram of the system was described
[72]. Data on binary systems of edge components
were used to calculate in terms of various geometric
models the thermodynamic characteristics of liquid
alloys in the system lead�magnesium�bismuth [73].

As is known [4, 35], the classical method for
bismuth elimination from lead bullion is based on

physicochemical interactions in the system Pb�Bi�
Ca�Mg�Sb. In [74], alloying processes in the systems
Pb�Ca, Bi�Ca, and Pb�Bi�Ca were analyzed and the
process of lead purification to remove bismuth at its
small content by adding calcium was discussed.
Another study [75] considered and compared pub-
lished data on the phase diagram and thermodynamic
properties of the system Ca�Sb and discussed, with
account of the results obtained, the equilibrium in the
system Ca�Pb�Sb.

A number of investigations have been devoted to
analysis of electrochemical processes involving aque-
ous electrolyte solutions and to study of the nature of
solutions of lead compounds in various media, which
are of interest for technological practice. In [76], the
processes of lead refining and anodic dissolution of
Pb�Sn�Sb alloys with an electrolyte based on hydro-
silicofluoric acid were discussed. In lead refining, the
current efficiency by lead is as high as 99% at current
density of 100 A m�2 and specific electric power con-
sumption of 30�40 kW h t�1. Nikitin and co-authors
proposed a process for lead refining to ultrahigh purity
by anodic dissolution in a perchlorate electrolyte with
introduction into the anodes of components binding
impurities. The theoretical foundations and general
principles of this refining technique were considered
in detail in [35, 77].

Lebedev [79] studied recovery of lead from anodes
in which the total content of antimony, bismuth, and
tin may be as high as 12 wt %. The electrolysis is
carried out in a sulfamic electrolyte. The metal ob-
tained on the cathode corresponds, as regards its
chemical composition, to S1, S2, and S3 brands with
the content of the base component of 99.985, 99.95,
and 99.90%, respectively.

The solubility of lead sulfate in the quaternary
systems PbSO4�NaCl�HCl�H2O and PbSO4�NaCl�
H2SO4�H2O has been determined [80]. It was shown
that introduction of HCl intensifies chloride leaching
of lead. Yurkinskii and co-authors [81, 82] have
studied complexation of lead(II) with hydroxide ions
under various conditions. In electrolysis of impurity-
free alkaline solutions of lead (25 g l�1 lead, 100 g l�1

alkali, temperature 50�C, current density 100 A m�2),
a finely dispersed powder of lead is obtained with a
high current efficiency at the cathode, and lead diox-
ide PbO, at the anode (current efficiency 22.4%) [83].

Analysis of reports published in 1997�20021 points
to the impelling need, from the economical and en-
������������

1 Information about patents and inventor’s certificates can be
found in [1] and is not considered in this review.
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vironmental viewpoints, for cardinal improvement of
the state of affairs with collection and utilization of
lead battery scrap in Russia. At the same time, there is
no doubt that processing of lead-bearing secondary
raw materials must be the primary source of lead in
Russia. There is no reason to expect large-scale manu-
facture of lead from ore in the near future. The mas-
sive import of batteries from abroad and the work of
domestic battery plants indicate that there is no danger
of any deficiency of lead-bearing secondary raw ma-
terials, provided that they are collected properly. Only
the already accumulated amount of battery scrap and
other kinds of lead-bearing secondary raw materials
will be sufficient for satisfying Russia’s need for lead
for many years to come [84].

Efficient organization of a State-supported system
for collection of spent lead batteries in each region of
Russia is necessary. Also rather important is improve-
ment of the system for licensing of plants that process
battery scrap and other lead-containing materials, irre-
spective of the scale of production at these plants
[20, 85].

As a long ago as 1993, and later [22, 23, 57], we
pointed to the advisability of a regional approach to
setting up comparatively small-scale plants for proces-
sing lead battery scrap and other kinds of lead-bearing
secondary raw materials (10�15 thousand tons of lead
and lead alloys per year). This conclusion was based
on the environmental hazard of these widely occurring
technological wastes, which should not be transported
to large distances.

A similar position was maintained by Kolotyrkin
and Tkachek [86]. In their opinion, lead batteries
should be utilized by small plants (100�150 thousand
batteries per year, or 2500�3000 t of lead processed
annually). Pashchenko [87] noted the necessity for
creating a great number of plants for battery scrap
processing, each with annual capacity of up to 3.0�
3.5 thousand tons of the metal, in regions with gross
consumption of batteries and mass flows of secondary
raw materials.

It seems rather important to solve two mutually
related problems: to choose the optimal capacity of
a separate plant for processing of lead-bearing sec-
ondary raw materials and to select the flowsheet for
processing of battery scrap as the main and most dif-
ficultly processed kind of secondary raw materials.
With account of the vast territory of Russia, existence
of remote regions, transport difficulties, high cost
and environmntal unsafety of the transportation of
lead battery scrap, the above problems cannot have
a unique solution. Specific features of our country do

not allow simple copying of the foreign experience,
but this experience cannot be disregarded, either.

To supply large consumers of lead, and battery
plants in the first place, with a sufficient amount of
lead and its alloys and compounds, the unit capacity
of a subsidiary plant for processing of not only sec-
ondary raw materials, but also the waste formed in
manufacture of batteries must correlate with the
demand and capacity of the main plant, battery manu-
facturer. Another approach can be used in estimating
the unit capacity of a plant for processing of battery
scrap in one or another region, irrespective of whether
or not it has lead consumers. In this case, the mini-
mum investment and sufficient environmental safety
can be achieved by constructing plants with annual
capacity of 10�15 thousand tons of lead or lead�
antimony alloy.

Despite the quite acceptable difference in the flow-
sheets used at plants for processing of lead-bearing
secondary raw materials, characterized by different
output capacities and specific factors, general ap-
proaches can be formulated, which ensure environ-
mental safety and feasibility of production.

In view of the dissimilar chemical natures of lead
compounds and different types of impurities in ore
and in battery scrap, it seems inappropriate to process
these two kinds of raw materials simultaneously in the
same apparatus. At the same time, joint processing of
battery scrap with wastes formed in manufacture of
batteries and other kinds of lead-bearing secondary
raw materials is quite acceptable.

In choosing one or another flowsheet or separate
operation, account should be taken of the fact that
their environmental hazard is associated with the fol-
lowing factors: discharge of lead into the atmosphere,
discharge of sulfur compounds, discharge of products
formed in burning of the organic fraction (separators,
battery cases), amount of wastewater containing heavy
metals, amount of unutilizable slag, and content of
heavy metals in the slag.

Simultaneously, account should be necessarily
taken of the economical factors affecting the choice
of technology. To these factors belong expenses for
purification of process and ventilation gases to remove
noxious substances to below the required level, cost of
fuel and electric power, and expenditure for disposal
of unutilizable products. The content of lead in waste
gases and the total volume of these gases can be
diminished dramatically by lowering the temperature
of the main reducing process. This can be done if lead
oxides, rather than sulfur-containing compounds of
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lead (sulfates, sulfides), are reduced. Simultaneously,
this leads to a pronounced saving of energy resources.
Sulfur contained in the active paste of lead batteries
in the form of lead sulfate can be completely utilized
in desulfation. Preliminary disassembly of batteries
rules out appearance of products formed in burning
of organic compounds in waste gases. The problem
of possible reuse of polypropylene, ebonite, and poly-
vinyl chloride after appropriate processing was con-
sidered in detail in [88]. According to the authors’
data, processed polypropylene can be reused in fabri-
cation of battery cases, and ebonite, in road building;
however, the latter technology requires additional
ecological-hygienic expertise. Polyvinyl chloride is to
be disposed of.

The following sequence of operations seems to be
the most appropriate in processing lead battery scrap,
irrespective of the production scale:

(i) crushing of battery scrap into the metallic, oxy-
sulfate, and organic fractions;

(ii) desulfation of the oxysulfate fraction;

(iii) reduction of lead oxides with solid reducing
agents at relatively low temperatures;

(iv) refining of lead to give metal of highest-
quality brands.

In those cases when small plants with annual metal
output capacity of 5�7 thousand tons are the matter in
question, lead battery scrap can be processed pre-
liminarily in a simplified way, with the use of small-
scale mechanization. The possible final products of
such plants are lead antimonide obtained in remelting
of the metallic fraction in a melting kettle and lead
bullion formed in reduction of lead oxides. In the case
of insufficient energy resources, mother liquors can be
processed to give commercial barium sulfate, rather
than be evaporated to give sodium sulfate. Water is
recycled in the course of the process.

It should be emphasized the recommendations
aimed to diminish the environmental hazards in bat-
tery scrap processing are based on the assumption that
processing of lead-bearing secondary raw materials
differs fundamentally from ore smelting because of
the specific features of their chemical composition.
It is inadvisable to use in processing of secondary raw
materials such procedures as blast smelting, smelting
in electrothermal furnaces, or other high-temperature
processes.

Of particular interest among foreign plants is that
in Freiberg (Germany), specialized in processing of
lead battery scrap [89]. The plant was completely

modernized in 1997 and processes annually 3.0 mil-
lion starter batteries, to produce 35 thousand tons of
lead and lead alloys, and also 3.5 thousand tons of
chemically pure sodium sulfate and 2 thousand tons of
polypropylene. Organic substances that cannot be
utilized are burned, in conformity with all environ-
mental safety regulations, on a special installation.
The extent of lead recovery is 99%, and that of poly-
propylene exceeds 90%; sulfuric acid and sulfate ions
from the battery paste are utilized in the form of sodi-
um sulfate. Lead discharge into the atmosphere is
about 7 g per ton of lead, and that into wastewater,
less than 1 g per ton of lead. As regards all the proc-
ess parameters, the plant belongs to the most modern
plants for utilization of lead batteries. Its flowsheet
envisages battery shredding and separation into frac-
tions and desulfation of the active paste with sodium
hydroxide. The grid material is melted in a short-drum
furnace to give a lead�antimony alloy. The products
obtained upon desulfation are subjected to reductive
smelting, also in a short-drum furnace. Lead bullion is
directed to refining. The lead�antimony alloy is either
refined or serves for preparing necessary formulations.
Sodium sulfate crystallizes from solutions used in
desulfation; it is then dehydrated and delivered to
a storehouse for subsequent selling; the content of
lead in this product does not exceed 10 ppm. All steps
of battery scrap processing at the plant are controlled
from a single center. Further operation of the plant
was considered in [90].

The set of the main operations in the flowsheet of
the plant is in full agreement with the above recom-
mendations. Owing to the presence of a special instal-
lation for burning of ebonite and separators, the
amount of plant’s wastes is very small. Crushing and
separation of battery scrap, desulfation of the active
paste, and reduction of lead(II) oxide�all these opera-
tions must form the basis of any flowsheet for proces-
sing of lead battery scrap. However, reagents for
desulfation and refining processes can be varied to
give different final products.
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Abstract�Cathodic processes occurring in electrolytic deposition of molybdenum oxide from aqueous
solutions of sodium molybdate in the presence of nickel(II) and thiosulfate ions were studied. Conditions for
formation of cathodic deposits in the form of complex oxide systems Mo�Ni and Mo4O11�MoS2 were
determined.

The interest in electrolytic oxide materials is due to
their enhanced electrochemical activity and the pos-
sibility of creating thin-film ballast-free cathodes for
lithium power cells by direct deposition of an oxide
material in the form of a compact coating on a metal-
lic support [1�3]. Previously, the possibility of elec-
trolytic synthesis of molybdenum oxide with nonstoi-
chiometric composition in high yield by cathodic
deposition from ammonium molybdate solutions has
been demonstrated [4]. With account of the modern
tendency toward development of high-performance
cathode materials for lithium batteries on the basis of
complex multicomponent oxide systems, it seemed
appropriate to study the possibility of obtaining
these materials in quantitative yield by electrolytic
deposition of molybdenum oxide in the presence of
nickel(II) and thiosulfate ions.

According to the results of preliminary experi-
mental tests, cathodic deposits formed under certain
electrolysis conditions from sodium molybdate solu-
tions containing NiSO4 are homogeneous mixtures of
molybdenum oxide, nickel (NiO), and a single-phase
compound of the type NiO �Mo4O11, NixM4�xO11 +y.
The presence of an electrolytic oxide system Mo�Ni
creates certain prerequisites for formation of a sulfide
phase (NiS, MoS2, etc.) in joint deposition at the
cathode of molybdenum and nickel oxides in the pres-
ence of thiosulfate ions, which may be promoted by
the catalytic activity of nickel compounds [5]. This is
confirmed by X-ray diffraction patterns of deposits
obtained by electrolysis from solutions containing
mixtures of the compounds mentioned above. Of in-
terest is a study of cathodic processes and of the prep-

aration conditions and properties of cathodic deposits
formed by electrolytic deposition of molybdenum
oxide in the presence of nickel(II) and thiosulfate ions.

As base for the study served Na2MoO4 solution,
which, in contrast to (NH4)2MoO4, rules out forma-
tion of complexes and molecular ammonia in the
course of electrolysis. The solutions were prepared
from chemicals of pure and analytically pure grades
and distilled water. The electrolysis was performed
in a temperature-controlled 0.2 dm3 cell. As cathode
samples served smooth 10�10�0.3-mm 12Cr18Ni9Ti
steel plates with current lead in the form of a thin strip
of the same steel. As anodes were used smooth plates
of technical-grade VT-1 titanium with Sc : Sa = 1 : 5.
The materials to be studied were obtained in the form
of compact coatings on both sides of the cathode.
The experiments were carried out in two-component
solutions of Na2MoO4 and NiSO4 at their total con-
centration of 0.12�0.14 M and concentration ratios of
7 : 1 to 1 : 12 (here and hereinafter, molar ratios). The
first digits refer to the base component, and the sec-
ond, to the doping component.

To analyze the influence exerted by the total con-
centration of the solutions on the nature of the proc-
esses under study, experiments at higher concentra-
tions (up to 0.17�0.19 M) were also carried out at
a temperature of 85�3�C chosen on the basis of pre-
liminary tests. The efficiency of the cathodic process
was evaluated by the conventional current efficiency
CEconv (wt %) on the assumption that the whole use-
ful current is expended for formation of molybdenum
oxide, whose formula is Mo4O11 according to X-ray
structural analysis. In this compound, molybdenum is
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pentavalent, and, therefore, Mo4O11 can be regarded
as doubled oxide Mo2O5 with one coordinated oxygen
atom. The latter compound is formed in accordance
with the standard equation by a two-electron reaction
and, therefore, the electrochemical equivalent can be
taken to be

[Mo2O3]/(2 � 26.8) = 272/(2 � 26.8) = 5.07 g (A h)�1.

Polarization curves jc�E were measured in a special
U-shaped cell on the initial surface of the 12Cr18Ni9Ti
steel cathode with the roughness corresponding to
� 7�8 at Sc : Sa = 1 : 5 (Sc = 1 cm2) and on a film of
cathodic deposit, formed preliminarily at jc = 0.5�
50 A cm�2. The nonworking parts of the cathode sur-
face were insulated with an acid-and-alkali-resistant
varnish. The potentials were measured relative to a
silver chloride reference electrode (E = +0.225 V)
with an Shch-4315 digital instrument. The phase
composition of the deposits and their approximate
quantitative composition were determined by X-ray
diffraction analysis on a DRON-2 installation [6].

The dependences of CEconv on the current density
jc in electrolysis of two-component solutions of
Na2MoO4 and NiSO4 with varied Mo : Ni molar con-
centration ratios and pH values are shown in Fig. 1.
The shape and relative positions of the curves indicate
that the ratio of solution component concentrations and
the pH value exert a desicive influence on the effi-
ciency and nature of the cathodic processes under
study.

At increased pH values (5.5�6.0) and concentration
ratios Mo : Ni � 1 in solution, the maximum values of
CEconv do not exceed 25%, with the quantitative for-
mation of deposit on the cathode limited to the range
jc = 1.5�5.0 A cm�2, which becomes narrower with
increasing relative concentration of nickel(II) ions. In
the limiting case (Mo : Ni = 1 : 12), the stability of
the electrolysis process is disturbed and mainly hy-
droxide and metallic nickel start to deposit at the
cathode (Fig. 1, curve 2). The dependence CEconv�jc
for the concentration ratio Mo : Ni = 7 : 1 (Fig. 1,
curve 1) is shifted to higher jc and has a maximum at
jc > 10 mA cm�2. Deposits of black color with bluish
tint, characteristic of molybdenum oxide, are formed
on the cathode, which indicates that mainly this com-
pound is contained in the cathodic product. Lowering
the solution pH to 3.0�3.5 makes the range of �effec-
tive	 current densities much wider, with a simultane-
ous increase in the current efficiency by the cathodic
deposit (Fig. 1, curves 1
�4
). The corresponding
curves become nearly linear and are arranged in order
of increasing CEconv with decreasing relative concen-
tration of nickel ions in solution. The outward appear-

jc, mA cm�2

Fig. 1. Conventional current efficiency CEconv vs. current
density jc for cathodic deposits formed in electrolysis of
mixed solutions of Na2MoO4 and NiSO4. Total concentra-
tion 0.12�0.14 M, T = 85�C; the same for Figs. 2 and 4.
Mo : Ni concentration ratio: (1, 1�) 7 : 1, (2, 2�) 1 : 12, (3,
3�) 1.5 : 1, and (4, 4�) 1 : 1.3. pH: (1�4) 5.5 and (1��4�) 3.5.

jc, mA cm�2

Fig. 2. Conventional current efficiency CEconv vs. current
density jc for cathodic deposits formed in electrolysis of
mixed solutions of Na2MoO4 and NiSO4 in the presence of
0.01 M Na2S2O3. Mo : Ni concentration ratio: (1) 1 : 12,
(2, 2�) 7 : 1, (3) 1 : 2.7, (4, 4�) 1 : 1.3, and (5) 1.5 : 1. pH:
(1�5) 5.5 and (2�, 4�) 3.5.

ance of the cathodic deposits changes when passing to
higher current densities and molybdate ion contents,
and the deposits show tendency toward increasing
compactness and susceptibility to brittle failure. In
this case, the deposit changes its color from dark gray
to bluish black, characteristic of molybdenum oxide
deposits.

Adding Na2S2O3 (0.004�0.02 M) to the solutions
under study leads to a dramatic increase in the effi-
ciency of the cathodic process in weakly acidic solu-
tions (pH 5.5) at any concentration ratio Mo : Ni
(Fig. 2). In this case, nearly all the dependences are
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strictly linear in a rather wide range of jc, irrespective
of the solution pH (Fig. 2). The only exception is the
dependence for Mo : Ni = 7 : 1 in a solution with
pH 5.5, having a maximum at jc = 3.5 mA cm�2. The
corresponding curves are arranged in order of increas-
ing CEconv with decreasing relative concentration of
nickel ions in solution at Mo : Ni = 1 : 2.7 to 1.5 : 1.
However, at Mo : Ni = 7 : 1, the conventional current
efficiency is much lower than that at the inverse ratio
of the main components in solution, Mo : Ni = 1 : 12
(Fig. 2, curves 1 and 2). Lowering the solution pH to
3.5, conversely, makes the tendency toward increase
in CEconv at Mo : Ni � 1 more pronounced.

Changing the total concentration of the molybde-
num and nickel salts from 0.8 to 0.16 M has no pro-
nounced effect on the dependences under considera-
tion or outward appearance of the deposits formed.
However, other combinations with higher total content
of the main components in solution are, in principle,
also possible, including those with thiosulfate ions,
for which the properties of the cathodic deposits,
characteristic of the conditions under study, are pre-
served.

In a single-component solution of Na2MoO4 (0.1�
0.12 M), addition of Na2S2O3 at the molar concentra-
tion ratio of these compounds of 10 : 1 to 10 : 4 also
affects somewhat the value of CEconv and the outward
appearance of molybdenum oxide deposits. At the
same time, the presence of thiosulfate ions in a nickel
sulfate solution (0.005�0.06 M) totally suppresses
deposition of nickel hydroxide on the cathode, irre-
spective of the thiosulfate ion concentration and elec-
trolysis parameters. Possibly, this is the reason why
the dependences measured at different Mo : Ni con-
centration ratios in solution (1 : 12 and 7 : 1) are dis-
similar. For example, in the first case, i.e., at high
relative concentration of nickel ions in solution,
deposition of nickel oxide is nearly completely sup-
pressed and mostly molybdenum oxide and molybde-
num sulfide are deposited on the cathode, which leads
to an increase in CEconv. In the second case, the co-
deposition of nickel oxide lowers the rate of formation
of the cathodic deposit, which leads simultaneously to
equalization of its values at different current densities.

An apparent factor determining the nature of the
processes under consideration is the ratio of the
amounts of molybdenum and nickel oxides simultane-
ously deposited at the cathode, and also hydrogen, in
the presence of thiosulfate ions and without them.
Here, account should be taken of the fact that, when
the cathodic deposit is formed, deposition of nickel
oxide is preceded by that of nickel hydroxide because

of the alkalization of the near-cathode layer:

H2O + e � 1/2H2 + OH�.

In joint deposition and in interaction with the
simultaneously deposited molybdenum oxide, nickel
hydroxide may lose a water molecule:

Ni(OH)2 + Mo(oxid) � NiO + Mo(oxid) �H2O, (1)

Mo(oxid) �H2O + e � Mo(oxid) + 1/2H2 + HO�. (2)

Also possible is simultaneous direct discharge of
nickel hydroxide with the loss of a water molecule to
give nickel oxide. This can account for the strong
influence of the solution pH on the efficiency of the
cathodic process, all other electrolysis conditions
being the same.

At increased pH values (5.5�6.0) the rate of nickel
hydroxide formation at small current densities exceeds
that of the joint reaction of molybdenum oxide deposi-
tion, and the limiting diffusion current is reached
already at relatively low values of jc (Fig. 1). The
deposits formed in this case are inhomogeneous
mechanical mixtures of nickel oxide, nickel hydrox-
ide, and molybdenum oxide, and at molybdenum to
nickel concentration ratios Mo : Ni < 1 nickel hydrox-
ide and metallic nickel are deposited predominantly
(as fine dendrites). Lowering the solution pH decele-
rates alkalization of the near-cathode layer and thereby
changes the ratio of formation rates of nickel hydrox-
ide and molybdenum oxide in such a way that the
latter becomes higher and, correspondingly, reac-
tions (1) and (2) proceed at all Mo : Ni concentration
ratios. However, hydrogen evolution, whose rate
grows with increasing current density, becomes pre-
dominant in the overall cathodic process at higher
relative concentrations of nickel ions. This correlates
with the corresponding decrease in CEconv (Fig. 1,
curves 1
�4
).

A similar type of the overall cathodic process is
also possible in the presence of thiosulfate ions in
solutions with pH 5.5�6.0. However, the mechanism
of separate and joint reactions is more complex in this
case (Fig. 2). This should, presumably, be attributed
to the influence exerted by products formed in reduc-
tion of thiosulfate ions at the cathode, and sulfur and
its compounds in particular. For example, hydrogen
sulfide can �acidify	 the near-cathode layer, which
leads to a decrease in the rate of nickel hydroxide
formation, observed in acid solutions (pH 3.0�3.5),
and to the corresponding increase in the rate of the
reactions occurring in parallel. This is manifested to
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a greater extent at molar concentration ratio Mo : Ni �
1 in solution (Fig. 2, curves 2
 and 4
).

The aforesaid is in satisfactory agreement with cur-
rent�voltage characteristics of the cathodic processes
under study, measured at different compositions and
pH values of the solutions used (Fig. 3). A common
feature of all the jc�E dependences is the presence of
two transition steps connecting three ascending por-
tions (Fig. 3). For each pH value, the lower and upper
transition steps are arranged so that the jc values cor-
responding to these steps decrease as the relative con-
centration of nickel ions in solution is made lower.
The curves are arranged in the same order with respect
to cathode potentials. In this case, a decrease in pH
leads to a shift of the corresponding curves (Fig. 3,
curves 4 and 5) relative to their analogs for solutions
with increased pH 5.5 (Fig. 3, curves 1 and 3) to more
negative potentials. In the same solution, the process
occurs at a stronger cathodic polarization on a surface
with preliminarily deposited film of a cathodic deposit
(Fig. 3, curves 1 and 1
); however, the steps in the
corresponding curve are smoothed in this case (Fig. 3,
curve 1
).

In the presence of thiosulfate ions at equal Mo : Ni
concentration ratios in solution, the curves are shifted
to lower cathode potentials so that they remain paral-
lel to the initial lines (without S2O3

2� ions; Fig. 3,
curve 6), with a simultaneous increase in the current
densities corresponding to the transition steps. The
partial curves of cathodic deposit formation exhibit a
gradual rise to a certain limiting plateau (Fig. 3) with
a noticeable step-like transition at lowered intensity
of alkalization of the near-cathode layer (Fig. 3,
curves 5
 and 6
). With the cathode potential increas-
ing further, the polarizing current decreases to a cer-
tain constant minimum value. The extremum points of
the partial curves coincide with the point of transition
from the second step in the overall curves to the upper
ascending portions. The partial curve of hydrogen
evolution lies to the right from the corresponding
overall curve, nearly in parallel to this curve, which
points to the key role of this process in the kinetics of
the overall cathodic process (Fig. 3, curve 5
).

The behavior of the jc�E dependences under con-
sideration (Fig. 3) indicates that the nature of the
cathodic process changes with polarizing current. The
step-like dependence of this current on the cathode
potential is apparently due to a change in the rate ratio
of the individual reactions simultaneously occurring
at the cathode. The lower portions of the curves are
mainly associated with the formation of nickel hy-
droxide, accompanied by hydrogen evolution and

jc, mA cm�2

E, V

Fig. 3. Cathode potential E vs. current density jc in elec-
trolysis from mixed solutions of Na2MoO4 and NiSO4.
pH: (1, 1�, 1", 2, 3, 3�, 6, 6�) 5.5 and (4, 5, 5�, 5") 3.5.
Overall cathodic processes, Mo : Ni concentration ratio:
(1, 5) 1 : 12; (1") 1 : 12, on a preliminarily formed deposit
film; (2) 1 : 1.3; (3, 4) 7 : 1; and (6) 1 : 12, 0.01 M
Na2S2O3. Partial processes of cathodic deposit formation,
Mo : Ni concentration ratio: (1�, 5�) 1 : 12; (3�) 7 : 1; and
(6�) 1 : 12, 0.01 M Na2S2O3. Hydrogen evolution, Mo : Ni
concentration ratio: (5") 1 : 12.

deposition of molybdenum oxide. In the partial curves
(Fig. 3, curves 1
, 3
 and 5
, 6
), this is manifested by
the initial gently sloping and ascending portions.
Reaching the limiting current of nickel ion diffusion
leads to enhancement of the cathodic polarization and
gives rise to the corresponding transition plateaus. The
polarizing current corresponding to the extremum
points of the lower transition plateaus is closely as-
sociated with the relative concentration of nickel ions
in solution for each pH value. In solutions with
lowered pH value (3.0�3.5), the alkalization of the
near-cathode layer is slower, which decelerates nickel
hydroxide formation and leads to higher limiting dif-
fusion currents.

The rise in the cathodic polarization after reaching
the extremum points of the lower transition step in the
curves shifts the cathode potential to negative values,
which leads to preferential deposition of molybdenum
oxide, whose rate becomes a key factor in the transi-
tion region and second ascending portions of the over-
all curves. To the same factor correspond the steep rise
portions and limiting plateaus of the partial curves.
In this case, the overall cathodic process becomes
more complex because of the simultaneous occurrence
of nickel oxide deposition and hydrogen evolution.
The limitation of the rate of molybdate ion diffusion
toward the cathode surface with increasing polarizing
current leads to the subsequent enhancement of the
cathodic polarization, with predominance of the rate
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I, arb. units

2�, deg

Fig. 4. X-ray diffraction pattern of the cathodic deposit in
electrolysis of the solutions under study. Concentration
ratio Mo : Ni = 1.5 : 1, pH 5.5, in the presence of 0.01 M
Na2S2O3. (I) Intensity and (2�) Bragg angle.

of hydrogen evolution, and makes the lower plateaus
of the partial curves more pronounced. This cir-
cumstance presumably accounts for the fact that the
cathodic processes under consideration occur in an
acid medium with pH 3.0 (Fig. 3, curves 4, 5, 5
) at
higher cathodic polarization than in the case of solu-
tions with lower acidity (pH 5.5).

At the same time, all the jc�E curves in Fig. 3 are
shifted with respect to one another to higher cathode
potentials with increasing relative concentration of
molybdate ions in solution. This is possibly due to
strong cathodic polarization of the discharge of
MoO4

2� ions and to high hydrogen overvoltage on the
surface of the cathodic deposit formed at a sufficient
rate in the range corresponding to the second and third
portions of the curves. Correspondingly, the transition
plateaus between these portions are arranged in order
of decreasing current densities corresponding to these
plateaus because of the change in the relative rates
of hydrogen evolution and molybdenum oxide deposi-
tion, with a steady increase in the latter. This is also
indicated by a relative increase in the limiting currents
of cathodic deposit formation for different pH values
(Fig. 3, curves 1
, 3 
, 5 
) and in the length of the sec-
ond ascending portions of the overall curves, which
lie higher in the above sequence (Fig. 3, curves 1�3
and 4, 5).

The shape and relative positions of the overall and
partial jc�E curves for a solution containing Na2S2O3
(Fig. 3, curves 6 and 6
) are in agreement with the
suggested possible mechanism of influence exerted by
thiosulfate ions on the kinetics of the cathodic proc-
ess, which is manifested in a decrease in the cathodic
polarization of the overall process. Together with the
possible role played by thiosulfate ions in the �acidifi-

cation	 of the near-cathode layer of the solution owing
to formation of hydrogen sulfide in discharge of
S2O3

2� ions and to an increase in the contribution of
hydrogen evolution to the overall process, a certain
contribution to the mechanism under consideration can
be made by simultaneous deposition of sulfur at the
cathode. Adsorption of sulfur on the electrode surface
presumably makes lower the energy barrier to dis-
charge of molybdate ions, by analogy with a similar
phenomenon in electrolytic deposition of metals [7].
This is also confirmed by the relatively high peak in
the corresponding partial curve (Fig. 3, curve 6
).

According to the results of an X-ray diffraction
analysis, the deposits under study are multiphase sys-
tems with clearly pronounced phases of molybdenum
oxide Mo4O11, nickel oxide NiO, and molybdenum
sulfide (Fig. 4). The oxide phase of molybdenum,
which is virtually independent of the solution com-
position and electrolysis parameters, predominates
(88�95 wt %). The content of nickel oxide NiO and
molybdenum sulfide MoS2 in the deposits may vary
within 0.5�3 and 1�9 wt %, respectively, with the
greater values corresponding to higher content of the
components in solution.

The structure and bonding in the systems under
study cannot be described unambiguously on the basis
of the available experimental data. However, with
account taken of the inevitable interaction, on the
molecular level, of the phases codeposited at the cath-
ode in the course of electrolysis, it may be assumed
that the materials obtained are homogeneous mixtures
with a tendency toward ordered chemically interre-
lated structure. To obtain deposits with the optimal,
under the experimental conditions, content of the
doping phases, MoS2 and NiO, the concentration ratio
of the molybdenum and nickel salts in solution (total
concentration 0.08�0.14 M) must fall within the range
from 2 : 1 to 1 : 3 at Na2S2O3 concentration equal to
the lower concentration of the main component.

CONCLUSION

A study of the efficiency and current�voltage char-
acteristics of the cathodic processes, and also of the
phase composition of the cathodic deposits formed in
electrolysis of mixed solutions of sodium molybdate
and nickel sulfate (total concentration 0.08�0.14 M)
in the presence of sodium thiosulfate (0.01�0.012 M)
in relation to their composition and electrolysis condi-
tions, revealed the possibility of obtaining in quantita-
tive yield materials in the form of multiphase systems
composed of a homogeneous mixture of nickel and
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molybdenum oxides and sulfides. Stable electroly-
sis conditions are achieved at 85�3�C, jc = 3.5�
7.5 mA cm�2, pH 5.0�6.0, molar ratio of the com-
ponents in the range from 2 : 1 to 1 : 3, and thiosul-
fate concentration of 0.01�0.012 M.
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Abstract�The effect of modifying additives on the processes of anodic treatment of alloys was studied
and the role of adsorption effects in development of resource-saving technologies for metal working was
established.

A topical problem of modern technologies for
anodic treatment of metal articles consists in impart-
ing certain functional properties to their surfaces at
high output capacity and good environmental safety.
The vast practical experience accumulated in this field
mainly refers to treatment of surfaces of technically
�pure� metals and high-alloy steels [1�3]. Solutions
for electrochemical polishing (ECP), most widely
used for this purpose, still include highly toxic phos-
phoric�sulfuric�chromic acid electrolytes. There is
virtually no effective environmentally acceptable sub-
stitute for these solutions [2].

It has been established previously that the quality
of anodic treatment of alloys in the conventional elec-
trolytes becomes poorer with decreasing degree of
steel alloying in the order 12Cr18Ni10Ti > 95Cr18 >
40Cr13 > 12Cr13 > 08kp [4] and with increasing
degree of alloying of aluminum and titanium alloys
in, respectively, the series AMg < AMts < D16 [5]
and VT6 < VT8 < VT16 [6]. Introduction of modify-
ing adamantane additives into the phosphoric�sulfuric
acid solution for ECP, or their combination with
glycerol or alkali metal cations in a phosphoric acid
electrolyte, makes faster the smoothening of the
microroughness of the alloy surface [4�6].

When selecting additives, two quantities are taken
into account [3]: surface tension of the electrolyte
with additive and the anodic polarization of a process,
which, however, cannot serve as the only criteria in
development of resource-saving technologies.

Here we analyze the influence exerted by additives
introduced into modified electrolytes for ECP on the
processes and results of anodic treatment of alloys
in order to predict the electrolyte compositions and
develop resource-saving technologies.

EXPERIMENTAL

Anodic treatment of alloys with varied degree of
alloying was performed with electrolytes of different
compositions (M): phosphoric acid (PA) 11 H3PO4;
phosphoric�sulfuric acid (PSA) 10 H3PO4, 3.7 H2SO4;
phosphoric�sulfuric acid glycerol (PSAG) 14 H3PO4,
0.5 H2SO4, 1.2 C3H8O3 at 303�333 K for steels and
aluminum alloys; hydrofluoric�sulfuric acid (HFSA)
11.5 H2SO4, 5.5 HF; and hydrofluoric�sulfuric acid
glycerol (HFSAG) 11.5 H2SO4, 5.5 HF, 2.0 C3H8O3
at 293 K for titanium alloys. Data on the elemental
composition of the surface of steel and aluminum and
titanium alloys, according to the results of electron-
probe microanalysis, are listed in Tables 1�3.

As modifying additives were studied organic com-
pounds with varied steric structure and different func-
tional groups: linear [triethanolamine N(C2H4OH)3]
and heterocyclic (hexamethylenetetramine C6H12N4)
amines; alicyclic hydrocarbons of the adamantane
series with the general formula C10H16�nRn, where
R is H (Ad, adamantane), OH (hydroxyadamantane),

Table 1. Elemental composition of steel surface
����������������������������������������

Steel

�Compo- � Content, wt %
� ������������������������
�

sition
�

Al
�

Si
�

Cr
�

Ni
�

Ti�
of ECP � � � � �

� solution� � � � �
����������������������������������������
12Cr18Ni10Ti� � � 0.6 � 1.0 � 18.0 � 9.7 � 0.7

� PSA � 0.4 � 0.9 � 18.2 � 9.8 � 0.8
30Cr13 � � � 0.9 � 2.0 � 13.2 �<0.2 �<0.2

� PSA �<0.2 � 0.7 � 13.2 �<0.2 �<0.2
95Cr18 � � � 0.7 � 2.0 � 17.8 �<0.2 �<0.2

� PSA �<0.2 � 0.7 � 18.2 �<0.2 �<0.2
����������������������������������������
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Table 2. Elemental composition of aluminum alloy surface
����������������������������������������

Al
� Content, wt %
����������������������������������

alloy � Mg � Mn � Ni � Cu � Fe
����������������������������������������
A6N � <0.2*� <0.2 � 0.61 � <0.2 � <0.2

�
��

�
��

�
��

�
��

�
��

�
<0.2

�
<0.2

�
0.63

�
<0.2

�
<0.2

AMg � 0.97 � <0.2 � <0.2 � <0.2 � 0.37
�
��

�
��

�
��

�
��

�
��

�
0.89

�
<0.2

�
<0.2

�
<0.2

�
0.26

AMts � 0.89 � 1.03 � <0.2 � <0.2 � 0.38
�
��

�
��

�
��

�
��

�
��

�
0.50

�
<0.2

�
<0.2

�
<0.2

�
0.38

D16 � 1.47 � 0.52 � <0.2 � 3.69 � 0.35
�
��

�
��

�
��

�
��

�
��

�
1.00

�
<0.2

�
<0.2

�
<0.2

�
0.26

����������������������������������������
* Numerator, data for the initial sample; denominator, for a

sample subjected to anodic treatment in PSA electrolyte, Ja =
12 A dm�2, T = 333 K, � = 5 min.

Br (bromoadamantane), NHCOCH3 (acetylamino-
adamantane), and C2H4�NH2 �HCl (Re, remantadine),
and also their combinations with glycerol (Gl) or
alkali metal cations.

Adsorption effects at the electrolyte�alloy interface
in the initial and anodically polarized states were
studied with a number of independent methods by
measuring the contact angle for a drop of electrolyte
[7], surface hardness by Rebinder [8], contact poten-
tial [5], and potential decay (with the differential
pseudocapacitance determined) [9], and also using the
potentiostatic and potentiodynamic methods at poten-
tial sweep rates of 0.01�0.02 V s�1 with correction for
the ohmic voltage drop in a film [10].

The anodic polarization of the electrodes was done
with P5848, ON-405, and PI-50-1 potentiostats,
LKD-4 recorder, three-electrode glass (for steels and
aluminum alloys) or fluoroplastic (for titanium alloys)

Table 3. Elemental composition of titanium alloy surface
������������������������������������������������������������������������������������

Ti alloy
� Alloying components, wt % � Impurities, no more than, wt %
�������������������������������������������������������������������������
� Al � Mo � V � Zr � Fe � Si

������������������������������������������������������������������������������������
VT1-0 � � � � � � � � � 0.2 � 0.08

�
���

�
��

�
���

�
��

�
��

�
��

�
�

�
�

�
�

�
�

�
�

�
�

VT6 � 6.26* � � � 3.9 � 0.2 � 0.2 � 0.15
�

���
�

��
�

���
�

��
�

��
�

��

�
6.6�7.0

�
�

�
4.0�4.2

�
0.2

�
0.2

�
0.15

VT8 � 6.3�6.6 � 2.8�3.2 � � � 0.24 � 0.22 � 0.66
�

���
�

���
�

���
�

��
�

��
�

��

�
6.6�8.0

�
3.4�4.0

�
�

�
0.2

�
0.26

�
0.4

VT16 � 3.4�3.5 � 5.0�5.1 � 3.9�4.0 � 0.2 � 0.25 � 0.2
�

���
�

���
�

���
�

��
�

��
�

��

�
3.0�3.3

�
5.2�5.4

�
3.8�4.2

�
0.2

�
0.3

�
0.2

������������������������������������������������������������������������������������
* Numerator, data for the initial sample; denominator, for a sample subjected to anodic treatment in HFSA electrolyte, Ja =

30 A dm�2, T = 290 K, � = 5 min.

cell, and saturated silver chloride reference electrode.
The potentials are given relative to standard hydrogen
electrode.

The elemental composition of the surface of the
initial and polished samples was determined with a
Philips SEM-515 scanning electron microscope (the
Netherlands) with an EDAX-9900 energy-dispersive
detector (the United States).

Changes in the functional properties of the alloy
surface after anodic treatment were evaluated by sub-
structure parameters: microscopic deformation � and
density of dislocations inside subgrains (�e, cm�2) and
at their boundaries (�L, cm�2), determined on a
DRON-3M diffractometer in CuK� radiation by the
approximation method, and also by surface roughness
Ra (�m) and relative smoothening Y (%) [11].

X-ray diffraction analysis of the substructure pa-
rameters of the initial surface of the alloys demon-
strated that raising the degree of alloying of aluminum
and titanium alloys leads to an increase in the micro-
scopic deformation level and density of dislocations,
which are chaotically distributed and form subgrain
boundaries. Each structural component of the alloys
dissolved in the conventional electrolytes in a certain
range of potentials at its own rate on applying anodic
polarization, which was reflected in a change in the
elemental composition of the alloy surface after anod-
ic treatment (Table 1).

Partial replacement of water in PSA and HFSA
ECP solutions with glycerol made less pronounced the
selective etching of the alloying components of the
alloys. In glycerol-containing electrolytes, the rates of
anodic dissolution of aluminum alloys (evaluated by
the etched layer thickness �, �m) decreased, and the
relative smoothening Y (%) of the article surfaces did
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Table 4. Effect of modifying additives to PSA electrolyte on the rate � of anodic dissolution and relative smoothening Y
of alloy surface
������������������������������������������������������������������������������������

Modifier, M

� Brand of aluminum alloy
�������������������������������������������������������������������������
� AD1 � A6N � AMg � AMts � D16
�������������������������������������������������������������������������
� �, �m � Y, % � �, �m � Y, % � �, �m � Y, % � �, �m � Y, % � �, �m � Y, %

������������������������������������������������������������������������������������
� � 4.46 � 42.8 � 4.60 � 41.4 � 4.68 � 36.8 � 5.05 � 37.2 � 5.35 � 34.7

C3H8O3, 1.2 � 2.50 � 49.6 � 2.55 � 47.6 � 2.76 � 48.2 � 2.90 � 46.3 � 3.01 � 42.0
C3H8O3, 1.2 + � � � � � � � � � �

additive, 0.02:� 3.47 � 53.0 � 3.68 � 51.8 � 3.84 � 50.8 � 2.97 � 48.5 � 3.97 � 46.4
Ad � 2.49 � 69.8 � 2.53 � 69.2 � 2.62 � 67.6 � 2.81 � 64.8 � 2.96 � 64.5
AdP � 3.10 � 70.4 � 3.15 � 68.5 � 3.26 � 65.6 � 3.38 � 67.7 � 3.41 � 60.8
Re � 2.77 � 73.2 � 2.78 � 72.7 � 3.09 � 70.1 � 3.22 � 69.0 � 3.25 � 65.7

������������������������������������������������������������������������������������

Table 5. Roughness Ra and microscopic deformation � of alloy surface in ECP electrolytes. Initial roughness of alloy
surface 0.63 �m, time of anodic treatment � = 5 min
������������������������������������������������������������������������������������

Alloy

�

Ra,

�

�

� Additive, M
� � �����������������������������������������������������������������

brand
�

�m
� � C3H8O3, 1.2�2.0 � C3H8O3, 1.2�2.0 + Ad, 0.7�10�2 � C3H8O3, 1.2�2.0 + Re, 2.9�10�2

� � �����������������������������������������������������������������
� � � Ra, �m � � � Ra, �m � � � Ra, �m � �

������������������������������������������������������������������������������������
Mg* � 0.735 � 2�10�4� 0.380 � 3�10�5 � 0.238 � 0 � 0.220 � 0
AMts* � 0.726 � 2�10�4� 0.391 � 5�10�5 � 0.289 � 0 � 0.224 � 0
D16* � 0.730 � 3�10�4� 0.423 � 8�10�5 � 0.342 � 0 � 0.250 � 0
VT-0** � 0.825 � 1�10�4� 0.320 � 2�10�5 � 0.238 � 0 � 0.256 � 0
VT6** � 0.830 � 2�10�4� 0.342 � 3�10�5 � 0.302 � 0 � 0.242 � 0
VT16** � 0.825 � 1�10�3� 0.376 � 2�10�4 � 0.342 � 3�10�5 � 0.302 � 0
������������������������������������������������������������������������������������

* Electrolyte composition, M: 14 H3PO4, 0.5 H2SO4; ja = 12 A dm�2; T = 333 K.
** Electrolyte composition, M: 11.5 H2SO4, 5.5 HF; ja = 30 A dm�2, T = 293 K.

not exceed 50% (Table 4). Also, a dependence of � on
the chemical composition of the surface layer of the
alloys was clearly observed (Tables 1�4): with in-
creasing degree of alloying, the rates of anodic dis-
solution became higher and the quality of the anodic
treatment of article surfaces was impaired (Table 4).

The required functional properties of the alloy
surfaces were achieved, with the microscopic defor-
mation of the alloy surfaces eliminated (Table 5) and
relative smoothening increased to 65�70%, only upon
introduction into the electrolytes of modifying addi-
tives of the adamantane series, or when the solution
contained simultaneously alkali metal cations and
adamantane additives, or glycerol and adamantane
additives.

The run of the isotherms of the surface tension 	s
(N m�1) of the electrolytes with additives demon-
strates that the chosen modifying additives of the

adamantane series act as surfactants at the interface
between the polishing electrolyte and vapor (Fig. 1,
curve 1). After anodic treatment, adamantane pre-
serves its surface-active properties (Fig. 1, curve 2).
The observed slight increase in the surface tension of
the electrolyte points a decrease in the surfactant con-
centration at the electrolyte�vapor interface, probably,
because of the adsorption of the additives onto the
electrode surface.

The behavior of the modifying additives in polish-
ing electrolytes on the initial surface of the alloys is
reflected in kinetic dependences of electrolyte drop
spreading over the surface of 12Cr18Ni10Ti steel
(Fig. 2). These curves exhibit two clearly pronounced
�plateaus� characterized by quasi-equilibrium contact
angles 
0 and 
 (Fig. 2), which made it possible to
evaluate the surface energy of viscous spreading, �GS

and the spreading factor S (Table 6).
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Comparison of the Gibbs energies of spreading of
supporting electrolytes (�GS = 14 mJ m�2) and those
with modifying additives (�GS = 4�6 mJ m�2) in-
dicates that the additives introduced exert hindering
action. This is also confirmed by the values of the
spreading factor (Table 6).

The relationship between the surface tension and
the surface concentration � in adsorption at low con-
centrations of additives is described by the Gibbs ad-
sorption isotherm looking as follows in the integral
form:

�

�


�d� = RT d ln c, (1)
�0

where 	0 is the surface tension at the electrolyte�
vapor interface, and 	 is the interfacial tension at the
electrolyte�alloy interface; for adsorption of an addi-
tive on the solid surface, 	0 � 	a�v and 	 � 	a�a.l.,
where 	a�v and 	a�a.l. are the surface tensions at the
interfaces between the alloy and the vapor and bet-
ween the alloy and the adsorption layer, respectively;
c is the concentration of the additive (M).

Using a combination of Young equations

cos	0 = (�a�v � �e�a)/�e�v (2)

(	e�a and 	e�v are the surface tensions at the elec-
trolyte�alloy and electrolyte�vapor interfaces, respec-
tively), on the assumption that

�a�v = const, d�a�v/dC = 0, (3)

and taking into account Eq. (1), one can obtain a for-
mula for calculating the surface concentration:

d(cos	)�e�v c

a�a.l. = ������������. (4)

dc RT

Graphical differentiation of the curve describing
the dependence 	e�v cos
 = f (ln c) was used to calcu-
late the maximum surface concentration of adaman-
tane, �max = 5.0�10�11 mol cm�2, and remantadine,
�max = 9.0�10�11 mol cm�2. This indicates that the
adsorption occurs by the chemisorption mechanism to
give associates of etching products of the alloy com-
ponents [Fe(III), Fe(II), Cr(III), Cr(VI), Ni(II), Ti(IV),
Al(III), and Mg(II)] with adamantane and remantadine.
As a result, adsorbed molecules of the additives and
their associates with metal ions are accumulated, in
addition to metal phosphates and sulfates, in the
viscous near-surface layer.

�s, N m�1

c, g l�1

Fig. 1. Isotherms of surface tension �s of adamantane-
containing PSA solution (1) before and (2) after adsorption
on the surface of 12Cr18Ni10Ti steel. (c) Adamantane con-
centration. Solution (M): H3PO4 10 and H2SO4 3.7; the
same for Figs. 2 and 5.

	, deg

�, min
Fig. 2. Kinetic curves of spreading of a PSA solution drop
over the surface of 12Cr18Ni10Ti steel. (�) Spreading angle
and (�) spreading time. (1) Additive-free solution; adaman-
tane additive (g l�1): (2) 1.0, (3) 2.0, (4) 3.0, and (5) 4.0.

The dependences of the Rebinder surface hardness
on the potential, identified with the electrocapillary
curves of the work of surface formation [8] for anod-
ically polarized D16 aluminum (Fig. 3) and VT16 tita-
nium alloys (Fig. 4), are characterized, similarly to
those measured on a 12Cr18Ni10Ti steel anode [8], by
several clearly pronounced maxima Emax of hardness.

Table 6. Parameters of spreading of PSA electrolyte drop
on steel surface in the presence of organic additives
����������������������������������������

Additive, 3 g l�1 � 	0, � 	, � ��GS, � S,
�deg/cos	0� deg � mJ m�2 �mJ m�2

����������������������������������������
� � 55/0.574 � 38 � 14 � �29

Adamantane � 42/0.743 � 34 � 5 � �14
Hydroxyadamantane� 41/0.755 � 32 � 5 � �13
Remantadine � 45/0.707 � 36 � 6 � �14
Hexamethylene- � 48/0.669 � 39 � 6 � �20
tetraamine � � � �
����������������������������������������



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 9 2003

1448 FEDOROVA

H, s Cp, �F cm�2

E, V
Fig. 3. (1�3) Work of surface formation, evaluated by the
electrocapillary method, and (4�6) differential pseudo-
capacitance Cp vs. anode potential E of a D16 aluminum
electrode at 293 K. 11.0 M H3PO4 solution with additive
(M): (1, 4) K2SO4 0.17, (2, 5) C10H16 7.3	10�3, and
(3, 6) K2SO4 0.17 and C10H16 7.3	10�3.

H, s

E, V

�U, V

Fig. 4. (1�3) Work of surface formation H and (4�6) con-
tact potential difference 
U vs. anode potential of titanium
(VT16) electrode at 293 K. Solution (M): (1, 4) H2SO4
11.5, HF 5.5, KF 0.52, and C3H8O3, 2.0; (2, 5) the same +
C6H12N4 0.02; (3, 6) the same as (1, 4) + C10H15�C2H4�
NH2 �HCl 0.02.

Introduction of adamantane C10H16, hexamethylene-
tetramine C6H12N4, remantadine C10H15�C2H4�NH2 �
HCl, and K2SO4 into the supporting electrolytes leads
to a dramatic decrease in the work of anode surface
formation near the maxima and to a slight increase in
the hardness at its minima (Figs. 3, 4). This effect was
particularly pronounced in solutions with additives
belonging to the adamantane series or in the case
of simultaneous presence of C10H16 and K2SO4 in
solution.

The observed change in the contact potential dif-
ference �U (V) with increasing positive potential
at the anodically oxidized alloys and growing oxida-
tion time (Fig. 4), which reflects an increase in the
electron work function �i [5], indicates that charged
anodic films with excess negative charge are formed

on the surface of anodically polarized alloys. After
opening the circuit in air, these charges recombine,
i.e., leak to the metal base. The presence of an excess
negative charge in oxide films in anodic polarization
of the titanium electrode correlates with the existence
of several electrocapillary curves of the work of sur-
face formation (Fig. 4).

Addition of adamantane, and especially introduc-
tion of a combination of K2SO4 and C10H16 additives
into the supporting electrolyte, make the adsorption
pseudocapacitance of the D16 alloy lower (Fig. 3).

The fact that modifying additives make lower the
work of surface formation at peaks of the electrocapil-
lary curves (Figs. 3, 4), the electron work function
(Fig. 4), and the adsorption pseudocapacitance (Fig. 3)
is a direct confirmation of adsorption of these addi-
tives on the surface of anodically polarized alloys in a
wide range of potentials, including the potentials of
electropolishing, under conditions of competitive ad-
sorption of anions and radical anions (e.g., HSO�4),
radical hydrogen peroxide species HO�2, PO4�", etc.

The chemisorption of adamantane molecules on the
surface of an alloy being polished is also confirmed
by results of mass-spectrometric analysis of an
extracted solution obtained upon cathodic reduc-
tion of an oxide layer formed on the surface of the
12Cr18Ni10Ti steel in an electrolyte with addition of
adamantane. Species characterized by m /z = 135 were
found in the solution being analyzed, which corre-
sponds to the presence of a highly stable adamantyl
cation C10H+

15 in the solution. Thus, adamantane
molecules may be incorporated into the surface anodic
oxide layer (AOL) and affect its properties.

The electron work function of an anodically polar-
ized VT16 alloy became lower in the presence of
hexamethylenetetramine and, especially, remantadine
in a glycerol-containing solution (Fig. 4). It may be
assumed that species of modifying additives, e.g.,
remantadine, are chemisorbed on the surface of the
titanium alloy and thereby give rise to impurity states
with positive effective charge in the band gap of
n-type titanium oxide TiO2 [12], which leads to an in-
crease in the free electron concentration in the oxide.

The facilitation of transport processes in the AOL
may lead to an increase in the rate of metal ionization,
compared to a glycerol-containing electrolyte without
surfactant, which was confirmed experimentally for
the example of aluminum alloys (Table 4). Automated
correction for the ohmic voltage drop across the film
made it possible to evaluate the resistance of the AOL
on the D16 alloy to decrease from 440�480 to 237�
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Table 7. Current efficiency CEall for reactions of anodic dissolution of alloys and fraction of current QO2
consumed for

O2 evolution at different current densities ja on 12Cr18Ni10Ti steel
������������������������������������������������������������������������������������

ja, A dm�2

� Electrolyte*
��������������������������������������������������������������������
� no. 1 � no. 2 � no. 3
��������������������������������������������������������������������
� CEall, % � QO2

, % � CEall, % � QO2
, % � CEall, % � QO2

, %
������������������������������������������������������������������������������������

20 � 73.8 � 20.9 � 63.8 � 26.9 � 60.0 � 27.8
30 � 63.6 � 38.2 � 53.6 � 38.2 � 51.6 � 32.3
40 � 56.8 � 37.3 � 46.8 � 47.3 � 44.5 � 38.2
50 � 52.5 � 43.3 � 42.5 � 52.3 � 41.9 � 43.0
60 � 50.2 � 44.2 � 40.2 � 54.2 � 39.3 � 45.4

������������������������������������������������������������������������������������
* Electrolyte composition (M): no. 1: 11 H3PO4 and 0.5 H2SO4; no. 2: 11 H3PO4 and 0.17 K2SO4; no. 3: 10 H3PO4, 0.17 K2SO4,

and 7.35	10�3 C10H16.

250 � cm�2 in the presence of 0.02 M of remantadine
in a PSAG solution.

In a PSA electrolyte, the rates of anodic dissolution
of the aluminum alloys decreased upon introduction
of adamantane additives.

The ohmic resistance of AOL formed on 12Cr-
18Ni10Ti steel in aqueous PA and PSA electrolytes
with modifying additives increased, especially in the
transpassive region, in the case when a film of reac-
tion products was already formed on the anode sur-
face. The film resistance related to unit surface area of
a steel being treated increased from 15 to 25 and
29 � cm�2, respectively, in the presence of adaman-
tane and bromoadamantane in the PSA electrolyte and
to 28 � cm�2 upon joint introduction of K2SO4 and
adamantane additives into an aqueous PA polishing
solution.

The observed hindrance of the anodic dissolution
of the alloys by C10H16 (Table 4) and K2SO4 +
C10H16 (Table 7) additives in aqueous PA and PSA
ECP electrolytes will extend the working life of alloy�
electrolyte process media in the case of chemical
and electrochemical stability of the additives in the
solutions.

A quantitative analysis by ascending chromatog-
raphy for adamantane in a PSA electrolyte used for
anodic treatment of steels and for remantadine in
PSAG electrolyte used for aluminum alloys demon-
strated that the content of the additives in the solu-
tions remained virtually unchanged after passing 250
and 120 A h l�1 of electricity, respectively.

Measurements of the surface tension of polishing
solutions with the surfactant additives under study
demonstrated that reaching the original value of 	s

corresponds for adamantane additives to passing 260�
320 A h l�1 of electricity, this value being lower for
other types of additives (Fig. 5). This indicates a
higher electrochemical stability of compounds of the
adamantane series.

The established pattern of the anodic behavior and
state of the surface of the alloys under study in the
presence of modifying additives to electrolytes for
anodic treatment revealed the following basic direc-
tions of research for developing resource-saving tech-
nologies: (1) extending the working life of process
media constituted by an alloy being treated and an
electrolyte; (2) lowering the energy expenditure for
anodic treatment; (3) decelerating accumulation of
metal ions in electrolytes; (4) improving the quality of
surface treatment of alloys with heterogeneous com-
position by introducing modifying additives posses-
sing such basic properties as inhibition of metal ioni-
zation, faster formation of a viscous near-electrode
layer via interaction of additive molecules with prod-

�s, N m�1

Q, A h l�1

Fig. 5. Surface tension �s of PSA electrolyte in the course
of its exhaustion. (Q) Quantity of electricity passed. Ad-
ditive: (1.0 g l�1): (1) C6H12N4, (2) N(C2H4OH)3,
(3) C10H15NHCOCH3, (4) C10H15Br, (5) C10H15OH, and
(6) C10H16.
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ucts of chemical and anodic dissolution of alloys, and
improvement of the quality of the anodic oxide film
via adsorption of additive molecules on the alloy sur-
face at high positive potentials.

The rates of accumulation of metal ions in solu-
tions were also lowered (1) by modifying the electro-
lyte compositions by replacing the solvent in aqueous
solutions with a more viscous component (e.g., gly-
cerol) decelerating the selective etching of microscopic
areas on the article surface, (2) by excluding sulfuric
acid from the PSA electrolyte in order to deposit poor-
ly soluble phosphates of the metals contained in the
alloys in the course of electrolysis, and (3) by binding
the soluble components of the alloys into complexes
stable in electrolytes for anodic treatment.

Development of resource-saving technologies
should also involve studies concerning regeneration of
spent ECP electrolytes and purification of washing
and waste water to recover valuable components.

Adamantane and its derivatives proved to be ver-
satile additives for virtually any brand of the alloys
studied; they have high efficiency already at a low
content in solution (0.2�2.0 g l�1), low expenditure
[3�4�10�3 g (A h)�1], and chemical and electro-
chemical stability in anodic treatment, ensuring low
energy expenditure in this process (0.8�4.0 A h l�1)
and long working life of alloy�electrolyte process
media.

The highest working capacity of up to 400�
420 A h l�1, exceeding that of the presently employed
electrolytes by a factor of 2, is observed for a PA
solution with modifying additives of an alkali metal
sulfate and adamantane compounds for anodic treat-
ment of steels and Al alloys. This electrolyte is char-
acterized by long working life of the solution because
of the lowered current efficiency in anodic dissolution
of alloys and simplicity of regeneration, shorter dura-
tion and lower energy intensity of the process, less
expensive solution components, and lower expendi-
ture for neutralization of spent solutions.

CONCLUSIONS

(1) The concept for choice of modifying additives
of organic substances to electrolytes for polishing of
alloys with varied degree of alloying on the basis of
the whole set of their physicochemical properties was
formulated.

(2) The effect of adsorption on the macro- (changes

in the structure of the viscous near-electrode layer by
the additives) and microscopic levels (changes in the
properties of the surface anodic oxide films) in anodic
treatment of alloys in electrolytes with modifying ad-
ditives was established.

(3) It was shown that adamantane and remantadine
additives to alloy polishing electrolytes lead to forma-
tion of impurity states with positive effective charge
in the band gap of semiconducting oxide films. This
facilitates or hinders (depending on the conduction
type of the film) migration of ions across the film and
improves the quality of treatment by smoothing the
microroughness and eliminating microscopic deforma-
tions of the surface of metal articles.
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Abstract�Changes in the concentrations of nickel(II) sulfate and sulfuric acid in the course of the dissolution
of nickel(II) hydroxide powder in sulfuric acid of various concentrations at 25, 50, and 75�C were evaluated
from variation of the electrolyte resistance. The rate constant and activation energies of the dissolution were
calculated.

Leaching with ammonia or an acid is widely used
in reprocessing of solid nickel-containing waste [1�4].
Owing to the high solubility of nickel sulfate, the acid
leaching of nickel hydroxide from spent nickel�iron
batteries is more efficient than ammonia leaching. The
acid leaching involves transformation of nickel com-
pounds into sulfate form and treatment to remove im-
purities; in the process, nickel sulfate is not separated
from a solution [4].

The goal of this work was to develop a method of
studying the reaction of Ni(OH)2 in solutions with
H2SO4 and to choose a canonic equation which would
describe adequately the experimental data. For this
purpose, the nickel(II) hydroxide powder was dis-
solved in sulfuric acid solutions of different concen-
trations (0.1�0.5 N) at 25, 50, and 75�C. We used in
the study the following chemicals: Ni(OH)2 intended
for manufacture of alkaline batteries containing no
less than 58.5�59.0% Ni in terms of dry substance and
chemically pure grade H2SO4. The study was per-
formed in a temperature-controlled conductometric
cell at vigorous agitation of the solution with a mag-
netic stirrer. The solution volume was 100 ml, and
the weighed portion was varied from 0.5 to 2.5 g. No
less than seven replicate tests were performed.

Let us consider the reaction of Ni(OH)2 with
H2SO4:

Ni(OH)2 + H2SO4 � NiSO4 + 2H2O. (1)

In the course of the nickel hydroxide dissolution in
sulfuric acid, very mobile hydrogen ions are replaced
for less mobile nickel ions. As a result, in the course
of the process the electrical conductivity of the solu-
tion changes. In view of this fact, the total specific
electrical conductivity of a solution �� can be calcu-

lated by the equation

�
�

= �H2SO4
(1 � x) + �NiSO4

x, (2)

where x is the fraction of NiSO4 at the total amount of
the reactants accepted as unity; �H2SO4

and �NiSO4
are

the specific electrical conductivities of H2SO4 and
NiSO4, respectively [5].

To determine the nickel sulfate and sulfuric acid
concentrations in a solution, the solution resistance in
the course of the dissolution was measured over a
period of 30 min with a step of 30 s using an E7-15
immitance meter. A change in the resistance upon dis-
solution of nickel hydroxide in sulfuric acid at 50�C
is presented in Fig. 1. Then, the resistance was recal-
culated to the specific electrical conductivity:

�
�

= K /Rt,

R, �

t, s
Fig. 1. Variation of the resistance R with time t in the
course of nickel hydroxide dissolution in sulfuric acid solu-
tions of different concentrations at 50�C. Concentration,
g-equiv l�1: (1) 0.1, (2) 0.2, (3) 0.4, and (4) 0.5; the same
for Fig. 2.
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t, s

c, g-equiv l�1

Fig. 2. Variation of the nickel sulfate concentration c with
time t in the course of nickel hydroxide dissolution in
sulfuric acid solutions of different concentrations at 50�C.

where K is the cell constant (0.260�0.277 cm�1), and
Rt is the solution resistance at time t.

The nickel sulfate concentration was determined
from the �� value, found experimentally and calcu-

Table 1. Comparison of the results of conductometric and
spectrophotometric determinations of the nickel sulfate
concentration cNiSO4����������������������������������������

cH2SO4
,
� cNiSO4

, g-equiv l�1, at indicated
� temperature, �C
���������������������������������g-equiv l�1
� 25 � 50 � 75

����������������������������������������
Conductometric method

0.1 �0.0647�0.005�0.0916�0.003�0.0969�0.002
0.2 �0.1214�0.006�0.1802�0.006�0.1910�0.004
0.4 �0.2559�0.009�0.3750�0.002�0.3839�0.001
0.5 �0.3912�0.008�0.4661�0.006�0.4834�0.002

Spectrophotometric method

0.1 �0.0640�0.005�0.0906�0.004�0.0969�0.002
0.2 �0.1209�0.006�0.1786�0.006�0.1912�0.005
0.4 �0.2259�0.009�0.3749�0.003�0.3838�0.002
0.5 �0.3907�0.009�0.4672�0.006�0.4863�0.002

����������������������������������������

Table 2. Degree of nickel recovery � upon dissolution of
Ni(OH)2 in H2SO4 solutions
����������������������������������������
Solu- � cH2SO4

, ��, %, at indicated temperature, �C
� �������������������������tion
� g-equiv l�1

� 25 � 50 � 75no. � � � �
����������������������������������������

1 � 0.1 � 65 � 92 � 97
2 � 0.2 � 61 � 89 � 96
3 � 0.4 � 64 � 94 � 96
4 � 0.5 � 78 � 93 � 97

����������������������������������������

lated by Eq. (2). Variation of the nickel sulfate con-
centration with time at 50�C is shown in Fig. 2.

The results obtained were compared with the data
of the spectrophotometric analysis. The results of
conductometric and spectrophotometric determina-
tions of the nickel sulfate concentration at the end of
the experiment are given in Table 1. As seen, the
values of the nickel sulfate concentration calculated
conductometrically agree well with the spectrophoto-
metric data. This allows the conductometric method to
be used for determining the nickel concentration in
solution at any time.

The obtained values of the running and initial con-
centrations of sulfuric acid were used to calculate the
degree of nickel dissolution at any time:

� = (c0 � c)/c0,

where � is the degree of nickel dissolution; c0 and c
are the initial and running concentrations of sulfuric
acid, respectively.

The calculated degrees of nickel dissolution by the
end of the experiment are given in Table 2.

The experimental data were processed by different
kinetic equations [7�9]. However, the experimental
plots could be linearized only using an equation of
the Erofeev�Kolmogorov type:

� = 1 � exp (�ktn),

where � is the degree of dissolution; k, rate constant;
t, time; and n, exponent taking into account the reac-
tion order and a change in the surface area in the
course of dissolution of the nickel hydroxide powder.

Writing Eq. (1) in the ionic form

1/2Ni(OH)2 + H+ � 1/2Ni2+ + H2O, (3)

we obtain:

dcH+ dcH+
����� = k� cH+, ���� = k�dt, (4)

dt cH+

where k� is the parameter dependent on the area of the

solid
substance surface.

Let us integrate Eq. (4):

ln cH+ = �k�t + const.

At the beginning of the process (at t = 0),

const = ln c0,
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where c0 is the initial concentration of hydrogen ions
in a solution.

Then

ln (cH+/c0) = �k�t,

1 � cH
+/c0 = 1 � exp (�k�t),

1 � cH+/c0 = �.

Consequently,

� = 1 � exp (�k�t). (5)

A change in the area of the solid particle surface in
the course of the reaction can be described by the
equation

S = const tm, m < 0,

then

k� = ktm.

Substitution of k� into Eq. (5) yields the Erofeev�
Kholmogorov type equation:

� = 1 � exp (�ktm + 1).

Taking n = m + 1, we obtain

� = 1 � exp (�ktn). (6)

The experimental data show that 0.135 < n < 0.916
for the concentration and temperature intervals studied.

Applicability of Eq. (6) was verified by the linear-
ity of the dependence ln [�ln (1 � �)] = f (ln t) obtained
by taking two times the logarithm of the initial equa-
tion [9]. The ln [�ln (1 � �)] = f (ln t) dependences are
plotted in Fig. 3. The rate constant k is calculated
from the equation

ln k = ln [�ln (1 � �)] � n(ln t).

Linearization of the experimental graphs (3) shows
that Eq. (6) adequately describes the kinetics of dis-
solution of the nickel hydroxide powder in sulfuric
acid.

Then, the straight lines obtained were approx-
imated by the direct least-squares method. As a result,
ln k was determined. The rate constant was found, and
the activation energy of the reaction was calculated
after taking antilogarithm. The activation energy was

Fig. 3. The ln [�ln (1 � �)]�ln t dependence for nickel
hydroxide dissolution in 0.1 N sulfuric acid at various
temperatures. Temperature, �C: (1) 25, (2) 50, and (3) 75.

calculated by the formula

RT1T2 ln (k2 /k1)
	E = ������������,

T2 � T1

where R is the universal gas constant (8.314 J mol�1�
K�1); k1 and k2 are the rate constants at temperatures
T1 = 298.15 and T2 = 348.15 K, respectively.

The final results of the calculation are presented in
Table 3.

Table 3. Rate constant k and activation energy 	E of
the process
����������������������������������������

cH2SO4
, �k, s�1, at indicated temperature, �C�

	E,��������������������������
g-equiv l�1

� 25 � 50 � 75 � kJ mol�1

����������������������������������������
0.1 � 0.00101 � 0.03196 � 0.16740 � 88
0.2 � 0.00171 � 0.13921 � 0.33367 � 91
0.4 � 0.00895 � 0.29561 � 1.21531 � 85
0.5 � 0.00977 � 0.21541 � 0.77260 � 75

����������������������������������������

The values of the activation energy show that the
dissolution of nickel hydroxide powder in 0.1�0.5 N
sulfuric acid in the temperature range 25�75�C is
kinetically controlled.

CONCLUSIONS

(1) The nickel sulfate and sulfuric acid concentra-
tions at each time were determined from the results of
measurement of the solution resistance in the course
of dissolution. The values of the nickel sulfate con-
centration at the end of the experiment agree well
with the data of the spectrophotomertic analysis.
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(2) The obtained dependences are described by the
Erofeev�Kholmogorov type equation. Within 25�
75�C, the dissolution of nickel(II) hydroxide powder
in 0.1�0.5 N sulfuric acid is kinetically controlled.
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Abstract�An iron�gallium oxide catalyst (97.0 wt % Fe2O3, 3.0 wt % Ga2O3) was studied in high-tempera-
ture oxidation of ammonia. Reasons for the deactivation of the catalyst at elevated temperature were analyzed.

Catalytic oxidation of ammonia to nitrogen(II)
oxide is the basis of the industrial method for manu-
facture of nitric acid [1]. In view of the high cost,
shortage, and unrecoverable loss of commercial cata-
lysts in industrial processes (platinum, rhodium, and
palladium alloys), a search for effective nonplatinum
catalysts is a topical problem. Iron(III) oxide is a
promising base for catalysts of this kind; it is used
industrially as a component of the second stage of a
combined system for ammonia oxidation [1]. Com-
monly, high activity and selectivity with respect to
nitrogen(II) oxide are preserved and the thermal and
chemical stability of iron(III) oxide is improved using
various modifying additives and, in particular, metal
oxides [1�8].

Gallium(III) oxide (Ga2O3) is used as a modifying
additive for iron-containing catalysts with varied con-
tent of modifying agent [1, 7, 8], but these catalysts
are deactivated at elevated temperatures, with their
selectivity with respect to nitrogen(II) oxide decreas-
ing [1, 7]. Reasons for the deactivation of iron�gal-
lium oxide catalysts are virtually unknown [1, 7].
The present study is concerned with deactivation of
a highly selective iron�gallium catalyst (97.0 wt %
Fe2O3, 3.0 wt % Ga2O3) in high-temperature oxida-
tion of ammonia.

The catalyst was prepared by thermal decomposi-
tion in air of a mixture of hydrated iron nitrate
[Fe(NO3)3 �9H2O] and gallium nitrate [Ga(NO3)3 �
9H2O] of chemically pure grade, taken in calculated
amounts, using a procedure described in [9]. The tem-
perature of finishing thermal treatment of the catalyst
grains was 1143 K.

An X-ray phase analysis was made on a Siemens
D-500 powder diffractometer (CuK� radiation, graph-
ite monochromator) in the path of the diffracted beam.
The phases manifested in the diffraction patterns were

identified using a JCPDS file shipped with the dif-
fractometer.

IR absorption spectra were measured on a Perkin�
Elmer 577 spectrophotometer at 200�2000 cm�1 using
KBr technique. The selectivity of the catalysts with
respect to NO (SNO) was determined on a flow-
through installation with a quartz reactor 2 � 10�2 m
in diameter, using the procedure described in [1]. The
height of the bed of catalyst grains of size (2�3)�
10�3 m was (4�12)�10�2 m; content of ammonia in
the ammonia�air mixture (AAM), �10.0 vol %; time
of contact, 6.89�10�2 s (normal conditions, n.c.), the
optimal value according to previously obtained data;
pressure, 0.101 MPa. The testing temperature was
close to the optimal value for a single-component iron
oxide catalyst (1103 K): in separate tests, it was varied
within the range 1103�1173 K. The composition of the
products of ammonia oxidation on the catalysts was
determined using the known technique [10], by analyz-
ing the gas mixture for the content of NH3, O2, N2,
NO, and N2O before and after the catalysts. The sen-
sitivity limit of this analytical procedure was (vol %)
3.0�10�3 for NH3, 3.5�10�3 for NO, and 5.0�10�3

for O2, N2, and N2O.

The specific surface area of the catalysts was meas-
ured by the method of low-temperature adsorption of
nitrogen and calculated by the BET equation, using
a standard procedure [11].

The binding energies of the surface oxygen to the
catalysts were found from the temperature dependence
of the equilibrium oxygen pressure over the surface of
the compounds, using the procedure described in [12].

The basic characteristics of the iron�gallium cata-
lyst are listed in Table 1.

According to the results of an X-ray diffraction
analysis, the unused catalyst is a solid solution of
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Table 1. Basic parameters of a catalyst for ammonia oxidation containing (wt %) 97.0 Fe2O3 and 3.0 Ga2O3
������������������������������������������������������������������������������������
Run no.� Parameter (designation) � Numerical value
������������������������������������������������������������������������������������

1 �Maximum selectivity with respect to NO (SNO) at optimal temperature, % � 95.5
� �2 �Optimal temperature T, K � 1103
� �3 �Specific surface area S, m2 g�1 � 9.0
� �4 �Limiting ammonia load X, m3 h�1 m�2 � 9.92 � 103

� �5 �Breakthrough of ammonia under critical process conditions, Y, rel. % � 0.04
� �6 �Optimal time of contact, �opt, at linear flow velocity of reagents of 0.19 m s�1 and � 6.89�10�2 (n.c.) or
�T = 1103 K, s �2.25�10�2 (work. cond.)
� �7 �Optimal linear flow velocity of AAM, w, at � = 6.89�10�2 and T = 1103 K, m s�1 � 0.19 (n.c.) or
� � 0.77 (work. cond.)
� �8 �Ignition temperature, Tign, K � 531

������������������������������������������������������������������������������������

�, cm�1

Absorption

Fig. 1. IR absorption spectra of (1) �-Fe2O3, (2) �-Ga2O3,
(3) unused iron�gallium catalyst, (4) surface (ferromagnet-
ic) layer of iron�gallium catalyst upon operation, and
(5) iron�gallium catalyst (nonmagnetic fractions) upon
operation. (�) Wave number.

gallium(III) oxide in hematite (�-Fe2O3), with the
structure of the �-Al2O3 (corundum) type, i.e.,
(FexGa1�x)2O3. The X-ray diffraction patterns of the
fresh catalyst are characterized by main lines with in-
terplanar spacings of 0.3682, 0.2693, 0.2511, 0.2214,
0.1846, 0.1695, 0.1484, and 0.1454 nm. These values
are typical of the rhombohedral structure of �-Fe2O3
[3], but are shifted to greater reflection angles, which
corresponds to a decrease in the lattice constant a of
iron oxide from 0.5434 to 0.5423 nm. No gallium
oxide lines were found in the catalyst, which points to
the formation of a solid solution of gallium(III) oxide
in hematite. IR spectra of unused catalyst contain
absorption bands at 479 and 550 cm�1. These values
are typical of iron(III) oxide (485, 555 cm�1) (Fig. 1),
but are shifted to lower frequencies, which is ac-
counted for by replacement, in solid formation, of a
part of Fe3+ ions in the structure of hematite by havier
Ga3+ ions. No �-Ga2O3 bands were found in the IR
spectra of the catalyst, probably because of the fact
that the absorption bands characteristic of gallium(III)
oxide are close to those of hematite (Fig. 1), but the
content of gallium oxide is insufficient for clear
manifestation of the absorption bands of Ga2O3.

Studies of how the catalyst selectivity depends on
the working time (Fig. 2) indicate that the iron�gal-
lium catalyst exhibits higher stability than �-Fe2O3.
The catalyst selectivity at 1103 and 1173 K decreased
by 1.7 and 4.5%, respectively, after 90 h of operation.
At the same time, the selectivity of iron(III) oxide
decreased under the same conditions by 2.3 and 6.4%,
respectively (Fig. 2). Raising the process temperature
leads to stronger deactivation of both iron�gallium and
iron oxide catalysts (Fig. 2). X-ray diffraction patterns
of the surface layers of an iron�gallium catalyst that
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Table 2. Binding energy of the surface oxygen of catalysts, qS, and their selectivity with respect to nitrogen(II) oxide, SNO
������������������������������������������������������������������������������������

Run �
Catalyst

� Working time �
qS,* kJ mol�1 O2

� SNO, %,
no. � � of catalyst, h � � at 1173 K
������������������������������������������������������������������������������������

1 �Iron�gallium (Fe2O3 97.0 wt %, Ga2O3 3.0 wt %)� 3 � 134.3 � 93.0
� � � �2 �Iron�gallium � 90 � 148.2 � 88.5

3 � �-Fe2O3 � 3 � 144.6 � 91.2
4 � �-Ga2O3 � 3 � 231.5 � 1.9
5 � Fe3O4 � 3 � 226.5 � 4.1

������������������������������������������������������������������������������������
* qS in the oxidized state of the catalyst surface.

worked at 1173 K contain lines of a rhombohedral
solid solution of gallium(III) oxide in hematite,
together with weak lines with interplanar spacings of
0.4850, 0.2970, 0.2430, 0.2102, 0.1713, 0.1615, and
0.1487 nm, typical of magnetite (Fe3O4) [3]. In this
case, magnetite and the iron�gallium catalyst do not
form solid solutions, being present as a mixture of
separate phases.

The formation of magnetite is confirmed by IR
data. The IR spectra of the surface layers of a catalyst
after operation (magnetic fractions) contain absorption
bands at 407, 427, 481, 558, and 673 cm�1 (Fig. 1),
characteristic of magnetite [13]. According to [9, 14],
magnetite suppresses the catalyst selectivity, being
a low-active phase: the selectivity of magnetite is
7.0% at 1073 K.

Only two nitrogen compounds were found in the
products formed in ammonia oxidation on the catalyst
under study: N2 and NO; no breakthrough of am-
monia was detected. Thus, the overall conversion of
the starting substance is 100.0%.

High-temperature catalytic oxidation of ammonia
proceeds by two concurrent pathways [1, 15]:

4NH3 + 5O2 = 4NO + 6H2O, (1)

4NH3 + 3O2 = 2N2 + 6H2O. (2)

The redox mechanism of the reactions [15] pre-
determines the relationship between the selectivity and
the binding strength of chemisorbed oxygen to the
catalyst surface [12, 15]. As measure of strength of
oxygen binding to the catalyst can serve the heat of
chemisorption [12, 15]. For catalysts of certain nature
and, in particular, metal oxides, there exists the op-
timal energy of oxygen binding to the catalyst surface,
at which the selectivity with respect to nitrogen(II)
oxide is the highest [12, 15, 16]. Deviation from the
optimal oxygen binding energies leads to lower cata-

lyst selectivity with respect to NO, and to higher
selectivity with respect to N2.

The experimental binding energies of surface oxy-
gen of the iron�gallium catalyst and its constituents
are listed in Table 2.

The energies of oxygen binding to the surface of
the forming magnetite and of the catalyst after its
operation surpass the corresponding characteristics of
the iron�gallium catalyst before operation.

In the formation of a product of deeper oxidation of
ammonia, i.e., nitrogen(II) oxide, a greater number of
oxygen�catalyst bonds is ruptured than that in the
formation of molecular nitrogen. This means that the
selectivity of the catalyst with respect to NO must de-
crease with increasing binding energy of adsorbed
oxygen, which is, indeed, observed for magnetite and
used catalyst, in which Fe3O4 was found.

Gallium(III) oxide is characterized, as a constituent
of the iron�gallium catalyst, by high binding energy
of oxygen to the surface (231.5 kJ mol�1 O2), which
is comparable with a similar characteristic for magne-
tite (226.5 kJ mol�1 O2): the selectivities of these two
phases with respect to NO are close (1.9 and 4.1%,
respectively) and rather low.

SNO, %

t, h
Fig. 2. Catalyst selectivity with respect to nitrogen(II)
oxide, SNO, vs. working time t: (1) �-Fe2O3, 1173 K;
(2) Fe2O3�Ga2O3 (3.0 wt % Ga2O3), 1173 K; (3) �-Fe2O3,
1103 K; and (4) Fe2O3�Ga2O3 (3.0 wt % Ga2O3), 1103 K.
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Table 3. Changes in chemical composition and mass of catalysts for ammonia oxidation in their operation at 1173 K
������������������������������������������������������������������������������������

Run
�

Catalyst
� Chemical composition, wt % � Content of Ga2O3 in � Mass loss

� ������������������������ �
no. � � Fe2O3 � Ga2O3 � Fe3O4 �

(FexGa1 � x)2O3 solid
�

by catalyst,
� � � � � solution, wt % � %

������������������������������������������������������������������������������������
1 �Unused iron�gallium � 97.00 � 3.00 � � � 3.00 � �

2 �Iron�gallium after 90 h of operation� 94.52 � 2.56 � 2.92 � 2.64 � 0.5
3 �Unused �-Ga2O3 � � � 100.00 � � � � � �

4 ��-Ga2O3 after 20 h of operation � � � 100.00 � � � � � 7.1
������������������������������������������������������������������������������������

The product of phase transformations of the cata-
lyst (magnetite) may be formed both in the redox
reaction of ammonia oxidation [1�3, 5, 6, 15, 17] and
in direct interaction of the parts of the catalyst surface
that are characterized by low catalyst�oxygen bind-
ing energies with a strong reducing agent in the reac-
tion medium, in accordance with the equation

9(FexGa1 � x)2O3 + 2xNH3 = 6xFe3O4 + 9(1 � x)Ga2O3

+ xN2 + 3xH2O. (3)

The deficiency of Fe3+ ions in the surface layers of
the catalyst (magnetite formation) leads to a local in-
crease in the content of gallium(III) oxide in a hema-
tite-based solid solution and a decrease in the selectiv-
ity of the catalyst with respect to NO (Table 2). Ac-
cording to X-ray phase analysis, no gallium(III) oxide
was found as a separate phase, i.e., there was no de-
composition of the solid solution. Gallium(III) oxide,
as a component of a solid solution, may undergo,
under the action of a strong reducing agent (ammonia)
at high temperature (1073�1173 K), phase transforma-
tions in accordance with the reaction equation

3Ga2O3 + 4NH3 = 3Ga2O + 2N2 + 6H2O. (4)

The transformation product, Ga2O, readily sub-
limes at 1073�1173 [18] and thereby enters the gas
flow of reagents. With account of the transformations
of gallium(III) oxide, the equation describing reac-
tion (3) can be written as follows:

9(FexGa1 � x)2O3 + 2(6 � 5x)NH3 = 6xFe3O4

+ 9(1 � x)Ga2O + (6 � 5x)N2 + 3(6 � 5x)H2O, (5)

where 0 � x � 1.

The thermodynamic probability of reduction by
ammonia of iron(III) oxide [19] as a component of the
(FexGa1�x)2O3 solid solution by the equation

9Fe2O3 + 2NH3 = 6Fe3O4 + N2 + 3H2O (6)

is higher than that of gallium(III) oxide reduction [18]
and grows with increasing temperature. After 90 h of
operation of an iron�gallium catalyst at 1173 K, mag-
netite was found in amount of 2.92 wt % (Table 3).
For the iron oxide catalyst, the content of Fe3O4 in
the surface layers was 4.80 wt % under the same test-
ing conditions [9]. The intensity of phase transforma-
tions of the catalyst, (FexGa1�x)2O3 solid solution, to
give magnetite is somewhat lower than that of individ-
ual iron(III) oxide.

Processes (4) and (5) may lead to mass loss by
catalyst because of Ga2O sublimation. Indeed, its
mass decreased by 0.5% after 90 h of catalyst opera-
tion at 1173 K. Hematite, magnetite, and gallium(III)
oxide are nonvolatile thermally stable compounds in
air at the testing temperatures [20]. To confirm the
transformation of gallium(III) oxide, a component of
the iron�gallium catalyst, in the course of high-tem-
perature oxidation of ammonia, a mixture of sub-
stances after the catalyst was passed through columns
cooled by a mixture of solid carbon dioxide and ace-
tone (temperature of cooling mixture 213�203 K).
The dramatic decrease in the temperature of the reac-
tion products made it possible to minimize the interac-
tion in the gas phase between gallium(I) oxide and
oxidizing agents contained in the reaction mixture,
nitrogen(II) oxide and oxygen, by the equations [18]

Ga2O + 2NO = Ga2O3 + N2, (7)

Ga2O + O2 = Ga2O3. (8)

In particular, process (7) may lead to nitrogen defixa-
tion, as in the side reaction of ammonia oxidation at
short time of contact, in accordance with the equation

4NH3 + 6NO = 5N2 + 6H2O, (9)

i.e., to a decrease in the catalyst selectivity with re-
spect to NO. Under the experimental conditions,
Ga2O vapor condensed on column walls, and water
was frozen to ice (other substances contained in the
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reaction mixture were carried away by the gas flow).
After shutting down the reactor, the columns were
purged with inert gas (Ar) and heated to T = 473 K to
remove water. A film was found on the column walls.
The substance of this film was identified by X-ray dif-
fraction analysis as gallium(I) oxide. The IR spectra
of this compound contain absorption bands at 472 and
809 cm�1, characteristic of Ga2O [21].

A low content of gallium(III) oxide in the solid
solution leads to relatively small loss of mass by
the iron�gallium catalyst at 1173 K. Chemical analy-
ses performed using the procedure described in
[22] demonstrated that the content of Ga2O3 in the
(FexGa1�x)2O3 solid solution decreased in the course
of catalyst operation from 3.00 to 2.64 wt % (Table 3).

In tests of individual gallium oxide (�-Ga2O3) as
a catalyst for ammonia oxidation, a pronounced de-
crease in its mass, by 7.1% after 20 h of operation at
1173 K, was observed (Table 3). X-ray phase and IR
spectral analyses demonstrated that, under the action
of the reaction medium, �-Ga2O3 undergoes, similarly
to the iron�gallium catalyst, phase and chemical trans-
formations to give volatile gallium(I) oxide. Thermal
treatment of �-Ga2O3 at the same temperature in air
did not lead to any decrease in the oxide mass, i.e.,
the catalyst is nonvolatile and thermally stable under
these conditions. Consequently, the mass deficiency
of the �-Ga2O3 catalyst under the conditions of high-
temperature oxidation of ammonia is associated with
the influence of the redox reaction medium, redox
mechanism of the reaction [1�3, 5, 6, 15, 17], and
processes (4) and (5).

The thermodynamic probability of oxidation of the
forming low-active compound Fe3O4 by oxygen from
AAM by the equation

4Fe3O4 + O2 = 6Fe2O3 (10)

is lower than that of processes (3) and (6) and de-
creases with increasing reaction temperature [19, 23].
It becomes possible that Fe3O4 is accumulated in the
surface layers of the catalyst at elevated temperature.
Being a volatile product of phase transformations of
the catalyst, gallium(I) oxide sublimes from its sur-
face, which makes lower the content of Ga2O3 in the
iron�gallium catalyst (Table 3). High-temperature
redox processes in which new phases (Fe3O4, Ga2O)
are formed and the catalyst surface is regenerated are
unbalanced and result in accumulation of the low-
selectivity compound (magnetite) and changes in the
composition of the (FexGa1�x)2O3 solid solution.
With increasing temperature, the unbalance of the

Table 4. Changes in structural and catalytic properties
of iron�gallium catalyst (3.0 wt % Ga2O3) in the course of
its operation at 1173 K*
����������������������������������������

t, h
�

SNO, %
�

s, m2 g�1 � n, nm
� X � 10�3,

� � � � m3 h�1 m�2

����������������������������������������
3 � 93.0 � 8.7 � 120 � 9.58

11 � 92.8 � 7.4 � 134 � 8.15
20 � 92.5 � 6.1 � 150 � 6.72
30 � 92.1 � 4.8 � 170 � 5.29
43 � 91.3 � 3.7 � 200 � 4.08
51 � 90.9 � 3.1 � 220 � 3.42
60 � 90.3 � 2.7 � 237 � 2.97
70 � 89.7 � 2.3 � 253 � 2.53
82 � 89.0 � 1.9 � 270 � 2.09
90 � 88.5 � 1.7 � 280 � 1.87

����������������������������������������
* t is the time of operation, and n, the rms particle size.

phase transformations of the catalyst becomes more
pronounced.

In addition, the catalyst undergoes, under the action
of elevated temperature, recrystallization with a de-
crease in the specific surface area (Table 4) from 8.7
to 1.7 m2 g�1 (90 h of operation at 1173 K) and, con-
sequently, in the number of active centers on the sur-
face [1]. The size of catalyst particles grows from 120
to 280 nm.

A study of an iron�gallium catalyst subjected to
thermal treatment in air at 1173 K (90 h) demon-
strated that the specific surface area of the catalyst
decreases by 7.5 m2 g�1, i.e., within the same limits
as in the case of a catalyst operating in an ammonia�
air medium (Table 4), but the selectivity of this cata-
lyst decreases by only 0.6%. No phase transforma-
tions were observed in the catalyst treated in air. The
energy of oxygen binding to the surface of a catalyst
treated in air increases only slightly (from 134.3 to
136.0 kJ mol�1 O2), which leads to an insignificant
decrease in its selectivity. In the IR spectra of the de-
activated catalyst (Fig. 1), the absorption bands at 492
and 567 cm�1, characteristic of �metal�oxygen	 vibra-
tions, are shifted to higher frequencies, compared to
the similar absorption bands (479 and 550 cm�1) of
unused catalyst. Changes of this kind are also ob-
served for a catalyst subjected to thermal treatment in
air. Such a shift of absorption bands is accounted for
by a decrease in the metal�oxygen bond length (an
increase in the force constant of the bond), which is
observed in recrystallization of solids [24], and leads
to an increase in the energy of binding of adsorbed
oxygen to the catalyst surface. The reaction occurs
under conditions that are far from being critical, i.e.,
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is limited by diffusion of ammonia toward the outer
surface of the catalyst. Therefore, the specific surface
area has no significant influence on the selectivity of
the iron�gallium catalyst with respect to nitrogen(II)
oxide [1�3, 5, 6, 17], i.e., the decrease in selectivity
at 1173 K is mainly due to phase and chemical trans-
formations of the catalyst. Under critical conditions of
the reaction (catalyst �decay	), recrystallization proc-
esses and decrease in the specific surface area of the
catalyst diminish its limiting load, i.e., activity, from
9.58 �103 to 1.87 �103 m3 NH3 (h m2)�1 (90 h of
operation).

CONCLUSIONS

(1) A study of factors responsible for deactivation
of an iron�gallium oxide catalyst (97.0 wt % Fe2O3,
3.0 wt % Ga2O3) in high-temperature oxidation of
ammonia demonstrated that the catalyst undergoes
phase and chemical transformations leading to forma-
tion of low-selective magnetite and volatile gallium(I)
oxide. The deactivation process is accompanied by
structural changes: recrystallization and decrease in
the specific surface area of the system.

(2) Data on the deactivation of the catalyst can be
used in developing theoretical and practical founda-
tions for design of high-performance catalysts for
ammonia oxidation.
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Abstract�Simultaneous conversion of methanol and lower alkanes C3�C4 on high-silica zeolites of ZSM-5
type of various compositions (SiO2/Al2O3 30, 50, 90) was studied. The catalytic activity of zeolite catalysts
and their physicochemical properties (acidity, sorption capacity, and pore structure) were evaluated.

Efficient utilization of cheap hydrocarbon resources
such as natural and casing-head gas, gas condensate,
and light paraffins in production of gasoline, lower
olefins, arenes, and other valuable products is still
urgent. Simultaneous conversion of methanol and
lower alkanes C3�C4 into olefins and arenes is a new
promising approach. Implementation of this process
predominantly depends on the development of new
heat-resistant catalysts [ZSM-5 high-silica zeolites
(HSZ)] catalyzing conversion both of hydrocarbons
into arenes and of methanol into alkenes.

This work was aimed to study the conjugate con-
version of methanol and lower alkanes on high-silica
zeolite catalysts of various compositions as influenced
by the process parameters (temperature and space
velocity) and to evaluate the relationship between
the catalytic, acid, and sorption properties of these
zeolites.

EXPERIMENTAL

High-silica zeolites were prepared by hydrothermal
synthesis from aluminosilica gels in the presence of
hexamethylenediamine upon heating at 448 K for 4�
6 days; then the zeolites were decationized with 25%
aqueous NH4Cl at 363 K for 2 h, dried, and calcined
in air at 823 K for 8 h. The acid properties of the
zeolite-containing catalysts were determined by tem-
perature-programmed desorption (TPD) of ammonia
according to the procedure given in [1]. The sorption
and structural properties of the resulting zeolites were
studied on a vacuum unit equipped with a McBain
quartz balance. The sorbates were benzene and meth-
anol; the pore size distribution was calculated from
the desorption isotherms of benzene.

The conjugate conversion of methanol and lower
alkenes (wide-cut fraction) into hydrocarbons on the
zeolite-containing catalysts was performed at 673�

873 K and atmospheric pressure on a flow-type unit
with a fixed catalyst bed (4 cm3) at space velocities
of methanol and lower alkanes of 1 and 240 h�1, re-
spectively. The gaseous and liquid reaction products
were analyzed by chromatography at programmed
heating from 323 to 493 K. The yield of the conver-
sion products of methanol and propane�butane mix-
ture and the number of the acid centers in the catalysts
were determined by this method with an accuracy of
�2.5%.

We studied the conjugate conversion of methanol
and lower alkanes on HSZ (SiO2/Al2O3 30) as in-
fluenced by temperature and space velocity of the raw
materials. Table 1 shows the data on the composition
of hydrocarbon fraction obtained by methanol conver-
sion on H-ZSM-5 at 644 K and 1 h�1 space velocity
of methanol [2], by conversion of lower alkanes on
H-ZSM-5 at 873 K and space velocity of propane�
butane mixture of 100 h�1 [3], and by simultaneous
conversion of methanol with lower alkanes on the
H-ZSM-5 type zeolite in the 673�823 K range and
alkanes : methanol space velocity ratio of 240 : 1.

The choice of the temperature range was governed
by the fact that the lower temperature limit corre-
sponds to the efficient conversion of methanol and the
upper limit, to activation of lower alkanes [4]. The
experimental data show that the conjugate conversion
yields the same set of the reaction products as the
individual processes, and the yield of the products
is intermediate. The conjugate conversion at 823 K
yields significant amounts of olefins (about 30 wt %)
and at 623 K, large amounts of i-butane (25.4 wt %),
alkylbenzenes (about 40 wt %), and low amount of
naphthalenes (1.9 wt %). With increasing temperature,
conversion of lower alkanes increases. As the conver-
sion of the propane�butane mixture increases from 38
to 65%, the yields of hydrogen, methane (from 3 to
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Table 1. Conversion products of hydrocarbons on H-HSZ-30 catalyst
������������������������������������������������������������������������������������

Hydro-
�

T, K
� �, % � Conversion products, wt %

� ���������������������������������������������������������������������carbon � �methanol �alkanes �hydrogen � methane � ethane � ethene � propane �propene � i-butane
������������������������������������������������������������������������������������
Methanol � 644 � 100 � � � � � 1.0 � 0.6 � 0.5 � 16.2 � 1.0 � 18.7
Methanol + al-� 673 � 100 � 38 � 1.2 � 3.3 � 6.4 � 3.1 � � � 3.0 � 25.4
kanes C3�C4 � 723 � � � 38 � 2.5 � 11.8 � 10.2 � 5.0 � � � 6.0 � 15.6

� 773 � � � 54 � 2.4 � 20.4 � 16.7 � 7.8 � � � 8.5 � 6.3
� 823 � � � 65 � 4.5 � 31.2 � 13.9 � 12.0 � � � 13.5 � 4.6

Alkanes � 823 � � � 95 � 3.1 � 36.1 � 19.9 � 8.6 � � � 4.3 � �

������������������������������������������������������������������������������������������������������������������������������������������������������������������������

Hydro-
�

T, K
� Conversion products, wt %

� ���������������������������������������������������������������������carbon � � n-butane � butenes � benzene � toluene � xylenes � arenes C9+ � naphthalenes
������������������������������������������������������������������������������������
Methanol � 644 � 5.6 � 0.5 � 1.7 � 10.5 � 17.2 � 11.6 � 0.2
Methanol + al-� 673 � � � 4.5 � 2.4 � 13.5 � 23.7 � 9.0 � 1.9
kanes C3�C4 � 723 � � � 4.6 � 3.8 � 14.7 � 13.2 � 6.5 � 1.7

� 773 � � � 2.4 � 1.6 � 6.3 � 12.7 � 2.6 � 1.0
� 823 � � � 3.7 � 1.3 � 5.3 � 4.6 � 1.9 � 1.1

Alkanes � 823 � � � � � 8.5 � 10.1 � 3.9 � 1.8 � 4.2
������������������������������������������������������������������������������������

31 wt %), ethane, ethylene, and propylene (from 3 to
12�14 wt %) grow significantly, whereas the selectiv-
ity with respect to aromatic hydrocarbons decreases
from 47 to 12 wt %.

Thus, at high temperatures lower alkanes are ac-
tivated and their cracking accelerates. High tempera-
ture accelerates the removal of the reaction products
from the surface, increasing the fraction of lower gase-
ous hydrocarbons which have no time to participate in
subsequent oligomerization, cyclization, etc.; as a
result, the yield of arenes decreases.

The yields of the conversion products as influenced
by the ratio of the space velocities of methanol and
lower alkanes at 773, 823, and 873 K are listed in
Table 2. The space velocity of the propane�butane
mixture was constant (240 h�1), and the space
velocity of methanol was 0.4, 0.9, and 1.7 h�1. The
increase in the space velocity of methanol to 1.7 h�1

does not noticeably affect the overall conversion of
the propane�butane mixture, and its change does not
exceed �5%. However, methanol clearly affects the
distribution of the products of conjugate conversion.

Methanol increases the selectivity with respect to
alkenes C2�C4, and at 773 K their fraction increases
from 3.3 in the absence of methanol to 15.6 wt %
(methanol space velocity 0.4 h�1). Although at dif-
ferent temperatures the effect of methanol on the
degree of conversion and selectivity is different, some
trends can be revealed.

With increasing space velocity of the methanol
supply from 0.4 to 1.7 h�1, the selectivity with respect
to alkenes C2�C4 increases from 15.6 to 21.3 wt %
at 773 K, from 17.5 to 35 wt % at 823 K, and to a still
greater extent at 883 K. The selectivity with respect to
aromatic hydrocarbons C6�C10 increases also, the
selectivity with respect to arenes varies within the
15.6�27.7 wt % range at 773 K, and with increasing
temperature their yield decreases. At the same time,
the increase in the methanol content increases the
selectivity with respect to arenes and alkenes and de-
creases the yield of lower alkanes C1�C2, on the aver-
age, from 60 to 30 wt % in the entire temperature
range studied.

The dependence of the selectivity with respect to
aromatic hydrocarbons C6�C10, alkenes C2�C4, and
alkanes C1�C2 on the silica ratio (M), i.e., the silica�
alumina ratio in the zeolite, is shown in Table 3. At
773 K, with increasing silica ratio, the selectivity with
respect to alkenes C2�C3 increases from 13.3 to
22.4 wt % and the selectivity with respect to aromatic
hydrocarbons remains almost constant and varies
within 23�25 wt % range. The conversion of the ini-
tial alkanes C3�C4 at 773 K with increasing content of
alumina in the zeolite increases from 66 to 73 wt %.
At 823 and 873 K, with decreasing alumina content
(silica ratio 30 and 90), the selectivity with respect to
alkenes C2�C3 decreases from 34.12 to 17.1 wt %.
The content of aromatic hydrocarbons increases from
13.54 to 24.90 wt % with increasing silica ratio



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 9 2003

CONJUGATE CONVERSION OF METHANOL AND LOWER ALKANES C3�C4 1463

Table 2. Products of conjugate conversion of methanol and alkanes C3�C4 at H-HSZ-30 catalyst as influenced by space
velocity of methanol V; space velocity of propane�butane mixture 240 h�1

������������������������������������������������������������������������������������

T, K
�

V, h�1
�

�, %
� Conversion products, wt %

� � �������������������������������������������������������������������
� � � hydrogen � methane � ethane � ethene � propene � i-butane � benzene � toluene

������������������������������������������������������������������������������������
773 � 0 � 87 � 6.8 � 42.4 � 22.0 � 1.7 � 1.6 � 0.8 � 5.2 � 6.7

� 0.4 � 63 � 2.0 � 35.2 � 24.4 � 8.6 � 7.0 � 5.4 � 2.4 � 5.6
� 0.9 � 73 � 8.5 � 31.2 � 17.7 � 7.3 � 6.0 � 4.9 � 3.8 � 10.0
� 1.7 � 71 � 6.4 � 22.8 � 12.2 � 11.3 � 10.0 � 8.3 � 2.9 � 8.5

823 � 0 � 88 � 7.3 � 36.5 � 18.0 � 4.8 � 2.6 � 1.5 � 6.3 � 8.0
� 0.4 � 93 � 2.8 � 42.0 � 20.6 � 10.9 � 6.6 � 1.5 � 2.6 � 5.3
� 0.9 � 78 � 10.6 � 29.0 � 12.4 � 18.6 � 12.8 � 3.1 � 1.6 � 4.1
� 1.7 � 85 � 11.9 � 22.1 � 4.5 � 20.3 � 14.6 � 3.7 � 1.8 � 6.4

873 � 0 � 93 � 10.0 � 48.4 � 8.8 � 9.8 � 2.8 � � � 5.5 � 5.6
� 0.4 � 87 � 2.7 � 34.8 � 14.7 � 22.0 � 10.2 � 1.1 � 2.8 � 5.3
� 0.9 � 85 � 18.6 � 27.2 � 6.6 � 21.4 � 12.7 � 1.8 � 1.5 � 3.8
� 1.7 � 89 � 23.5 � 26.8 � 3.3 � 19.6 � 10.8 � 0.9 � 1.0 � 4.0

������������������������������������������������������������������������������������������������������������������������������������������������������������������������

T, K
�

V, h�1
� Conversion products, wt %

� �������������������������������������������������������������������������
� � xylenes � arenes C9+ � naphthalenes � � alkanes C1�C2 � � alkenes C2�C4 � � arenes C6�C10

������������������������������������������������������������������������������������
773 � 0 � 4.2 � 1.5 � 7.2 � 65.2 � 3.3 � 17.6

� 0.4 � 5.6 � 2.0 � 1.6 � 65.0 � 15.6 � 15.6
� 0.9 � 3.5 � 4.8 � 2.0 � 53.8 � 13.3 � 22.3
� 1.7 � 11.1 � 5.2 � 1.2 � 43.3 � 21.3 � 27.7

823 � 0 � 5.6 � 1.5 � 4.9 � 56.0 � 7.4 � 21.4
� 0.4 � 4.6 � 1.7 � 1.2 � 64.1 � 17.5 � 14.2
� 0.9 � 5.1 � 2.0 � 0.6 � 44.5 � 31.4 � 12.8
� 1.7 � 10.2 � 3.7 � 0.5 � 30.3 � 34.9 � 22.1

873 � 0 � 3.0 � 1.0 � 5.0 � 57.0 � 12.6 � 15.1
� 0.4 � 4.2 � 1.4 � 0.8 � 50.6 � 32.2 � 13.7
� 0.9 � 4.5 � 1.5 � 0.5 � 35.6 � 44.1 � 11.3
� 1.7 � 7.4 � 2.3 � 0.5 � 31.0 � 30.4 � 14.7

������������������������������������������������������������������������������������

from 30 to 50 and remains approximately the same
(23.3 wt %) for the sample with M = 90. The conver-
sion of the starting lower alkanes strongly increases
with increasing temperature above 773 K, but its
dependence on the silica ratio is ambiguous; at 823 K
the conversion increases from 77 to 90 wt % with in-
creasing silica ratio, but at 873 K this increase is
insignificant, from 85 to 89 wt %.

The catalytic activity of the zeolites in question in
conversion of methanol and lower alkanes C3�C4 is
due to the presence of acid centers on their surface.
Thus, it was of particular interest to reveal a correla-
tion between their acid properties and catalytic param-
eters. There are no generally accepted views on how
the acidity of the zeolite surface centers correlates
with the silica ratio. It was shown that, with increas-
ing SiO2/Al2O3 ratio in the zeolite framework, the
strength of the acid centers increases [3, 5, 6], remains
unchanged [7], and decreases [8]; i.e., there is no

direct correlation of the concentration and strength
of the acid centers with the HSZ silica ratio. This
suggests that we can only determine the optimal silica
ratio ensuring the highest catalytic activity of the
sample in the process studied.

The concentration of the acid centers in HSZ and
their strength were determined by temperature-
programmed desorption of ammonia (Table 4). The
TPD spectra show the presence of two acid centers;
the low-temperature form is assigned [9, 10] to the
weak acid, predominantly Lewis, centers, and the
high-temperature maximum belongs to the strong acid
centers (predominantly Brønsted proton centers).
The amount of desorbed ammonia in the temperature
range studied, which is determined by the number
of the acid centers of both types, and the positions of
the maxima in the ammonia TPD spectra, indirectly
characterizing the strength of the acid centers occur-
ring on the HSZ surface, are given in Table 5.
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Table 3. Products of conjugate conversion of methanol and alkanes C3�C4 at HSZ catalyst as influenced by silica
ratio; space velocity ratio of propane�butane mixture and methanol 240 : 1
������������������������������������������������������������������������������������

T, K
�

M
�

�, %
� Conversion products, wt %

� � �������������������������������������������������������������������
� � � hydrogen � methane � ethane � ethene � propene � i-butane � benzene � toluene

������������������������������������������������������������������������������������
773 � 30 � 73 � 8.6 � 31.3 � 17.7 � 7.3 � 6.0 � 4.9 � 3.8 � 10.0

� 50 � 67 � 4.8 � 25.0 � 24.5 � 8.1 � 5.3 � 5.6 � 3.7 � 8.6
� 90 � 66 � 4.2 � 23.1 � 16.2 � 12.3 � 10.1 � 7.0 � 3.0 � 8.2

823 � 30 � 77 � 10.6 � 29.0 � 12.4 � 18.6 � 12.8 � 3.1 � 1.6 � 4.1
� 50 � 76 � 6.6 � 25.8 � 11.6 � 16.8 � 11.0 � 3.2 � 2.8 � 7.5
� 90 � 90 � 18.1 � 28.3 � 11.1 � 11.6 � 5.6 � 1.2 � 2.8 � 7.6

873 � 30 � 85 � 18.6 � 27.2 � 6.6 � 21.5 � 12.7 � 1.8 � 1.4 � 3.8
� 50 � 84 � 14.5 � 30.8 � 12.3 � 17.2 � 9.7 � 1.3 � 1.9 � 4.4
� 90 � 89 � 29.0 � 30.0 � 3.9 � 16.3 � 7.2 � 1.7 � 4.4 � 4.0

������������������������������������������������������������������������������������������������������������������������������������������������������������������������

T, K
�

M
� Conversion products, wt %

� �������������������������������������������������������������������������
� � xylenes � arenes C9+ � naphthalenes � � alkanes C1�C2 � � alkenes C2�C4 � � arenes C6�C10

������������������������������������������������������������������������������������
773 � 30 � 3.5 � 4.8 � 2.0 � 53.9 � 13.3 � 22.2

� 50 � 9.1 � 4.0 � 1.5 � 55.0 � 13.4 � 25.3
� 90 � 10.1 � 3.2 � 1.1 � 46.2 � 22.4 � 24.5

823 � 30 � 5.1 � 2.1 � 0.6 � 44.4 � 31.4 � 13.5
� 50 � 10.1 � 3.6 � 0.9 � 40.6 � 27.8 � 24.0
� 90 � 9.7 � 3.2 � 0.0 � 40.7 � 17.1 � 23.3

873 � 30 � 4.5 � 1.5 � 0.5 � 35.6 � 34.1 � 11.1
� 50 � 5.7 � 1.7 � 0.6 � 44.5 � 26.9 � 13.6
� 90 � 1.3 � 1.7 � 0.5 � 34.0 � 23.5 � 13.15

������������������������������������������������������������������������������������
Table 4. Structural parameters of HSZs
������������������������������������������������������������������������������������

Catalyst

� Limiting sorp- �Volume of inter-� Volume of �Coefficient in the Dubinin�� Diameter of mesopores,
� tion capacity � mediate pores � micropores � Radushkevich equation � nm, in maximum
����������������������������������������������������������������������������
� cm3 g�1 � B1 � 108 � B2 � 108 � 1 � 2 � 3

������������������������������������������������������������������������������������
H-HSZ-30 � 0.09 � 0.03 � 0.06 � 0.31 � 3.34 � 20 � 35 � 75
H-HSZ-50 � 0.09 � 0.03 � 0.06 � 0.32 � 2.87 � 17 � 35 � �

H-HSZ-90 � 0.08 � 0.03 � 0.05 � 0.30 � 1.97 � 13 � 32 � 80
������������������������������������������������������������������������������������

As seen from Table 5, with increasing silica ratio
from 30 to 90 the total concentration of the acid cen-
ters decreases from 1.17 to 0.48 mmol l�1, which is
due to a decrease in the content of alumina in the zeo-
lite framework. In accordance with low-temperature

Table 5. Acid properties of HSZs
����������������������������������������

Catalyst
� Tmax, K �Content of acid centers, mmol g�1

���������������������������������
� 1 � 2 � 1 � 2

����������������������������������������
H-HSZ-30�476 � 765 � 0.67 � 0.50
H-HSZ-50�467 � 722 � 0.28 � 0.38
H-HSZ-90�471 � 712 � 0.20 � 0.28
����������������������������������������

shifts of the desorption peaks, the strength of the acid
centers of both types decreases with increasing silica
ratio. The HSZ sample with M = 30 is characterized
by the highest concentration of the acid centers on its
surface with predominance of low-temperature acid
centers (type I : type II = 1 : 0.75). For this zeolite
sample, the alkene : arene ratio is 3 : 1 at 823�873 K.
For the samples with M 50 and 90, the concentration
ratio of the acid centers of both types is similar
(type I : type II = 0.75 : 1). Moreover, the strength of
the acid centers of both types in these samples is also
similar, which causes their nearly equal catalytic
activity with respect to aromatic hydrocarbons in the
entire temperature range (773�873 K) and difference
in the selectivity with respect to alkenes from the
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sample with a lower silica ratio (M 30) and a higher
content of stronger acid centers of type I, providing
dehydrogenation of the starting alkanes and oligomeri-
zation of alkenes.

Thus, the activity of the zeolite catalysts and their
selectivity with respect to aromatic and olefin hydro-
carbons in the course of conjugate conversion of
methanol and lower alkanes C3�C4 predominantly
depends not on the total content of the acid centers,
but on the concentration of the strong acid centers on
the catalyst surface, which activate the alkane mole-
cules and promote dehydrogenation and subsequent
aromatization of hydrocarbons.

As seen from the data on the pore structure
(Table 4), the sorption capacity for benzene of all the
zeolites in question is similar and comprises 0.08�
0.09 cm3 g�1, and the greatest contribution to the
total pore volume is made by micropores (0.04�
0.06 cm3 g�1). The greatest volume of micropores was
found in zeolite with M 30 and 50 (0.06 cm3 g�1).
According to the theory of the volume filling of
micropores (TVFM), the zeolite samples studied con-
tain two types of micropores with different size, cor-
responding to the parameters B1 and B2 in the TVFM
equation indirectly characterizing the micropore size.
The parameter B1 for zeolites with various silica ratios
varies insignificantly in the (0.30�0.32) �10�8 range.
The parameter B2 with increasing silica ratio from 30
to 90 decreases from 3.34 �10�8 to 1.97 �10�8, i.e.,
with increasing silica ratio the size of the zeolite
micropores decreases. Similar trend in the decrease of
the zeolite pore size was found in [11]. Analysis of
the structural parameters of zeolites and their acid
properties showed that the micropore size (character-
ized by B2) varies in parallel with the total concentra-
tion of the acid centers.

The data on the methanol sorption on the zeolites
with various silica ratios showed that H-HSZ-30 zeo-
lite with the greater total volume and size of micro-
pores has greater sorption capacity for methanol. The
isotherms of the methanol sorption calculated from
the Dubinin�Astakhov equation with two exponents
[12] suggest that the zeolite contains two type of
micropores with different characteristic energies. This
confirms our above conclusions on the pore structure,
made from the data on the benzene sorption. The in-
crease in the characteristic energy with increasing
silica ratio indicates that the micropore size decreases.

Thus, study of the catalytic activity of zeolites with
various silica ratios in the course of conjugate conver-
sion of methanol and lower alkanes C3�C4 and analy-
sis of their sorption, structural, and acid properties

showed that the sample (M 30) exhibiting a high
selectivity in alkene formation is characterized by the
higher content and greater strength of the acid centers
and exhibits high sorption capacity for methanol,
probably due to the larger micropore size.

CONCLUSION

(1) The yield of alkenes in conjugate conversion
of methanol and lower alkanes C3�C4 increases with
the temperature and space velocity of the methanol
supply.

(2) The highest catalytic activity is shown by
the zeolite sample with the silica ratio of 30, which
is characterized by the maximal concentration and
strength of the acid centers and by coarser micropores.

(3) The zeolite samples with smaller pores and
lower concentration and strength of the acid centers
(silica ratio 50 and 90) can be used in synthesis of
alkylaromatic hydrocarbons at low temperature.
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Abstract�Sorption of fluoride ions from water by titanium compounds was studied. The possibility of deep
purification of fluorine-containing wastewater with water-soluble oxotitanium(IV) sulfates was analyzed and
the optimal conditions of this process were determined.

Millions of cubic meters of wastewater are formed
at a number of mining plants at the Kola Peninsula
because of the presence of villiaumite in the ore.
These effluents are characterized by increased concen-
tration (up to 10 mg l�1) of fluoride ions. Part of
wastewater finds its way to fish farming ponds without
being purified. Liquid effluents with increased con-
tent of fluoride ions are also present in some other
regions of Russia. According to the existing regula-
tions, the concentration of fluoride ions must not
exceed 1.4 mg l�1 in drinking water reservoirs and
0.75 mg l�1 in fishery ponds.

Fluoride ions can be recovered by precipitation,
sorption, and electrochemical methods.

It has been recommended to purify solutions from
hydrometallurgical processing of tungsten raw materi-
als using the lime method, although purification to the
MPC (maximum permissible concentration) was not
achieved [1]. At an F� concentration in weakly min-
eralized water of 12 mg l�1, introduction of 8 g l�1 of
CaO and subsequent carbonation for 90 min dimin-
ished the concentration of fluoride ions to 1.25 mg l�1,
and introduction of 10 g l�1 of CaO, to 0.37 mg l�1

[2]. A high purification efficiency was achieved by ad-
dition of a considerable excess of compounds promot-
ing �salting-out� of the forming fluorite and their sub-
sequent sorption with de-ashed pyrocarbon [3] or
zeolites [4].

The use of aluminum sulfate (in amount corre-
sponding to 0.95 g l�1 in terms of alumina) at pH 6�7
and settling time not exceeding 0.5 h made it possible
to diminish [F�] from 9.3 to 1.5 mg l�1 [5]. The ef-
ficiency of removal of fluoride ions increases in the
presence of soluble salts of calcium [6]. Sodium and

calcium aluminates sorb fluoride ions, with the ortho-
form being the most effective among calcium alumi-
nates [7, 8]. The use of aluminosilicate materials for
precipitation of fluoride ions failed to offer any addi-
tional advantages [9, 10].

The disadvantages of the techniques mentioned
above are as follows.

Sorbents saturated with fluoride ions cannot be re-
generated and reused, and their disposal may lead to
migration of fluoride ions into the environment.

Additional water purification to remove alumi-
num(III) is necessary if water is to be discharged into
drinking water or fishery reservoirs; according to
GOST (State Standard) 2874�82, the maximum per-
missible concentration of aluminum ions in drinking
water is 0.5 mg l�1.

The fluoride ion can be precipitated in the form of
fluoroapatite by introducing soluble compounds of
calcium and the phosphate ion into a solution with
pH 6�11.5 [1]. However, purification by this method
takes a long time (the concentration of fluoride ions in
a 100-ml portion of solution decreased from 10 to
1.2�1.8 mg l�1 in 5 h, and to 0.1�0.6 mg l�1 in 35 h).
In addition, although it has been reported that deep
purification is achieved at the stoichiometric con-
sumption of reagents [11], it has been shown that this
method leads to secondary contamination of water
with foreign ions because of the high consumption of
chemicals.

It has been suggested to use a sorption�precipita-
tion method for purification of wastewater to remove
fluoride ions by its treatment with lime milk to pH 8�
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11 and subsequent introduction of adsorbents, water-
soluble titanium fluorides (potassium, sodium, and
lithium hexafluorotitanates) [12]. A report of the high
efficiency of this technique (residual concentration
of fluoride ions of 0.3 mg l�1 at initial concentration
of 3�5 g l�1) seems to be doubtful because of the
unclear mechanism of F� sorption by hexafluorotita-
nates of alkali metals, which are readily hydrolyzable
in alkaline media, with the release of fluoride ions.

The residual concentration of fluoride ions in the
case of their sorption from wastewater by CaSO4 syn-
thesized in the presence of sulfocarbon in a solution
being purified was 5 mg l�1 and more [13].

Purification of water with rare-earth metals as pre-
cipitants or adsorbents [14] fails to ensure sufficiently
complete removal of fluoride ions, since the solubility
of rare-earth metal fluorides is not low enough [15]
and, moreover, strongly depends on the pH value and
ionic composition of the solution.

The use of anion-exchange resins of various brands
in the OH� form in an equivalent mixture with KU-2
cation-exchange resin in the H+ form made it possible
to recover sodium fluoride from neutral and weakly
alkaline solutions containing 5.6�8.0 g l�1 of fluoride
ions to an extent of 98�99.5% (28�40 mg l�1);
however, the residual concentration of F� remained
high [16].

A chelate ion-exchange resin modified with cerium
can be used for removal of fluoride ions from solu-
tions [17]. A common disadvantage of ion-exchange
techniques is the necessity for thorough preliminary
removal of suspended particles from solutions and dif-
ficulties encountered in processing large amounts of
solutions.

Use of electrochemical methods [18] gives no way
of processing large amounts of wastewater and in-
volves gross energy expenditure.

Thus, the known techniques show various dis-
advantages and, therefore, cannot be used for in-
dustrial purification of wastewater discharged into
drinking water reservoirs. Moreover, these techniques,
as a rule, do not involve processing of solid products
saturated with fluorides ions. These products, in turn,
act, when stored, as a source of environment contami-
nation with fluorine.

The aim of this study was to develop a method not
only involving deep purification of wastewater to re-
move F�, but also enabling utilization of fluoride ions
and regeneration of the sorbent.

EXPERIMENTAL

Sorption of fluoride ions with hydrated oxotitani-
um(IV) hydroxide was performed from NaF solutions
with fluoride ion concentration of 1.0 g l�1, in which
the initial pHin value was adjusted to 4, 5, and 6 with
hydrochloric acid.

Hydrated oxotitanium(IV) hydroxide was obtained
by dissolving a weighed portion of TiOSO4 �2H2O
[TU (Technical Specification) 6-09-01-279�85] in
water and separating the precipitate formed in hy-
drolysis from the liquid phase by centrifugation. Then
the precipitate was washed with water until washing
water containing no SO4

2� ions was obtained.

The obtained hydrated oxotitanium(IV) hydroxide
was used to sorb F� from 30 ml of NaF solution under
continuous agitation with a magnetic stirrer. In the
process, the concentration of fluoride ions and the
pH value were monitored with ion-selective electrodes
and I-160 pH meters. After the equilibrium was at-
tained (in 40�60 min), the solution was separated by
centrifugation from the precipitate and a fresh portion
of an NaF solution with the same initial pH was added
to the precipitate. In each stage, the solution to sor-
bent mass ratio � was 50. The procedure was repeated
until the sorption activity of the precipitate started to
decrease steeply. The atomic ratio of the total amount
of sorbed F� and TiO2 was calculated. The value of
Kd was found from the equation

�F��1
Kd = �������, (1)

100 � �F�

where �F� is the fraction of sorbed F� relative to the
total amount brought in contact with the adsorbent
(%), and �1 is the mass ratio of the total amount of
solution brought in contact with the sorbent and of
the sorbent itself.

The experimental results obtained are listed in
Table 1.

Fluoride ions are sorbed by oxotitanium(IV) hy-
droxide from aqueous solutions by the reaction

TiO1 + x(OH)2 � 2x + yF� = TiO1 + x(OH)2 � 2x � yFy + yOH�.

(2)

Reaction (2) proceeds to such a full extent that it is
used for quantitative determination of OH� groups
bound to titanium [19]. It has been established [19]
that the efficiency of sorption of fluoride ions depends
on how hydrated titanium dioxide is prepared and on
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Table 1. Sorption of fluoride ions by hydrated oxotitanium(IV) hydroxide
������������������������������������������������������������������������������������

Run no.
�

Parameter
� Degree of sorption

� �������������������������������������������������
� � 1 � 2 � 3 � 4

������������������������������������������������������������������������������������
1 �Final concentration of F�, g l�1 � 0.013 � 0.25 � 0.38 � 0.6

�pHin � 4 � 4 � 4 � 4
�pHfin � 3.5 � 4.8 � 4.7 � 5
�Kd, cm3 g�1 � 3800 � 700 � 1034 � 1133
�� � 0.22 � 0.39 � 0.53 � 0.62
� � � � �2 �Final concentration of F�, g l�1 � 0.035 � 0.5 � 0.9 � �

�pHin � 5 � 5 � 5 � �

�pHfin � 4.9 � 6.05 � 6.05 � �

�Kd, cm3 g�1 � 1380 � 300 � 350 � �

�� � 0.24 � 0.365 � 0.39 � �

� � � � �3 �Final concentration of F�, g l�1 � 0.01 � 0.33 � 0.8 � �

�pHin � 6 � 6 � 6 � �

�pHfin � 4.3 � 5.46 � 6 � �

�Kd, cm3 g�1 � 4950 � 506 � 412 � �

�� � 0.22 � 0.37 � 0.42 �
������������������������������������������������������������������������������������

the anionic and cationic composition of the solution
from which F� sorption is carried out. As a result of
olation and oxolation processes, oxotitanium(IV) hy-
droxide may have, depending on synthesis conditions,
different numbers of hydroxo groups per titanium
atom. Although it has been reported that Ti(OH)4 can
be obtained [20], this is not the case because of the
high rates of olation and oxolation. Neutralization
of TiCl4 with ammonia or ammonium carbonate at
room temperature gives TiO(OH)2 [21]. However,
this form is also unstable, and oxotitanium hydroxide,
TiO1 +x(OH)2 �2x, species with x < 1 are gradually
formed. By boiling of TiCl4�HCl�H2O and TiOSO4�
H2SO4�H2O mixtures, air-dry products of the compo-
sition TiO2�x(OH)2x, with x = 0.04�0.05 and 0.05�
0.01, respectively, have been obtained, and neutraliza-
tion of TiCl4 with potassium hydroxide at room tem-
perature yields a product with x = 0.225�0.05 [22].
In the last case, part of OH� groups was probably
converted into OK� groups as a result of sorption of
potassium cation.

Table 1 shows that hydrated oxotitanium(IV) hy-
droxide effectively sorbs fluoride ions from aqueous
solutions. In accordance with reaction (2), sorption
must be accompanied by an increase in the solution
pH; however, the final pHfin of a solution decreased
in first stages of its use in sorption. This can be attri-
buted to the fact that precipitates formed in hydrolysis
of oxotitanium(IV) sulfate [23] contain a considerable
amount (up to 8 wt %) of sulfate groups.

Therefore, the sorption of fluoride ions may be
accompanied, together with reaction (2), by liberation
of H+ and, as a consequence, by a decrease in pH. The
fact that a decrease in pH was observed in the first
stages of sorption indicates that liberation of sulfuric
acid occurs more easily than reaction (2). In later
sorption stages, pH either stabilizes (run no. 1) or
grows.

If it is assumed [24] that residual sulfate groups in
hydrated oxotitanium(IV) hydroxide are present in the
form of the acid HOTiO�OSO2OH, then sorption of
fluoride ions can be represented, in addition to reac-
tion (2), by the reactions

HOTiO�OSO2OH � HOTiO�OSO2O� + H+, (3)

NaF � Na+ + F�, (4)

HOTiO�OSO2O� + F� � (HO)TiOF + SO4
2�. (5)

Reactions (3)�(5) must result in that the concentration
of hydrogen ions in solution grows and sulfate ions
pass into solution. After the acid HOTiO�OSO2OH is
exhausted, sorption of fluoride ions proceeds by reac-
tion (2) leading to the observed increase in pH.

Table 1 shows that Kd first decreases somewhat
and then grows with increasing solution pHin. With
pHin varying within the range 4�6, � changes only
slightly in the first stages of sorption, but then it de-
creases by a factor of approximately 1.5 with the pHin
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increasing from 4 to 5�6, which points to a dramatic
decrease in the number of sorption-active groups.

After regeneration of a sorbent �saturated� with
fluorine by treating the sorbent with a 0.107 N sodium
hydroxide solution and then washing it thoroughly
with water, the sorption activity of the sorbent de-
creased dramatically: Under the experimental condi-
tions, the residual concentration of F� was 0.65 g l�1,
instead of 0.01�0.035 g l�1 in the case of a fresh
sorbent. The possible reasons for such a behavior are
as follows: conversion of OH� groups into ONa�

groups and their inability to exchange for fluoride
ions, intensification of olation�oxolation reactions in
the alkaline medium, and disappearance of sulfate
groups from the solvent.

Thus, even though freshly prepared hydrated oxo-
titanium(IV) hydroxide sorbs F� rather effectively, its
recycling after regeneration with alkaline solutions is
inefficient.

The experimental data obtained suggest that
TiOSO4 �H2O, which is readily obtained in processing
titanium-containing mineral raw materials, can be
used directly for sorption of fluoride ions from aque-
ous solutions.

In studying sorption of fluoride ions by oxotitani-
um(IV) sulfate, account was taken of the fact that
wastewater from a number of mining plants of the
Kola industrial region commonly shows alkaline reac-
tion because of the presence of NaF. Although sulfate
ions will find their way into water instead of fluoride
ions, their maximum permissible concentration in the
aqueous phase (MPA) is relatively high (500 mg l�1);
however, the expenditure of oxititanium(IV) sulfate
should be kept within the limits allowing discharge of
purified water into water reservoirs.

In the experiments, a certain amount of TiOSO4 �
2H2O was introduced into solutions with prescribed
concentration of F�. The resulting mixture was agi-
tated, with the pH value monitored continuously.
Hydrolysis of titanyl(IV) sulfate occurred in the solu-
tion, and the forming precipitate sorbed fluoride ions.
The concentration of F� was also monitored continu-
ously, if the pH value of the mixture allowed this. In
those experiments in which the equilibrium pH value
did not correspond to a value that enabled F� concen-
tration measurements, the solid phase was separated
before determining the concentration, and the pH of
the filtrate was adjusted to 4.1�4.3 with a sodium
hydroxide solution. In performing the sorption at con-
stant pH, this constant prescribed value was main-
tained, when necessary, by adding dropwise a concen-

Table 2. Sorption from solutions containing 10 mg l�1 of
F� (pHin 6.70) with pH maintained at 4�4.5
����������������������������������������

Parameter
� TiOSO4 �2H2O expenditure, mg l�1

����������������������������
� 100 � 400 � 800

����������������������������������������
Final concentra- � 7 � 2* � 0.6*
tion of F�, mg l�1� � �
pHfin � 4.00 � 4.02 � 4.5
� � 0.310 � 0.206 � 0.127
Kd, cm3 g�1 � 4290 � 10 000 �24 620
����������������������������������������
* pH value was maintained constant during sorption by intro-

ducing NaOH.

trated (250 g l�1) NaOH solution. After F� sorption
terminated, the precipitate formed was separated, and
the residual content of titanium(IV) in the purified
solution was determined spectrophotometrically using
a titanium(IV) peroxo complex.

A study of the influence exerted on the sorption
efficiency by expenditure of solvent at pH maintained
at 4�4.5 (the strongest sorption was observed at this
pH value) demonstrated that deep purification of
wastewater to remove F� can be achieved with oxo-
titanium(IV) sulfate (Table 2). In this case, titanium
completely passes from the solution being purified
into the precipitate. Deeper purification can be
achieved at higher expenditure of oxotitanium sulfate
(smaller �).

At higher concentrations of F� in the initial solu-
tion, greater expenditure of the sorbent may be re-
quired. Table 3 shows that, with increasing amount of
introduced TiOSO4 �2H2O, pHfin and efficiency of
F� sorption decrease and there occurs secondary con-
tamination with titanium(IV) of the solution being
purified. This contamination becomes more pro-
nounced with decreasing pH.

With the pHfin increasing from 4.5 to 5 at a con-
stant TiOSO4 �2H2O expenditure (200 mg l�1), � de-
creases more steeply (Table 4) than in the case when
hydrated oxotitanium(IV) hydroxide is used for sorp-
tion (Table 1).

The optimal pHfin value of sludge is 4�4.5, since,
in this case, the values of � and Kd are sufficiently
high and the introduced titanium is completely pre-
cipitated from the solution.

The purification efficiency is virtually independent
of whether the sorbent is added in several portions
(Table 5) or in one portion (Table 2, 800 mg l�1).
However, the 5-fold drop in � at decreasing initial
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Table 3. Sorption from solutions containing 2�10 mg l�1 of F� without adjustment of pH
������������������������������������������������������������������������������������

Parameter
� TiOSO4 �2H2O expenditure, mg l�1

������������������������������������������������������������
� 165 � 200 � 400 � 600 � 1000 � 2000

������������������������������������������������������������������������������������
Initial concentration of F�, mg l�1 � 2 � 2 � 10 � 10 � 10 � 10
Final concentration of F�, mg l�1 � 1.0 � 0.5 � 2.9 � 2.7 � 2.0 � 2.0
pHin � 6.30 � 6.30 � 6.7 � 6.7 � 6.7 � 6.7
pHfin � 4.40 � 4.30 � 2.70 � 2.60 � 2.30 � 1.50
TiOSO4 �2H2O in solution, mg l�1� � � � � 32.3 � 68.6 � 117.6 � 220.5
� � 0.062 � 0.077 � 0.20 � 0.12 � 0.094 � 0.046
Kd, cm3 g�1 � 6060 � 15 000 � 6660 � 4245 � 4536 � 2248
������������������������������������������������������������������������������������
Table 4. Effect of pH on efficiency of F� sorption. Initial concentration of F� 10 mg l�1, pHin 6.70
������������������������������������������������������������������������������������

Parameter
� pHfin
�������������������������������������������������������
� 3.5 � 4.2 � 4.5 � 5.0 � 6.6 � 7.0

������������������������������������������������������������������������������������
Final concentration of F�, mg l�1 � 4.7 � 5.0 � 5.5 � 8.0 � 8.0 � 8.0
TiOSO4 �2H2O in solution, mg l�1 � �1 � � � � � � � � � �
� � 0.272 � 0.257 � 0.231 � 0.102 � 0.102 � 0.102
Kd, cm3 g�1 � 5638 � 5000 � 4090 � 1250 � 1250 � 1250
������������������������������������������������������������������������������������
Table 5. Sorption from solutions containing 10 mg l�1 of F� (pHin 6.70) with TiOSO4 �2H2O introduced into solution
in portions, with the precipitates separated and pH�4 maintained in each stage
������������������������������������������������������������������������������������

Parameter
� Stage
���������������������������������������������������������������
� 1 � 2 � 3 � 4 � 5 � 6 � 7

������������������������������������������������������������������������������������
Final concentration of F�, � 7.0 � 3.4 � 2.8 � 1.8 � 1.45 � 1.1 � 0.5
mg l�1 � � � � � � �
pHin � 6.7 � 4.0 � 4.15 � 4.18 � 4.06 � 4.20 � 4.15
TiOSO4 �2H2O introduced, � � � � � � �
mg l�1: � � � � � � �

in a stage � 100 � 200 � 100 � 100 � 100 � 100 � 100
total � 100 � 300 � 400 � 500 � 600 � 700 � 800

�: � � � � � � �
in a stage � 0.310 � 0.185 � 0.063 � 0.102 � 0.036 � 0.036 � 0.062
total � 0.310 � 0.227 � 0.186 � 0.169 � 0.147 � 0.136 � 0.128

Kd, cm3 g�1: � � � � � � �
in a stage � 4290 � 5280 � 2175 � 5520 � 1332 � 6220 � 12 015
total � 4290 � 6461 � 6445 � 9102 � 9830 � 12 000 � 23 750

������������������������������������������������������������������������������������

concentration of fluorine in solution (Table 5, stages 1
and 7) indicates that sorbent portions brought in con-
tact with a solution with low F� concentration are not
saturated with the fluoride. The total expenditure of
the sorbent can be lowered if the process is carried out
in a step-like counterflow mode, with a solution richer
in fluoride ions purified using the sorbent already
brought in contact with an F�-depleted solution.

At TiOSO4 �2H2O expenditure of 800 mg l�1,

which is sufficient for deep purification of wastewater
containing 10 mg l�1 of F�, only 423 mg l�1 of SO4

2�

ions is introduced into water at the permissible con-
centration of 500 mg l�1. Using TiOSO4 �H2O instead
of TiOSO4 �2H2O has no effect on the process of
wastewater purification.

To conclude, it should be noted that 94.2�97.5% of
fluoride ions are distilled off from titanium-containing
sulfuric acid solutions already at 100�C [25]. This
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enables treatment of the isolated solid product with
sulfuric acid to give HF gas, which can be used for
manufacture of various fluorine-containing com-
pounds, and water-soluble titanium sulfates, suitable
for reuse in wastewater purification.

CONCLUSIONS

(1) Wastewater can be efficiently purified to re-
move fluoride ions with titanium(IV) compounds and,
in particular, with hydrated oxotitanium sulfates. The
lowest F� concentration achieved in this case, 0.5�
0.6 mg l�1, is lower than that required by regulations
for fishery ponds. The optimal conditions of the puri-
fication process were determined.

(2) In the optimal modes of the purification proc-
ess, wastewater is not contaminated secondarily with
titanium compounds and the concentration of the
introduced sulfate ions in purified water does not
exceed the permissible level.

(3) Processing of the resulting solid product con-
taining titanium and fluorine, with sorbent regenera-
tion and manufacture of usable fluorine compounds,
will enable purification of fluorine-containing waste-
water without any necessity for disposal of sorbents
saturated with fluoride ions.
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Abstract�Ozonation of fulvic acids of natural waters in aqueous solutions was studied.

It is known that water chlorination gives rise to its
contamination with carcinogenic organic impurities
[1]. Therefore, ozone is widely used today as oxidant
instead of chlorine in water treatment. Ozonation is
used for treating drinking and ultrapure water, for
breakdown of organic impurities in wastewater, etc.
[2�6]. Ozonation of natural waters is actively studied
to elucidate the possibility of water decontamination
from ozonation products by various techniques, in-
cluding coagulation and sorption.

Taking into account that fulvic acids (FAs) are, as
a rule, the main organic impurity present in natural
waters, we studied in this work their ozonation in
aqueous solutions.

EXPERIMENTAL

Fulvic acids were isolated from Neva water by
the technique reported in [8]. The ozonation of fulvic
acid solutions was carried out in a glass column of
bubble type 70 mm in diameter at pH 7.1 typical of
Neva water. The experiments on water treatment by
coagulation with iron sulfate combined with liming
were carried on the same column at pH 9. The air�
ozone flow containing 6.8�10.0 mg dm�3 ozone was
generated by an ozonizer with the performance of
2 g O3 min�1 at the air flow rate of about 1 dm3 min�1.
The difference between the ozone concentration in
the aqueous solution before and after its reaction with
FAs was determined by the method reported in [9].

As seen from Fig. 1, on ozonation of neutral FA
solutions, the color index measured at 350 nm (an
SF-46 spectrophotometer) decreases to a lesser extent
than on ozonation of weakly alkaline FA solutions.

The color of fulvic acids is due to the fact that
these molecules contain a polycyclic aromatic core

and peripheral chains, with a common system of con-
jugated double bonds giving a continuous absorption
band in the range 200�350 nm [10]. On oxidation
with ozone, this chromophoric molecular system is
broken down.

The FA degradation is manifested in the electronic
absorption spectra (Fig. 2) as a decrease in the optical

CI, %

Q, mg mg�1 FA
Fig. 1. Residual color index CI as a function of the ozone
amount Q that reacted with FAs at pH (1) 7 and (2) 9.0.

A, rel. units

�, nm
Fig. 2. Electronic absorption spectra of FAs (1) before and
(2) after ozonation. Q (mg mg�1 FA): (1) 0, (2) 0.13,
(3) 0.23, and (4) 0.29. (A) Optical density and (�) is wave-
length.
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density at invariable shape of the spectra. These spec-
tra show that, on ozonation, only a certain fraction
of FA molecules degrade.

The effect of ozonation on the molecular-weight
distribution of FAs was studied by gel chromatog-
raphy on a column 10 mm in diameter packed with
Molselect G-50 gel (gel bed height 300 mm, sample
volume 0.1 ml). Water was used as eluent. The gel
chromatograms of the initial FAs and those after
ozonation have two elution bands (Fig. 3). The first
elution band (I) belongs to the high-molecular-weight
fraction of FAs (HMWF). This fraction, due to its
steric features, cannot penetrate into gel and, there-
fore, is eluted first. The second elution band belongs
to low-molecular-weight fraction of FAs (LMWF).
Figure 3 shows that, after ozonation, the relative con-
tent of HMWF (band I in gel chromatograms 1� and
2�) decreases and, correspondingly, the LMWF content
(band II) increases. These gel chromatograms also
show that, with increasing pH from 7.1 to 9.0, the de-
gree of HMWF degradation increases from 20 to 60%.
We found that the initial molecular weight of HMWF
(8900) does not noticeably change after ozona-
tion. At the same time, the LMWF molecular weight
decreases from the initial value of 6400 to 5300 and
4000 after ozonation in neutral and alkaline media,
respectively. The decrease in the molecular weight of
organic compounds to values <5000 on ozonation was
noted in [12].

To elucidate how ozonation affects the FA struc-
ture, the IR spectra of both HMWF and LMWF were
recorded on a Specord UV Vis-235 spectrophotometer
(KBr pellets) before and after ozonation. These studies
showed that, after ozonation, the bands of the C�H
stretching vibrations at 2950 and 2880 cm�1 disappear.
Taking into account that the intensity of the absorp-
tion band of the bending vibrations of the methyl
groups of FAs at 1460 cm�1 also decreases after
ozonation [13, 14], we can suggest that the disappear-
ance of the above-noted C�H stretching bands after
ozonation is caused by degradation of the methyl
groups.

Another effect of FA ozonation is transformation
of a sharp absorption band of skeletal C�C vibrations
of the benzene rings at 1510 cm�1 into a weak ab-
sorption peak. This fact shows that, on ozonation,
some fraction of the aromatic rings is broken down.
The strengthening of the absorption bands at 1720 and
1400 cm�1 shows that ozonation results in an increase
in the content of carbonyl groups.

It should be noted that, after ozonation, LMWF
contains not only products of FA reaction with ozone

V, arb. units
Fig. 3. Gel chromatogram of FA (1, 2) before and (1�, 2�)
after ozonation at (1, 1�) pH 7.1 and (2, 2�) pH 9.0. (A) Op-
tical density of eluate and (V) eluate volume.

but also low-molecular-weight species formed by
HMWF degradation. Therefore, the IR spectra reflect
the total amount of low-molecular-weight fractions
of both origins. The amount of the COOH groups in-
creases owing to oxidation of the terminal methyl
groups of FA molecules, which is manifested in dis-
appearance of the absorption bands at 2950 and
2880 cm�1.

The possibility of oxidation of the peripheral
hydrocarbon groups of FAs into carboxy groups was
analyzed by Orlov [10]. In our case, the IR spectrum
of the initial FAs contains no absorption band at
3030 cm�1 typical of benzene rings with more than
four substituents, but contains the bands of C�C vib-
rations at 1620, 1500 and 1450 cm�1 characteristic of
less substituted benzene rings. The substituents can be
oxidized with ozone to form benzenepolycarboxylic
acids.

We also determined the elemental composition,
weight content, and permanganate oxidizability (PO)
of the ozonation products. To compare the weight
content of FAs in the initial solution and that after
ozonation, we used the completely dimeneralized FAs.
The effect of ozonation of FA solution on the amount
of their dry residue (after drying of FA solution under
an Infratherm lamp at 34�36�C) is demonstrated in
Table 1.

These results show that, after ozonation of FA
solution, the weight content of FAs decreases insig-
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Table 1. Elemental composition of FAs of Neva water before and after ozonation*
������������������������������������������������������������������������������������

O3 reacted,
� Content, % � CFA � Decrease in CFA �

PO,�����������������������������������������������������������
mg O3 mg�1 FA � C � H � N � O � g kg�1 of solution � mg O2 dm�3

������������������������������������������������������������������������������������
0 � 46.7 � 5.0 � 1.2 � 47.1 � 2.168 � � � 500
0.23 � 40.4 � 6.4 � 1.5 � 51.7 � 1.984 � 0.184 � 310
0.29 � 38.1 � 9.3 � 2.5 � 50.1 � 2.010 � 0.158 � �

������������������������������������������������������������������������������������
* Determination accuracy: C �0.2, H �0.05, N �0.04, O �0.03; FA �0.0005; and PO �10.

nificantly. However, under the same conditions, the
elemental composition of FAs substantially changes.
It was found that, on ozonation, the carbon content
in FAs decreases, whereas the content of H, N, and O
increases. We believe that enrichment of FAs in ni-
trogen is caused by formation of nitrogen oxides in
the ozonizer from atmospheric nitrogen. The relatively
small loss of carbon suggests that carbon is oxidized
not only to CO2, but also to various oxygen-contain-
ing hydrocarbon groups (not only carboxy, but also
keto, aldehyde, ether, and alcoholic groups). The per-
manganate oxidizability shows that ozonation de-
creases the content of readily oxidizable fractions
by 40%.

The content of the carboxy groups in FAs before
and after ozonation was determined by potentiometric
titration from a single sample. Based on the titration
curves, we calculated both the ionization constants of
the COOH groups of FAs by the Henderson�Hassel-
bach equation and the equivalent weights of fulvic
acids before and after ozonation (Table 2).

Table 2 shows that the COOH group content in
FAs increases after ozonation by 50%. Ozonation in-
creases both the dissociation constant of the carboxy
groups (Ka) and the electrical conductivity �. At the
same time, the equivalent weight of FAs decreases
owing to degradation.

To elucidate what products are formed upon ozona-
tion of FAs, the ozonized FAs solutions were frac-

Table 2. Effect of ozonation on FA properties
����������������������������������������
O3 reacted, � CCO2H, �FA equiv-�

pKa*
�
��10�4,

mg O3 mg�1�
mg-equiv g�1

� alent � �
��1 cm�1

FA � � weight � �
����������������������������������������

0 � 4.15 � 242 � 4.2 � 3.87
0.13 � 6.46 � 148 � 3.7 � 7.17
0.23 � 6.62 � 138 � 3.5 � 7.82
0.29 � 6.68 � 153 � 3.6 � 9.90

����������������������������������������
* Determination accuracy �0.05.

tionated by high-performance liquid chromatography
(HPLC). Fractionation was performed on an Mili-
khrom multicolumn chromatograph equipped with a
spectrophotometric detector sensitive in the range
190�260 cm�1 and a 2 � 62-mm column packed with
Silosorb-600 sorbent with particle size of 5 � 103 nm.
Amino acids contained in the fulvic acids were deter-
mined by the method described in [15]. A fulvic acid
solution (5�10 �l) was introduced into the chroma-
tographic column and eluted with a water�acetonitrile
(40 : 60)�0.35 NH4OH mixture until the optical den-
sity A in the measuring and reference cells became
equal.

Under these conditions, a chromatogram contains
four elution bands, the first of which refers to amino
acids. In the chromatograms of ozonized FAs, the
height of all the elution bands decreases irrespective
of pH, and this decrease was the more pronounced,
the greater amount of ozone reacted with FAs. This
chromatographic analysis showed that FA ozonation
results in their degradation. However, we found no
new elution bands in the chromatograms, i.e. the
chomatographic method used is incapable of detect-
ing the products of FA degradation.

CONCLUSIONS

(1) On reaction with ozone, both the high- and
low-molecular-weight fractions of fulvic acids are
broken down. The products of fulvic acid ozonation
have lower degree of aromaticity and lower molecular
weight. At the same time, the content of carboxy
groups in them increases. This factor can favor sorp-
tion of the products of fulvic acids degradation on
anion exchangers by the anion-exchange mechanism.

(2) In ozonation of fulvic acids, the degree of their
degradation increases in going from neutral (pH 7.1)
to alkaline (pH 9) solutions. After ozonation, the
weight content of fulvic acids decreases by 7�8% in
neutral (pH 7.1) and by 17�18% in alkaline (pH 9.0)
solutions.
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Abstract�Photochemical degradation of organic impurities in exhausted chrome tanning solutions is
studied. A method for regeneration of these solutions is proposed, allowing reduction of chromium loss
with wastewater.

Leather production in the volume of water con-
sumption and, correspondingly, in the volume of
water supply ranks first among the branches of light
industry. Since tanneries are arranged mostly near
water basins used as sources of drinking and industrial
water, the problem of preventing pollution of these
basins with leather production discharges is very
topical.

After tanning of hide (skin after removal of the hair
side), 22 to 35% of the chrome tanning agent remains
in exhausted tanning solutions, which corresponds to
a residual chromium concentration of 3�8 g l�1 (recal-
culated to Cr2O3). According to published data, more
than 25 000 t of Cr(III) is discharged to the environ-
ment with leather production wastes all over the
world, whereas the discharge from metallurgical
works is about 1500 t [1�4].

One of the promising ways to reduce the discharge
of chrome tanning agents and, correspondingly,
the Cr(III) consumption is recycling of chrome tan-
ning solutions. Recovery of chromium(III) from
exhausted tanning solutions by precipitation requires
large amounts of alkaline reagents and sulfuric acid
for dissolution. The resulting Cr(III) hydroxide sludge
is poorly settled and filtered, being contaminated with
residual proteins.

Presently growing efforts are devoted to developing
methods of waste treatment without phase transfer, for
example, ultrafiltration on various membranes allow-
ing separation of solutes, fats, and protein residues
[5]. However, to provide reasonable service life for
the membranes, the solutions should be pretreated to
thoroughly remove suspended materials prior to ultra-

filtration. Wide application of the method is also
limited by high cost and batch process mode.

The problem of recycling of tanning solutions may
be solved only after solving the problem of removal
of organic impurities from them, for example, by
degradation. Recent studies demonstrate high effi-
ciency of liquid-phase oxidation of organic impurities
under the combined effect of active oxygen, hydroxy
radicals formed in UV treatment of the solutions after
addition of hydrogen peroxide, and ozone. In this
case, degradation of organic acids, particularly, amino
acids proceeds more rapidly by two orders of magni-
tude than with the use of an oxidant only [6, 7].

There is no information in the literature on the
effect of UV irradiation on Cr(III) complexes with
amino acids. It may be expected that photolysis will
break down such complexes, providing mineralization
of the amino acids. As a result, the chrome tanning
agent will be regenerated.

In this work we studied photochemical degradation
of organic impurities with simulated and actual ex-
hausted tanning solutions. The process was monitored
by the chemical oxygen demand (COD) using the
standard procedure. The amino acid concentration was
determined by paper partition chromatography using
water�acetone�n-propanol�acetic acid (1 : 2 : 1.5 : 0.2)
as a mobile phase and polarography. Experiments on
determination of COD of solutions containing such
amino acids as glycine, �-alanine, DL-proline, and
arginine showed that, under the COD determination
conditions (boiling in 18 N sulfuric acid for 2 h), the
degree of mineralization of organic impurities ranges
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from 86 to 94%, which was then taken into account in
interpretation of the results.

In the experiments we used a photoreactor with
UV irradiation from the top (monochromatic radiation
at � = 254 nm, dose rate 30 W l�1, irradiation time
120 min) and supply of hydrogen peroxide.

In the simulated solutions, the concentrations of
glycine and �-alanine (recalculated to COD) were
670 mg O2 l�1 each. After addition of the tanning
agent to a Cr2O3 concentration of 4 g l�1, COD in-
creased to 2440 mg O2 l�1 as a result of the presence
of organic impurities in it. The experiments showed
that photolysis of amino acids in aqueous solutions
proceeds slowly, but considerably accelerates in
the presence of the chrome tanning agent (Fig. 1).
Evidently, in acid solutions, Cr(III) compounds
behave as catalysts [8]. The results obtained demon-
strate a possibility of a sufficiently exhaustive photo-
chemical degradation of organic impurities.

Even stronger acceleration of the UV degradation
of organic impurities is realized in the presence of
H2O2. After addition of H2O2, COD, determined by
the standard procedure, increased, since H2O2 acts as
a reducing agent with respect to K2Cr2O7 (potassium
bichromate is the commonly used oxidant in COD
determinations). The stoichiometric amount of hy-
drogen peroxide (relative to the initial COD of the
solution) was estimated as

MH2O2
= COD0 Mexp(H2O2)/Mexp(O2).

After addition of H2O2 in amount of 50, 100, and
150% relative to the stoichiometric amount into the
solution with COD0 = 4200 mg O2 l�1, COD in-
creased to 6000, 8050, and 10 000 mg O2 l�1, respec-
tively. Similar trends were also observed in the corre-
sponding aqueous H2O2 solutions. Without UV treat-
ment, COD of the chrome tanning solutions remained
practically unchanged in 60�120 min at 20�25�C.
After addition of H2O2 (60�130% against the stoi-
chiometry) to the initial tanning solution (Cr2O3 con-
centration 3.5 g l�1, COD 1370 mg O2 l�1), UV treat-
ment resulted in decreasing COD (Table 1).

The most significant change in COD was observed
in the first 60 min of UV treatment. In this time,
the degree of degradation of organic impurities ap-
proaches 55�70% (75�85% in 2 h). The residual con-
tent of organic impurities is quite acceptable for reuse
of exhausted tanning solutions. It appeared inex-
pedient to increase the amount of H2O2 above 100%,
since, with increasing amount, the residual COD does
not noticeably decrease.

�, min

COD
�
/COD0

Fig. 1. Relative decrease in the COD (COD
�
/COD0) in the

course of photochemical treatment (1) with and (2) with-
out chrome tanning agent. (�) Irradiation time.

UV treatment of 2.6 �10�2 M glycine solutions
with introduction of H2O2 (100% against the stoi-
chiometry of glycine mineralization to CO2, H2O, and
NH3) provides a 60�65% decrease in COD in 10�
20 min. After introduction of Cr(III) (4 g l�1 recalcu-
lated to Cr2O3) into the solutions, COD decreased
by 80�85%.

To estimate the efficiency of the photochemical
degradation of organic impurities in exhausted chrome
tanning solutions, we carried out experiments with ac-
tual industrial waste formed after tanning of pig hide.
The initial Cr(III) concentration was 3.9 g l�1 (recalcu-
lated to Cr2O3), pH 3.7, and COD, 3700 mg O2 l�1.
The experiments were performed at 293 K with addi-
tion of H2O2 (Table 2).

The results reveal complex interactions between
components of the system. In the initial period of UV
treatment, the radiation energy goes to degradation of
organic impurities (photolysis in the absence of H2O2)
or, in the presence of H2O2, to its photolysis. UV
radiation may break down Cr(III) complexes with
amino acids with formation of some intermediates,
but without considerable change in COD. Actual solu-
tions contain saturated organic compounds, whose
degradation is hindered. After the initial (in the first
30�40 min) degradation of complex structures in the

Table 1. Degradation of organic impurities in model solu-
tions in the course of UV treatment
����������������������������������������

�,
� COD, mg O2 l�1, at indicated amount of H2O2

min
� added, % of stoichiometry
����������������������������������
� 60 � 100 � 130

����������������������������������������
0 � 2250 � 2720 � 3190

30 � 1480 � 1600 � 1800
60 � 1010 � 810 � 970
90 � 730 � 430 � 610

120 � 610 � 310 � 520
����������������������������������������
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Table 2. Degradation of organic impurities in exhausted
chrome tanning solutions in the course of UV treatment
����������������������������������������

�,
� COD, mg O2 l�1, at indicated amount of H2O2

min
� added, % of stoichiometry
����������������������������������
� 0 � 50 � 100

����������������������������������������
0 � 3700 � 5550 � 7400

10 � 2820 � 5240 � 5730
20 � 2510 � 5100 � 5200
40 � 2330 � 5020 � 4960
60 � 2220 � 4410 � 4100
90 � 2100 � 2820 � 1620

120 � 1850 � 1760 � 930
����������������������������������������

presence of H2O2, COD considerably decreases, as in
simple photolysis.

The rate of the photochemical degradation of or-
ganic impurities depends on their nature, as demon-
strated by the experiments on UV treatment of actual
exhausted solutions after tanning of goatskin. The ini-
tial Cr(III) concentration was 4 g l�1 (recalculated to
Cr2O3); COD, 1780 mg O2 l�1; radiation dose rate,
15 W l�1. At an H2O2 dose of 25�70% against the
stoichiometry, even in 30�60 min, the degree of
degradation approached 50�70% (Fig. 2). Since for
recycled solution there is no need in full mineraliza-
tion of organic impurities, it is enough to perform
the UV treatment for 60�90 min.

Under industrial conditions (70-l tanning drum),
we performed experiments on tanning of goatskin
with fresh and recycled tanning solutions, all other
conditions being equal. Prior to the experiments,
the exhausted solutions after UV treatment were con-

�, %

�, min
Fig. 2. Total degree of degradation of organic impurities
and hydrogen peroxide � as a function of the UV treatment
time �. Amount of H2O2 added (% of stoichiometry):
(1) 25, (2) 50, and (3) 75.

ditioned with the fresh tanner. Six batches of hide
were tanned. The quality of all the resulting leathers
was practically the same. The shrinkage temperature
of leather ranged from 108.2 to 110 and from 107.8 to
109�C with the use of the fresh and regenerated tan-
ning solutions, respectively. The shrinkage test results
met the technical regulations.

The results obtained provided a basis for develop-
ing a new method of regeneration of exhausted
chrome tanning solutions from leather production [9].
In this method, the volume of the chrome tanning
agent discharged or delivered to alkaline treatment
stage can be reduced by a factor of 4�6.

CONCLUSIONS

(1) Exhausted chrome tanning solutions can be
regenerated by UV treatment at a wavelength of
254 nm.

(2) Introduction of hydrogen peroxide in the solu-
tion considerably intensifies degradation of organic
impurities (in actual systems, 60�90-min irradiation
provides 50�75% degradation). Chromium(III) com-
pounds were proved to accelerate degradation of or-
ganic impurities.

(3) The quality of leather produced with regen-
erated tanning solutions was demonstrated to be vir-
tually the same as with a fresh tanning solution. The
proposed regeneration method allows reduction in the
chromium loss with wastewater by a factor of 4�6.
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Abstract�The main factors responsible for decrease in the filtration flux (membrane throughput) in removal
of pectin substances from an aqueous extract from dog-rose fruits and reasons for membrane contamination
were studied. The method for membrane cleaning with distilled water and additional cleaning agents, aqueous
solutions of NaOH and HNO3, was optimized.

Microfiltration is one of baromembrane methods
for solution separation, which is used to remove
microparticles, bacteria, grease drops, yeast cells, and
colloids from suspensions. This method is based on
the sieve mechanism, i.e., the filtering membrane can
catch from solutions particles and large dissolved
molecules. This yields two products, retentate and
permeate. The retentate is a suspension that cannot
pass across the membrane, and, therefore, the retentate
concentration grows in the course of the filtration
process. The permeate is a solution that has passed
across the membrane and contains no large molecules
[1, 2].

According to the IUPAC classification (1985),
microfiltration membranes have pores more than
50 nm in size [3].

Microfiltration is a promising and attractive meth-
od for concentration of macromolecules, desalination
(mainly for removal of low-molecular-weight com-
pounds from macromolecular solutions), fractionation
of macromolecules, and clarification, pasteurization,
and sterilization of juices, wines, beer, and dairy
products, and also in manufacture of biologically
active substances [4�6].

The main advantage of this method is its high
throughput. However, the throughput (filtration flux)
decreases in the course of filtration, which is mainly
due to membrane contamination and concentration
polarization [7]. Commonly, the filtration flux de-
creases upon contamination, but occasionally the
membrane selectivity is also altered. These changes
are observed during the entire process and even may
make necessary membrane replacement [8].

The effect of factors responsible for membrane con-
tamination has been poorly studied. In principle, all
the components (with exception of the solvent) in-
volved in filtration can contaminate the membrane.
Physicochemical properties of individual components,
membrane, and the bulk of the flow being filtered
determine the nature and amount of contamination.
Not infrequently, substances dominating in the con-
tamination are present in trace amounts and their con-
centration has virtually no effect on the main compo-
nents involved in the separation process. For example,
the flux decreases in most of aqueous solutions
through deposition of particles or microorganisms
present in these solutions [9].

Certain difficulties are encountered in identifying
the component making the main contribution to con-
tamination and in determining the extent of this con-
tribution.

Many researchers explain the fast decrease in the
permeate flux by the occurrence of concentration
polarization, which leads to formation of a gel layer
[10, 11]. The simultaneous decrease in the flux is at-
tributed to membrane contamination. However, the
contamination may occur very rapidly, since the time
necessary for adsorption of macromolecules on the
membrane surface may be as short as several seconds.
It should be noted that the factors responsible for the
decrease in the membrane throughput include slow
increase in the solution viscosity because of particle
retention (in solution concentration), concentration
polarization, and slow physicochemical changes in the
structure of the membrane or substances [11].

The cleaning of membrane is one of the most im-
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Fig. 1. Schematic of the microfiltration process.

portant processes for preservation of its properties (per-
meability and selectivity). Theoretically, the process
of membrane cleaning must be effective, simple, and
executable without disassembly of the membrane unit.
In doing so, the membrane and filtering installation
should not be damaged and the cleaning procedure
must conform to all sanitary and hygienic regulations.

The present communication reports the results ob-
tained in studying the effect of the main factors (trans-
membrane pressure and temperature) on the mem-
brane contamination in removal of pectin substances
from an aqueous extract from fruits of Rosa canina L.
dog-rose and evaluates the efficiency of various clean-
ing agents.

EXPERIMENTAL

The experiments were carried out on an Alpma
microfiltration installation (Germany) with two mem-
brane units, each comprising nine cylindrical ceramic
membranes (Fig. 1). The total effective filtration area
was 2.2 m2. Monolithic ceramic Kerasep membranes
(France) had rated pore size of 0.2 �m. The overall
diameter of the membrane with 19 channels (channel
diameter 2.5 mm) was 20 mm. This membrane is ther-
mally and chemically stable in contact with chemical
cleaning agents at 20�85�C and pH 1�14, and also
in sterilization with steam at 121�C (for 40 min).

The filtration flux across the membrane was
(l h�1 m�2 bar�1) 3600 for distilled water, 2000 for
spring water, 500�1500 for contaminated water, and
80�250 for fruit juices. The effect of pressure on the
flow rate of a fluid being filtered was studied under
transmembrane pressure of 100�300 kPa, and the in-
fluence of solution temperature on the filtration proc-
ess, at 25�50�C and constant pressure (200 kPa).

The experiments were carried out with an aqueous
extract produced from dog-rose fruits used in manu-
facture of the Kholosas preparation. The total amount
of extractive substances in the extract was 1.5 wt %,
and the content of pectin substances, 0.047 wt %. The

extract also contained a number of other compounds:
flavonoids, several organic acids (citric, malic,
ascorbic), pigments, mineral substances, etc.

The specific throughput of a filter is determined by
the flux J [amount of substance (solution volume)
that passes across a unit surface area in unit time,
m3 m�2 s�1].

The flux can be found as the ratio of the increasing
volume of permeate, �V, collected in unit time �t, to
the area of the effective membrane surface, or mass-
transfer area, S:

�V/�t
J = �����. (1)

S

The flux of pure solvent, Jw, passing across a clean
(new) membrane can be expressed as

�P
Jw = �����, (2)

�pRm

where �P is the transmembrane pressure (Pa); �p, per-
meate viscosity (Pa s); and Rm, membrane resistance
to a flow of pure solvent (m�1).

As already mentioned, the effect of contamination
and concentration polarization is commonly regarded
as an additional membrane resistance Rf, resulting
from adsorption of particles on the surface of the
membrane and within its pores [12].

Equation (2) can be used to account for the contam-
ination effect by including the additional resistance
Rf to the flow passing across the contaminating layer
(Darcy law):

�P
Jw = ���������. (3)

�p(Rm + Rf)

The value of Rf varies with pressure, solution con-
centration, and rate of solution circulation at low pres-
sures; however, at its high values, pressure has no
significant effect on the process [13].

At constant �P, �p, and Rm, the resistance Rf be-
comes a function of time.

Membrane cleaning is the most important proce-
dure in all membrane processes. All membranes, in-
cluding liquid membranes, are contaminated in opera-
tion, and, as a consequence, their throughput de-
creases to below the acceptable level. As a result, the
substances contaminating the membrane must be re-
moved from the surface and pores of the membrane
by special cleaning techniques. The cleaning is done
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to remove not only contaminating deposits, but also
microorganisms to conform to hygienic regulations.

Frequently, additional maintenance of the mem-
brane (chemical pretreatment) makes higher the per-
meate flux [14]. In this study, the microfiltration
membrane was preliminarily treated by circulation of
a 0.005 M solution of NaOH. This was done at a
temperature of 50�C and transmembrane pressure of
0.5 bar for 0.5 h.

Immediately after the treatment of the membrane,
experiments aimed to determine the flux Jw for pure
solvent (water) were carried out. This value was used
in calculating the maximum throughput and cleanness
of the membrane.

Further, the membrane unit was subjected to con-
tamination with an aqueous extract of dog-rose fruits,
which was circulated for 30 min with continuous fil-
tration. The decrease in the membrane throughput and
appearance of a considerable amount of deposits on it
were monitored by measuring the permeate flux Jp.

Additional chemical cleaning was performed after
rinsing the system with distilled water for 15 min
(without circulation) and 0.5% solution of NaOH for
40 min with full circulation (of permeate and reten-
tate), at controlled temperature. The permeate flux in
the course of cleaning was measured, and rinsing was
done, using a volumetric cylinder and a stopwatch.

In parallel, experiments on membrane cleaning
with 0.5% HNO3 for 40 min and preliminary washing
with distilled water for 15 min were carried out.
The efficiency of the cleaning process was evaluated
as the ratio of the flux Jc during cleaning to flux Jw
of pure solvent determined on a clean (new) mem-
brane (before its being contaminated).

The restoration of the initial flux Jr (%) was eval-
uated by the formula

Jr = (Jc /Jw) �100. (4)

The extent of membrane contamination affects the
permeate flux, which markedly decreases with increas-
ing contamination. The flux is frequently high at the
beginning of the filtration process and markedly de-
creases in the course of time [11]. In the present
study, the contamination model is analyzed at dif-
ferent pressures and temperatures.

Figure 2a shows how the transmembrane pressure
affects the flux decay. The data obtained indicate that
the flux grows with the transmembrane pressure in-
creasing from 100 to 300 kPa. However, after 15 min
this difference becomes insignificant, and then, with
the membrane becoming contaminated, changes in

(a)J, l m�2 h�1

�, min
J, l m�2 h�1

(b)

�, min
Fig. 2. Permeate flux J vs. time �. (a) Transmembrane pres-
sure (kPa): (1) 100, (2) 200, and (3) 300. (b) Permeate tem-
perature (�C): (1) 25, (2) 35, (3) 40, and (4) 50 (trans-
membrane pressure 200 kPa).

pressure do not lead to the expected change in the
flux. This phenomenon can be only accounted for
by the individual properties of the membrane (mor-
phology, chemical nature of its material) and the fluid
being filtered.

Also, the effect of temperature on the flux was
studied. The experiments were performed at different
temperatures (from room temperature to 50�C) and
constant transmembrane pressure of 200 kPa.

Figure 2b shows that the flux grows with increas-
ing temperature, which can be accounted for by the
effect of temperature on the solution viscosity and
mass-transfer coefficient, with the resulting improve-
ment of the transfer of high-molecular-weight com-
ponents of the extract from the membrane surface into
the common flow.

To determine the effective temperature in mem-
brane cleaning, experiments were done at 25 to 65�C
by washing with distilled water at low transmembrane
pressure (50 kPa).

The optimal temperature for membrane cleaning
was found to be 55�C, as shown in Fig. 3. Raising the
temperature further leads to poor flux restoration. This
is accounted for by better separation into constituents
and/or dissolution of deposits on the membrane sur-
face at higher temperatures. This gives rise to free fine
particles, which can be more firmly fixed within the
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Jr, %

T, �C
Fig. 3. Effect of temperature on the cleaning process:
extent of restoration of the initial flux Jr.

Jr, %

�, min
Fig. 4. Extent of restoration of the initial flux Jr vs.
time � of membrane cleaning.

pores of the membrane than coarser particles [15].

Figure 4 shows a typical curve of restoration of
the flux of distilled water at 55�C The curve reaches a
maximum (82%) in 12 min and then gradually de-
scends. The appearance of the peak in the flux restora-
tion curve can, probably, be accounted for by the
mechanism described in [13]. After the cleaning
procedure, coarse settled particles can be removed,
and, therefore, a tendency toward increase in the flux
is observed originally. However, at the same time,
some fine particles formed upon dissolution of a part
of large molecules may find their way into narrow
pores and be adsorbed there.

It is also possible that, in rinsing a membrane with
water, fine particles situated between coarse particles
(or attached to them) are shifted deeper inside the
pores. It should be added to the aforesaid that the peak
width may be affected by hydration of particles within
pores, which also leads to poorer restoration of the
initial flux.

Additional cleaning of the membrane after its
washing with distilled water demonstrated that the fol-
lowing values are achieved after 10 min: Jr(NaOH) =
98.2%, Jr(HNO3) = 92.3%.

CONCLUSIONS

(1) The results obtained in studying the permeate
flux in microfiltration of an aqueous extract of dog-
rose fruits show that the membrane contamination is

affected by the process pressure and temperature.

(2) The highest flux of the fluid being filtered is
observed in the initial stage of filtration, and then the
flux decreases.

(3) The main factor in membrane contamination is
clogging of its pores.

(4) A contaminated membrane can be washed with
distilled water, with 82% of its initial throughput
restored in 12 min. Additional application of chemical
cleaning agents for 10 min gives 98.2% for NaOH and
92.3% for HNO3.
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Abstract�The solubilities of anthracene, tetracene, 1,2-benzanthracene, chrysene, pyrene, perylene, �,��-di-
naphtyl, rubrene, and decacyclene in solvents of different nature and polarity (hydrocarbons and halogenated
hydrocarbons, alcohols, ketones, ethers, and esters) were determined at 20�1 �C. The distribution of benzene
and naphthalene in the organic solvent�water system was studied. The Gibbs energy of transfer of aromatic
hydrocarbons from n-octane to organic solvents was calculated.

Condensed aromatic hydrocarbons (CAHs) and
their derivatives, whose molecules contain fused ben-
zene rings, are present as complex mixtures in oil, coal
tar, and pyrolysis products of organic compounds.
On the one hand, CAHs are valuable raw materials for
chemical industry and on the other, highly toxic and
hazardous environmental pollutants. Aromatic hy-
drocarbons are separated and isolated from various
objects by liquid extraction and crystallization using
selective solvents [1, 2].

By now, for CAHs, whose molecules contain up to
four benzene rings, the relationships in extraction
from hydrocarbon solutions with strongly polar organ-
ic solvents are fairly well understood [3]. However,
there are virtually no published systematized data on
the solubility of CAHs in weakly and moderately polar
solvents miscible with liquid aliphatic hydrocarbons.
Many of these solvents have low boiling points and
are easily recovered, which makes them suitable for
wide application in chemical and petrochemical in-
dustries. A systematic study of the relationships in
solvation of CAHs with these solvents will enable, in
turn, development of efficient methods of their separa-
tion, isolation, and concentration from various objects
(soils, resins, asphaltenes, etc.).

Therefore, this study was aimed at deriving sys-
tematized information about the solvency and solvat-
ing power of weakly and moderately polar solvents
with respect to CAHs and about their dependence
on the nature and structure of the solvent molecules.

EXPERIMENTAL

We used the following CAHs: anthracene, tetra-
cene, 1,2-benzanthracene, chrysene, pyrene, perylene,
�,��-dinaphtyl, 5,6,11,12-tetraphenylnaphthacene (rub-
rene), and decacyclene purified be recrystallization.
The structural formulas of decacyclene and rubrene
are given below:
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As organic solvents we used pure grade n-octane
purified by sulfuric acid extraction, as well as 2,2,5-tri-
methylpentane (isooctane), cyclohexane, cyclohexene,
benzene, �-methylnaphthalene, chlorobenzene, carbon
tetrachloride CCl4, methylene chloride CH2Cl2,
chloroform CHCl3, 1,1- and 2,2-tetrachloroethane,
methyl iodide, methylene iodide, diethyl ether (DEE),
dibutyl ether (DBE), ethyl acetate, amyl acetate, ace-
tone, methanol, propanol, and isopropanol (pure
grade).

The solubilities of CAHs were determined by dif-
ferent procedures. In the case of liquids transparent at
wavelengths corresponding to absorption of aromatic
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Table 1. Distribution constants of naphthalene in the organic solvent�water systems and CAH solubility in solvents
of different nature and polarity
������������������������������������������������������������������������������������

Solvent

� P � S, M
�������������������������������������������������������������������������
� ben- � naphtha- �

anthracene
�

tetracene
� 1,2-benz- �

chrysene
� �,��-di- �

perylene
�

pyrene� zene � lene � � �anthracene � � naphthyl � �
������������������������������������������������������������������������������������
Octane � 200 � 3100 � 9.2�10�3 � 9.1�10�4� 1.8�10�2 � 1.6�10�3 � 2.6�10�2� 7.5�10�4� 8.3�10�2

Isooctane � � � 2200 � � � � � 1.3�10�2 � � � � � 5.4�10�4� 5.1�10�2

Cyclohexane � 360 � 5600 � 1.7�10�2 � 1.6�10�3� 3.2�10�2 � � � 4.3�10�2� 1.5�10�3� �

Cyclohexene � 430 � 8100 � 3.2�10�2 � 4.0�10�3� 1.1�10�1 � � � 8.9�10�2� 2.8�10�3� 2.1�10�1

Benzene � 632 � 14 500 � 6.6�10�2 � 9.6�10�3� 1.9�10�2 � 1.7�10�2 � 2.7�10�1� 9.3�10�3� 5.5�10�1

�-Methyl- � � � � � 8.6�10�2 � 1.3�10�3� � � � � � � � � �

naphthalene � � � � � � � � �
CH2Cl2 � 710 � 19 000 � 1.0�10�1 � 1.7�10�2� � � 3.7�10�2 � � � 1.6�10�2� 1.05
CHCl3 � 750 � 16 300 � 8.8�10�2 � 1.8�10�2� 6.1�10�1 � 5.4�10�2 � 4.7�10�1� 1.4�10�2� 9.8�10�1

CCl4 � 450 � 8800 � 3.5�10�2 � 5.1�10�3� 1.3�10�1 � 9.7�10�3 � 1.7�10�1� 4.7�10�3� �

CHCl2�CHCl2 � � � � � 1.7�10�1 � � � � � � � � � 3.1�10�2� �

Chlorobenzene � � � � � 8.0�10�2 � � � � � � � � � � �
CH3I � � � � � 1.5�10�1 � � � � � � � � � � � 1.32
CH2I2 � � � � � 4.0�10�2 � � � � � � � � � � � �

DEE � � � � � 2.9�10�2 � � � � � � � � � � � 2.5�10�1

DBE � � � � � 1.8�10�2 � � � � � � � � � 2.4�10�3� 1.2�10�1

Ethyl acetate � � � � � 4.0�10�2 � � � � � � � � � � � �

Amyl acetate � 520 � 10 500 � 4.5�10�2 � 6.2�10�3� 2.2�10�1 � � � � � � � �

Acetone � � � � � 4.6�10�2 � 6.8�10�3� � � � � 6.4�10�2� � � 3.8�10�1

Methanol � � � � � 5.1�10�3 � � � � � � � � � � � 2.8�10�2

Propanol � � � � � 8.1�10�3 � � � � � � � � � � � 5.0�10�2

Isopropanol � � � � � 5.0�10�3 � � � � � � � � � � � 2.9�10�2

������������������������������������������������������������������������������������

substances, we used UV spectrophotometry, and in
the case of volatile UV-absorbing liquids (benzene
and acetone), gravimetry. We prepared saturated solu-
tions of aromatic substances in the solvents studied.
Next, into a preliminarily weighed clean dry weighing
bottle, the required volume of saturated solution of
the aromatic compound was introduced, whereupon
the solvent was evaporated and the weighing bottle
with the substance was weighed. For high-boiling
UV-absorbing liquids (�-methylnaphthalene, chloro-
benzene), we measured the volume of the liquid re-
quired for complete dissolution of the precisely
weighed portion of a solid aromatic hydrocarbon.

All the experiments were run at 20�1�C. Based on
the data obtained, we calculated the Gibbs energies
of transfer (hereinafter, energies of transfer) of hydro-
carbons from n-octane to the solvents under study:

S
�Gt

0 = �2.3RT log���, (1)
Soct

where S and Soct are the solubilities, mol l�1, of an
aromatic hydrocarbon in organic solvent and in
n-octane, respectively.

The energies of transfer of benzene, which is un-
limitedly soluble in the solvents under study, and
naphthalene, whose solubility exceeded 1 mol l�1,
were calculated by the equation

P
�Gt

0 = �2.3RT log����, (2)
Poct

where P and Poct are the distribution constants of
naphthalene in the organic solvent�water and n-oc-
tane�water extraction systems, respectively.

We described in detail the procedures for studying
the benzene and naphthalene distribution in [3, 4].
The parameters S and P were estimated accurately to
within 10%, and �Gt

0, to within 0.42�0.83 kJ mol�1.

Tables 1 and 2 list the parameters P and S for
CAHs and their corresponding energies of transfer
from n-octane to solvents of different nature and po-
larity, miscible with it. The �G0

t parameter is, evident-
ly, a measure of the solvating power of a solvent with
respect to CAH.

Table 2 suggests that the majority of the solvents
have negative energies of transfer. The energies of
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Table 2. Energies of CAH transfer from n-octane to organic solvents miscible with n-octane
������������������������������������������������������������������������������������

Solvent

�
ICH2*

� �Gt
0, kJ mol�1

� �����������������������������������������������������������������
� [5] � ben- �naphtha-� anthra- �

tetracene
� 1,2-benz-�

chrysene
� �,��-di- �

perylene
�

pyrene� � zene � lene � cene � �anthracene� � naphthyl � �
������������������������������������������������������������������������������������
Isooctane � 0.007 � 0.79 � 0.83 � � � � � 0.79 � � � � � 0.79 � 1.17
Cyclohexane ��0.012 � �1.42 � �1.46 � �1.54 � �1.38 � �1.38 � � � �1.21 � �1.67 ��0.88
Cyclohexene ��0.006 � �1.88 � �2.33 � �3.00 � �3.58 � �4.46 � � � � � �3.17 ��2.25
Benzene � 0.00 ��2.79 � �3.75 � �4.79 � �5.71 � �5.79 � �5.71 � �5.67 � �6.13 ��4.58
�-Methyl- � 0.018 � � � � � �5.42 � �0.88 � � � � � � � � � �

naphthalene � � � � � � � � � �
CH2Cl2 � 0.015 � �3.08 � �4.42 � �5.79 � �7.08 � � � �7.58 � � � �7.42 ��6.17
CHCl3 ��0.005 � �3.21 � �4.04 � �5.46 � �7.17 � �8.54 � �8.50 � �7.00 � �7.29 ��6.00
CCl4 ��0.015 � �1.96 � �2.54 � �3.21 � �4.17 � �4.67 � �4.42 � �4.54 � �4.46 � �

CHCl2�CHCl2 � � � � � � � �7.08 � � � � � � � � � �9.04 � �

Chlorobenzene � 0.000 � � � � � �5.25 � � � � � � � � � � � �

CH3I � 0.003 � � � � � �6.79 � � � � � � � � � � � �

CH2I2 � 0.14 � � � � � �3.58 � � � � � � � � � � � �

DEE � 0.008 � � � � � �2.79 � � � � � � � � � � � �2.67
DBE � 0.012 � �0.63 � 0.25 � �1.63 � � � �2.17 � � � � � �2.79 � �

Ethyl acetate � 0.058 � � � � � �3.58 � � � � � � � �3.00 � � � �

Amyl acetate � 0.030 � �2.33 � �2.96 � �3.83 � �4.67 � �6.08 � � � � � � � �

Acetone � 0.083 � � � � � �3.92 � �4.88 � � � � � �2.17 � � ��3.71
Methanol � 0.11 � � � � � 1.42 � � � � � � � � � � � 2.63
Propanol � 0.068 � � � � � 0.29 � � � � � � � � � � � 1.21
Isopropanol � 0.074 � � � � � 1.46 � �� � � � � � � � � � 2.54
������������������������������������������������������������������������������������
* ICH2

is the methylene group increment.

transfer are positive only for isooctane (minor) and
alcohols (relatively high). The energy of transfer from
isooctane to octane is weakly dependent on the hydro-
carbon structure, being 0.79 kJ mol�1 on the average.

The influence of the structure of aliphatic hydro-
carbons on the intensity of the dispersion interactions
of CAHs with hydrocarbons is distinct along the iso-
octane�octane�cyclohexane series. For example, a
minor positive value of the �G0

t parameter characteriz-
ing transfer of the aromatic hydrocarbon from octane
to isooctane suggests that branching of the molecule
of aliphatic hydrocarbon decreases its solvating power.
This is due to the so-called �voids� in the structure of
the branched hydrocarbon. Cyclization of linear paraf-
fin molecules (cyclohexane), on the contrary, affords
a denser packing of the solvent molecules. This effect
is particularly prominent in the case of molecules
with a larger number of carbon atoms (rubrene, deca-
cyclene). On the whole, the �G0

t parameter in the
naphthalene�anthracene�1,2-benzanthracene series is
weakly influenced by the hydrocarbon structure.

Solvents whose molecules contain polar segments
or 	 bonds are typically characterized by large nega-

tive �G0
t parameters. Solvation by these solvents can

proceed either via 	 complex formation or solvation
of the protons in the aromatic rings. For example,
upon introducing a multiple bond into the solvent
molecule (series cyclohexane�cyclohexene�benzene),
the solvation power of the solvent sharply increases.
This is probably due to polarizability of the 	 systems
and existence of instant dipoles in the molecules of
aromatic hydrocarbons, which intensifies the disper-
sion interactions. The importance of 	 electrons in
CAH solvation is indirectly supported by a sharp in-
crease in the boiling and melting points of condensed
hydrocarbons with increasing number of fused ben-
zene rings. Hence, benzene with its polarizable 	 sys-
tem is inferior (just insignificantly) in the solvating
power only to chloroform and methylene chloride,
despite its significantly lower polarity. Naturally,
�-methylnaphthalene is a more active solvating agent
for CAH than benzene (Table 2).

In unassociated solvents (chloroform, methylene
chloride) characterized by a high density of the nega-
tive charge on the chlorine atoms and by strongly
polarized bonds, evidently, there exist electrostatic
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��G0, kJ mol�1
t

Variation of the energy of transfer �G0
t with the number of

fused rings n in CAHs: (1) CH2Cl2, (2) CHCl3, (3) ben-
zene, (4) amyl acetate, and (5) CCl4.

interaction forces between the solvent molecule
dipoles and instant dipoles of the solute. The relative
strength of such forces depends on the polarity and
polarizability of the molecules. As a result, these
solvents exhibit more negative energies of transfer
than other weakly polar solvents. Shielding of the
electron-accepting center and replacement of all the
protons by chlorine atoms (CCl4) is accompanied by
a significant decrease in the solvating power of the
solvent. At the same time, the chlorine atoms of halo-
genated hydrocarbons, evidently, make a significant
contribution to the total energy of CAH solvation.
Interestingly, this contribution sharply increases with
increasing polarizability of the halogen-containing
group (CH3I). The factors responsible for a decrease
in the solvating power on changing from CH3I to
CH2I2 will be discussed below.

The solvent polarity exerts an ambiguous effect on
the energy of transfer. The dissolving power of a
solvent with respect to CAH usually tends to decrease
with increasing polarity of the solvent (alcohols and
esters), and in the case of ethers it markedly increases.
High polarity of organic solvent typically strengthens
its three-dimensional structure [5], promoting �expul-
sion� of weakly polar CAH molecules.

As a measure of this �expulsion� we can take

Table 3. Coefficients in correlation equation (3)
����������������������������������������

Solvent
� a � b
������������������������
� kJ mol�1

����������������������������������������
Benzene � �2.79 � �0.96
CCl4 � �2.04 � �0.58
CHCl3 � �3.29 � �1.13
CH2Cl2 � �3.08 � �1.33
Amyl acetate � �2.38 � �0.75

����������������������������������������

the increment of the methylene group ICH2
into the

logarithm of the distribution constant between the
hydrocarbon and solvent. In the case of the solvents
studied (except for alcohols, methylene iodide, ethyl
acetate, and acetone), the increment of the methylene
group is fairly small and does not exert the deciding
influence on the pattern of variation of G0

t with the
number of the aromatic rings in the hydrocarbon
molecules. Interestingly, a significant difference in
�G0

t for methyl iodide and methylene iodide is due
specifically to the difference in the ICH2

parameters,
and methylene iodide is immiscible with aliphatic hy-
drocarbons, unlike methyl iodide. As to alcohols, sig-
nificantly positive �G0

t values are due to both fairly
high ICH2

values and strong self-association of al-
cohols, which sharply weakens their solvating power.

The solvating and dissolving powers of a solvent
with respect to such CAHs as naphthalene, anthracene,
and tetracene (chrysene) can be estimated using the
plots of the energy of transfer of aromatic hydrocar-
bons vs. the number of fused aromatic rings (see fig-
ure). This plot is linear for all the solvents studied
by us. The figure shows that the solvating and dis-
solving powers of a solvent are the greater, the greater
the section cut at the ordinate axis and the greater
the slope. The �G0

t parameters can also be described
by the equation

�G0
n = a + bn, (3)

where a is the energy of benzene transfer from
n-octane to a solvent, kJ mol�1; b, increment into the
transfer energy upon adding to the benzene molecule
each new aromatic ring; and n, number of fused
aromatic rings.

Table 3 lists the coefficients from Eq. (3). It is seen
that, among the most extensively studied solvents, the
greatest solvating powers with respect to CAHs are
exhibited by chloroform, methylene chloride, and
benzene. For less extensively studied solvents, the
anthracene transfer energy can serve as a measure of
the solvating power. The linearity of the �G0

t�n depen-
dence, evidently, allows calculation of the energies
of transfer from n-octane to a solvent for other con-
densed aromatic hydrocarbons using the �G0

t param-
eters for anthracene and benzene.

By contrast to polar solvents, the �G0
t parameters

of CAHs for the majority of weakly polar organic
solvents miscible with n-octane are independent,
within the experimental error, of the type of connec-
tion of aromatic rings in these substances (tetracene�
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Table 4. Energies of transfer of decacyclene and rubrene from n-octane to weakly polar organic solvents
������������������������������������������������������������������������������������

Solvent

� Decacyclene � Rubrene
���������������������������������������������������������������������
�

S, M
� �G0

t, kJ mol�1 �
S, M

� �G0
t, kJ mol�1

� ������������������������ ������������������������
� � experiment � calculation* � � experiment � calculation*

�����������������������������������������������������������������������������������
Octane � 3.4�10�6 � � � � � 2.3�10�4 � � � �

Cyclohexane � 3.65�10�5 � �5.75 � �5.83 � 2.2�10�3 � �5.50 � �6.75
Cyclohexene � 8.80�10�5 � �7.92 � �8.21 � 7.4�10�3 � �8.42 � �10.8
Benzene � 2.83�10�4 � �10.7 � �14.0 � 3.9�10�2 � �12.5 � �16.9
CH2Cl2 � 8.15�10�4 � �13.3 � �15.6 � � � � � �

CHCl3 � 7.36�10�4 � �13.0 � �15.4 � 9.3�10�2 � �14.6 � �16.8
CCl4 � 2.22�10�4 � �10.1 � �10.2 � 2.3�10�2 � �11.2 � �11.5
Amyl acetate � 2.24�10�4 � �10.2 � �9.88 � � � � � �

�����������������������������������������������������������������������������������
* Using the additivity method, by Eqs. (4) and (5).

1,2-benzanthracene�chrysene), as well as of the degree
of connectivity of the naphthyl substituents in mole-
cules (�,��-dinaphthyl, perylene). At the same time,
in the case of solvents having the greatest solvating
power with respect to CAHs (Table 2), as well as in
the case of extraction of CAHs with strongly polar
solvents, their solvating power markedly increases on
going from linear to angular connection of rings in
CAH molecules [3].

To elucidate the suitability of the method of in-
crements for predicting the �G0

t parameters of com-
plex aromatic hydrocarbons, we studied CAHs with
complex structures, rubrene and decacyclene. Based
on their solubilities, we calculated the energies of
transfer of decacyclene and rubrene from n-octane to
the solvents studied using the following equations:

�Gt
0(decacyclene) = 3�Gt

0(naphthalene) + �Gt
0(benzene)

� 6�2.3RTICH2
, (4)

�Gt
0(rubrene) = �Gt

0(tetracene) + 4�Gt
0(benzene)

� 4�2.3RTICH2
, (5)

where �Gt
0(decacyclene), �Gt

0(naphthalene), �Gt
0(ben-

zene), �Gt
0(rubrene), and �Gt

0(tetracene) are the ener-
gies of transfer of the corresponding substance from
n-octane to weakly polar organic solvent; the latter
term characterizes the contribution from the hydrogen
atoms to the energy of transfer [6].

Let us compare the experimental and calculated
data. Table 4 shows that, for the solvents exhibiting
the greatest solvating powers with respect to CAHs

(CHCl3, CH2Cl2, and benzene), the experimental
values noticeably exceed the calculated �Gt

0 values.

This is probably due to the mutual influence of the
groups constituting the molecules of substituted
CAHs. This, in turn, weakens the solvation of deca-
cyclene and rubrene by the CAHs with the greatest
solvating powers.

At the same time, transfer of decacyclene and rub-
rene from n-octane to weakly polar solvents exhibiting
nonspecific solvation powers with respect to CAHs
(amyl acetate, CCl4, cyclohexane, cyclohexene) can
be adequately described using the additivity principle.
Probably, specifically a relatively small affinity of
these solvents for aromatic hydrocarbons, including
decacyclene, prevents them from adequately respond-
ing to the change in the conjugation energy of 	 elec-
trons in a substance molecule.

CONCLUSIONS

(1) Condensed aromatic hydrocarbons with simple
structures exhibit virtually linear dependence of �Gt

0

on the number of aromatic rings in hydrocarbons. This
suggests an independent, to a first approximation,
solvation of individual rings. Thus, the additivity
principle can be applied to predicting the solubilities
of these hydrocarbons and their derivatives in weakly
polar solvents.

(2) For solvents that have strong solvating power
with respect to condensed aromatic hydrocarbons, the
additivity principle is of a limited use. In this case,
the calculational formulas should, evidently, be added
with special correction terms to take into account
the mutual influence of the groups in the molecules
of the substances studied.
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Abstract�Effect of humic acids (biopolymeric compounds of anionic type recovered from peat) on the state
of disperse, acid, and vat dyes in aqueous solutions was studied; vat dye was studied in the form of water-
soluble sodium salt of leuco acid.

The adsorption and diffusion processes occurring in
aqueous solutions of organic dyes [1] in the course of
textile dyeing can be controlled by addition of various
synthetic textile-processing chemicals, which are
environmentally hazardous and fairly expensive [2].
Hence, search for new readily available and environ-
mentally safe compounds to improve the dyeing proc-
ess is urgent.

As such compounds, we studied humic acids, bio-
polymeric compounds of irregular structure, which
contain various functional groups [3] and can react
with both hydrophilic [4�6] and hydrophobic [7�11]
organic compounds. Humic acids are human safe and
are already used as broad-spectrum medical products
[12, 13]. The effect exerted by a humic sample re-
covered from peat of deep degradation [14] on the
state of three organic dyes of different classes was
studied by spectroscopy.

EXPERIMENRAL

In our work we used the following dyes: Disperse
Red 2S (1-hydroxy-4-amino anthraquinone), Acid
Green Anthraquinone N2S (sulfonated 1,4-dibutyl-
phenylaminoanthraquinone), and Vat Goldish-Yellow
KKh (brominated dibenzopyrenoquinone). The dyes
were preliminarily treated to spectral purity by known
procedures [15�17]. The humic preparation was used
as an aqueous solution with pH 8.4; under these con-
ditions, humic acids behave as anionic polyelectrolytes
[18, 19], whose total charge is determined by com-
plete dissociation of carboxy groups and partial dis-
sociation of phenolic hydroxy groups. The content
of carboxy and hydroxy groups in peat humic acids is
2.50�3.65 and 3.3�4.2 mg-equiv g�1, respectively [3,
20�22]. The measurements were carried out at 20�C.

Since humic acids can affect dyes in both truly dis-
solved (I) and associated (II) form, we studied the
disperse and acid dyes at two concentrations of humic
acid. At the first, relatively low concentration cI,
the dyes occur in solution in the monomeric form;
at this concentration, the Lambert�Bouguer�Beer law
is obeyed. At the second, relatively high concentration
cII, significant deviations from the above law are
observed, which suggests association of dyes. The vat
dye, which was dissolved using large amounts of elec-
trolytes [NaHSO3 (reducing agent) and NaOH], occurs
in the above solutions in the associated form.

The experimental dependences of the position of
the long-wave absorption maximum in the spectrum
of Disperse Red 2S on the concentration of humic
acid cHA in solution for both forms I and II are shown
in Fig. 1a.

As seen, associates of 1-hydroxy-4-aminoanthra-
quinone, appearing in water in the absence of any
additives with increasing its concentration by a factor
of 35, slightly shift �max to longer waves by 1�2 nm.
This effect of the dye association is well known and is
predicted by physicomathematical simulation. It is
known that the main shift of the absorption peak
occurs upon formation of dimers, and it remains vir-
tually constant with subsequent coarsening of the
associates [23].

On adding humic acids into a disperse dye solu-
tion, the bathochromic shift of �max reaches 5�9 nm,
which suggests interaction between the dye and addi-
tive. Moreover, the difference in �max of the mono-
meric I and associated II forms of the disperse dye
in the presence of the biopolymeric compound shows
that both forms of the dye-nonelectrolyte can interact
with humic acids.
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(a)

(b)

cHA, g l�1

A�max

�max, nm

Fig. 1. (a) Position of the long-wave absorption band and
(b) intensity of absorption of the aqueous solution of Dis-
perse Red 2S dye as influenced by concentration of humic
acids cHA. (�max) Wavelength of the absorption maximum
of the dye and (A

�max
) Optical density of solutions at the

wavelength of absorption maximum of the dye; the same
for Fig. 2. Dye form: (1) monomeric and (2) associated.

Hence, the decrease in the absorption intensity at
low concentration of 1-hydroxy-4-aminoanthraqui-
none in aqueous solution (Fig. 1b, curve 1) can be due
to the dye�humic polymer heteroassociation, rather
than to agglomeration of the monomers (homoas-
sociation).

When the disperse dye in solution is initially as-
sociated, the resulting dependence (Fig. 1, curve 2)
reflects the sum of two simultaneously occurring proc-
esses differently affecting the parameter in question.

Wavelengths of the absorption peaks in the spectra of
aqueous solutions of Acid Green Anthraquinone N2S dye
����������������������������������������

cHA,
�

T, �C

� �max, nm, at indicated dye
� � concentration, M
� ��������������������������g l�1

� � �5 � 10�5 (I) � �5 � 10�4 (II)
����������������������������������������

� � 20 � �max1
= 644.9, � �max1

= 646.5,
� � �max2

= 689.3 � �max2
= 695.1

0.05�0.25 � 20 � �max1
= 644.9 � �max1

= 646.5,
� � �max2

= 689.3, � �max2
= 695.1

� � 70 � �max1
= 644.9, � �max1

= 644.9,
� � �max2

= 689.3 � �max2
= 691.2

0.05�0.25 � 70 � � � �

����������������������������������������

(a)

(b)A�max

�max, nm

Fig. 2. (a) Position of the long-wave absorption maximum
and (b) intensity of absorption of the aqueous solution of
Disperse Red 2S dye as influenced by solution pH with ad-
dition of (1, 2) humic acids and (1a, 2a) sodium hydroxide.
Dye form: (1, 1a) monomeric and (2, 2a) associated; the
same for Fig. 3.

The first of them is the interaction of the monomers of
Disperse Red 2S dye with humic acids, which de-
creases the light absorption, and the second is related
to breakdown of these associates, which, on the con-
trary, increases the extinction coefficients. These ef-
fects prevail in the ascending and descending sections
of the experimental dependences, respectively.

As seen from Fig. 2, changes in the state of the
disperse dye in aqueous solutions on adding weakly
alkaline sample of humic acids are not due to increas-
ing solution pH, because at similar alkalization of
solution with sodium hydroxide (Fig. 2, curves 1a and
2a) no shift of �max and no significant changes in
the adsorption of the dye solution are observed.

The effect of humic acids on the Acid Green An-
thraquinone N2S dye (anionic-type dye-electrolyte) is
illustrated in the table and in Figs. 3a and 3b. Addi-
tion of humic acids into the aqueous solutions of
the anionic dye does not affect �max (see table). At
the same time, association of the Acid Green Anthra-
quinone N2S dye in fairly concentrated solutions
(cII) causes the bathochromic shift of �max, reaching
6 nm.

These experimental results (table, Fig. 3a) suggest
that there are no direct interactions of the acid anthra-
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quinone dye with humic acids in neutral and weakly
alkaline aqueous solutions in question, although
anthraquinone derivatives tend to interact in aqueous
solutions. The examples of such interaction are homo-
association of Disperse Red 2S and Acid Green
Anthraquinone N2S and heteroassociation of Disperse
Red 2S with humic acids. The lack of interaction of
Acid Green Anthraquinone N2S with humic acids is
obviously due to mutual repulsion of the anionic dye
and anionic polyelectrolyte.

Humic acids, when added even in small amounts
(0.025�0.075 g l�1) into an aqueous solution of the
associated acid dye, promote to some extent break-
down of the associates, which is confirmed by increas-
ing absorption density of the dye solution. However,
in contrast to the disperse dye, this phenomenon is
most likely due to the fact that the polyelectrolyte
breaks down the water structure, stabilizing the dye in
the monomeric form [2].

The second rise in the dependence of the absorp-
tion density at the concentration of humic acids of
0.22�0.25 g l�1 is obviously due to the phenomenon
actively discussed in papers concerning solubilization
of hydrophobic organic compounds with humic acids
[8, 10]. It is interpreted as micellization of an organic
compound with a humic polymer, which undergoes
conformational transformation at certain concentration
in solution [24, 25] and becomes able to form micelles
with possible incorporation of a foreign component
into the micelle core.

As seen from Fig. 3b, the effect of humic acids is
not associated with an increase in the solution pH on
adding biopolymeric additives.

The leuco forms of the vat dye, which are unstable
because of the possibility of the reverse oxidation and
association, were studied spectrophotometrically
by a specially designed procedure providing high re-
producibility of the spectra. In this procedure we took
into account changes in the state of the vat dye in
humic acid free solutions in the course of the experi-
ment. For this purpose, we alternately measured the
absorption density of the blank solutions and dye
solutions containing various amounts of humic acids;
simultaneously we fixed the time � of each measure-
ment and then plotted the baseline 1 and experimental
curves 2, respectively (Fig. 4a). The desired depen-
dence of the absorption density of the dye solution �A
on the concentration of humic acids was determined
by subtraction of A�max

of the blank solutions from
A�max

of the polymer-containing liquid systems in

cHA, g l�1
(b)

(a)

A�max

A
�max

Fig. 3. Optical density of aqueous solutions of Acid Green
Anthraquinone N2S dye as a function of concentration
of (1, 2) humic acids and (1a, 2a) sodium hydroxide.
(A
�max

) Optical density of solutions at the wavelength

of the dye absorption maximum and (cHA) concentration
of humic acid in aqueous solution (M).

A�max (a)

(b)
�, min

cHA, g l�1

Fig. 4. (a) Experimental data on the absorption density
of Vat Goldish-Yellow KKh dye and (b) their treatment to
reveal the influence of the concentration of humic acids
cHA in aqueous solution. (A

�max
) Optical density of solu-

tions at the wavelength of the dye absorption maximum,
(�) time, and (�A) change in the absorption density.
(a) cHA, g l�1: (I) 0.05, (II) 0.10, (III) 0.15, and (IV) 0.20.
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the points corresponding to the moments of recording
the absorption density in solutions containing humic
acids (Fig. 4b).

As seen from Fig. 4b, the shape of the curve corre-
sponding to the reduced vat dye is similar to the curve
shown in Fig. 3a, characterizing the state of associated
acid dye in solution, which suggests general similarity
of the processes induced by humic acid additions in
the aqueous solutions of the dyes in question. At the
same time, changes in the absorption density of the
vat dye solution are more pronounced. Obviously, the
more hydrophobic the dye, the greater the role of
structural factors in its hydration, and the deeper the
breakdown of the dye associates in the presence of
structure-breaking agents. The more hydrophobic
the compound, the stronger its micellization with
humic acids [7, 8].

Thus, we found that humic acids being added into
aqueous solutions of synthetic textile dyes of various
types promote various interactions, whose mechanism
primarily depends on the molecular structure of the
dyes and content of the additives. The latter factor can
be used to control the state of the dye and thus to
modify its characteristics. Thus, humic acids show
promise for development of new formulations for
textile dyeing.

CONCLUSIONS

(1) Disperse Red 2S dye (1-hydroxy-4-amino-
anthraquinone) interacts with humic acids in aqueous
solutions in both monomeric and associated forms.

(2) Humic acids being added into a solution of
Acid Green Anthraquinone N2S dye (sulfonated
1,4-dibutylphenylaminoanthraquinone) break the dye
associates, which is due to the breakdown of the water
structure and possible incorporation of the dye mole-
cules into the core of a micelle formed by the natural
polymer.

(3) Changes in the spectral properties of the acid
dye and reduced vat dye in the presence of humic
acids are similar. The more pronounced spectral
changes in the case of the vat dye are probably due to
its high hydrophobicity and significant contribution of
structural effects to its hydration.
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Abstract�A comparative study was made of antioxidative properties of sulfur-containing 2,6-di-tert-butyl-
phenol derivatives in a model reaction of autooxidation of Vaseline oil.

Sulfur-containing derivatives of sterically hindered
phenols occupy a prominent place among antioxidants
used today to prevent oxidative degradation of various
organic materials (polymers, fuels, lubricating oils,
plastics, fibers) [1, 2]. The high antioxidant activity
(AOA) of such compounds is due to the presence of
two active fragments: phenolic and sulfur-containing,
which show a synergistic effect [3, 4]. The relation-
ship between the structure and antioxidative per-
formance of sulfur-containing phenolic antioxidants
(SPAOs) is complex, because the inhibiting properties
of these compounds are governed by the structure of
phenolic and sulfur-containing fragments, their num-
ber and mutual arrangement, and also by the proper-
ties of the substrate and oxidation conditions [5]. At
the same time, elucidation of this relatioship is very
important for theory and practice, as it would allow
directed synthesis of more effective antioxidants.

In this work we studied the antioxidative activity
of sulfur-containing alkylphenols I�XVII in a model
reaction of autooxidation of Vaseline oil (see table)
and analyzed the structure�activity relationship for
these inhibitors. The inhibiting effect exerted by sul-
fur-containing alkylphenols on oxidation of Vaseline
oil was evaluated by the induction period �. As refer-
ence antioxidants we used Ionol, Probucol, TB-3, and
SO-3.

We found that all the sulfur-containing alkylphen-
ols I�XVII exhibit pronounced antioxidative activity,
increasing the induction period of Vaseline oil oxida-
tion by a factor of 5�30. A certain correlation is re-
vealed between the structure of the antioxidant mole-
cule (length of the alkyl chain separating the phenolic
and sulfur-containing fragments; structure of substitu-
ent at the S atom; number of sulfide and phenolic
fragments) and its inhibiting effect.

In the series of unsymmetrical sulfides I�III with
different length of the p-alkyl chain, AOA grows with
increasing number of methylene units separating the
phenolic and sulfide fragments. This may be associ-
ated with changes in the antiradical activity [6].

The antioxidative activity of unsymmetrical sul-
fides II and IV�IX varies depending on the length
and extent of branching of the aliphatic substituent at

Induction periods � of Vaseline oil oxidation inhibited with
antioxidants. Antioxidant concentration ca = 2 �mol g�1,
180�C
����������������������������������������

Antioxidant � �, min
����������������������������������������

R(CH2)2SBu (I) � 123�7
R(CH2)3SBu (II) � 140�7
R(CH2)4SBu (III) � 170�10
R(CH2)3SMe (IV) � 42�3
R(CH2)3SEt (V) � 155�2
R(CH2)3SPr (VI) � 150�2
R(CH2)3SC18H37 (VII) � 105�6
R(CH2)3SBu-s (VIII) � 113�3
R(CH2)3SBu-t (IX) � 137�4
R(CH2)3SPh (X) � 29�3
R(CH2)3SCH2Ph (XI) � 37�2
R(CH2)3SH (XII) � 23�2
R(CH2)3SS(CH2)3R (XIII) � 96�8
[R(CH2)3S]3P (XIV) � 118�6
R(CH2)3S(O)Et (XV) � 73�5
R(CH2)3S(O)S(CH2)3R (XVI) � 44�3
R(CH2)3S(O)(CH2)3R (XVII) � 46�3
RCH3 (Ionol) � 34�2
RSC(CH3)2SR (Probucol) � 72�5

RCH2SCH2R (TB-3) � 18�3
R(CH2)3S(CH2)3R (CO-3) � 67�5
Control � 5�2

����������������������������������������
* R = 2,5-di-tert-butyl-4-hydroxyphenyl.
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the sulfur atom. In going from S-methyl-substituted
sulfide IV to S-ethyl derivative V, the antioxidative
activity becomes appreciably stronger, in accordance
with the increased electron density on the sulfur atom.
However, with the length of the S-alkyl substituent
increasing further in the series VI�II�VII, the inhibit-
ing effecr becomes weaker. The lower AOA of sulfide
VII is probably due to steric hindrance produced by
the bulky octadecyl group. This group prevents access
of hydroperoxides to the sulfur atom and thus de-
creases its antiperoxide activity.

The differences in the AOA of isomeric sulfides II,
VIII, and IX may be due to resultant effect of two
factors: different electron-donor powers of isomeric
butyl radicals and susceptibility of the S�C bond to
free-radical cleavage. On the one hand, in going from
primary to secondary and then tertiary butyl radicals,
the inductive effect increases, and the reactivity of the
sulfide fragment toward a hydroperoxide should in-
crease in parallel in the order II�VIII�IX. On the
other hand, in the same series of sulfides, the S�C
bond energy decreases, and this bond becomes more
susceptible to thermal cleavage. As a result, sulfides
II and IX exhibit similar AOA with respect to Vase-
line oil.

Replacement of the aliphatic substituent at the
sulfur atom in alkyl arylalkyl sulfides by phenyl or
benzyl group (compounds X and XI, respectively)
causes a decrease in AOA. Compounds X and XI
inhibit oxidation by a factor of 1.6�2.0 more efficient-
ly than TB-3 but by a factor of 2.0�2.5 less efficiently
than Probucol and by a factor of 3.6�5.0 less effi-
ciently than sulfides II and V�IX. The low inhibiting
activity of X and Probucol, compared to II and V�IX,
is probably due to the conjugation of the sulfur lone
electron pair with the aromatic ring, weakening the
antiperoxide activity of the sulfide group. In the case
of sulfide XI and TB-3, the low AOA may be due to
thermal decomposition of the primary products of
their oxidation [7].

Thiol XII, as compared to the other sulfur-contain-
ing alkylphenols, showed poor AOA with respect to
Vaseline oil, which may be due to thermal oxidative
cleavage of the S�H bond and generation of thiyl
radicals, which can participate in chain propagation
[8, 9], lowering the inhibiting performance of XII:

RH + R�S� � R�SH + R�.

Comparison of the antioxidative properties of
sulfur-containing alkylphenols differing in the relative
content of sulfur in the molecule showed that com-

pounds V, XIII, and XIV with equal numbers of
phenolic and sulfide fragments inhibit oxidation of
Vaseline oil more efficiently than does SO-3 inhibitor
containing two phenolic groups per sulfur atom. These
differences are apparently due to the fact that, at equal
concentration of phenolic groups, SO-3 deactivates a
smaller number of hydroperoxide molecules than its
analogs V, XIII, and XIV [3].

The significant contribution of the antiperoxide
activity of the sulfur-containing fragment to the total
inhibiting activity of sulfur-containing alkylphenols
is confirmed by the fact that compounds V, XIII, and
SO-3 surpass in AOA their analogs XV�XVII with
partially oxidized sulfur-containing fragments.

Among the sulfur-containing alkylphenols studied,
compounds I�III, V�IX, XIII, and XIV proved to be
the most effective inhibitors of Vaseline oil oxidation;
they surpass in the antioxidative power the multifunc-
tional antioxidant Ionol and commercial SPAOs: Pro-
bucol, TB-3, and SO-3.

EXPERIMENTAL

Vaseline oil was purchased from Tatkhimfarmpre-
paraty (Kazan). Oxidation was monitored by the oxy-
gen uptake, which was measured at 180�C and 1 atm
with a gasometric unit similar to that described in
[10]. The total volume of the sample being oxidized
was 5 ml, and the concentration of antioxidants,
2 �mol g�1 oil. The kinetic curves were plotted, from
which the induction period was determined as the
interception point of secants to the curve portions
corresponding to the initial and final rates of Vaseline
oil oxidation. Four or five replicate runs were per-
formed with each antioxidant; the figures in the table
are average values with the rms deviation.

2,6-Di-tert-butyl-4-methylphenol (Ionol) was pur-
chased from Acros Organics, and 2,2-bis(3,5-di-tert-
butyl-4-hydroxyphenylthio)propane (Probucol), from
Sigma. SPAOs {bis(3,5-di-tert-butyl-4-hydroxyben-
zyl) sulfide (TB-3); bis[3-(3,5-di-tert-butyl-4-hydroxy-
phenyl)propyl] sulfide (SO-3); alkyl[�-(3,5-di-tert-
butyl-4-hydroxyphenyl)alkyl] sulfides I�XI; 3-(3,5-di-
tert-butyl-4-hydroxyphenyl)-1-propanethiol XII; bis-
[3-(3,5-di-tert-butyl-4-hydroxyphenyl)propyl] disul-
fide XIII; tris[3-(3,5-di-tert-butyl-4-hydroxyphenyl)-
propyl] phosphorotrithioite XIV; ethyl [3-(3,5-di-tert-
butyl-4-hydroxyphenyl)propyl] sulfoxide XV; S-[3-
(3,5-di-tert-butyl-4-hydroxyphenyl)propyl] 3-(3,5-di-
tert-butyl-4-hydroxyphenyl)propanethiosulfinate XVI;
bis[3-(3,5-di-tert-butyl-4-hydroxyphenyl)propyl] sul-
foxide XVII} were prepared by previously developed
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V, ml

t, min
Kinetic curves of Vaseline oil oxidation in the presence of
(1) thiol XII, (2) SO-3, (3) disulfide XIII, (4) thiophosphite
XIV, and (5) sulfide V. (V) Volume of oxygen taken up and
(t) time.

procedures [1, 3, 11�15]. The main substance content
in the samples was 97�99%.

CONCLUSION

The antioxidative activity of sulfur-containing 2,6-
di-tert-butylphenol derivatives depends on the struc-
ture of the sulfur-containing fragment and on the num-
ber and mutual arrangement of the sulfur-containing
and phenolic fragments in their molecules; in some
cases, it considerably surpasses the activity of the
known commercial oxidation inhibitors.
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Abstract�The properties of medical low-density polyethylene films with carbon coatings improving the
biological compatibility of the polymer were studied by electron and scanning atomic-force microscopy,
as well as by IR, Raman, visible, and UV spectroscopy.

A promising line in development of hemocom-
patible materials is modification of the polymer sur-
face by deposition of coatings having the desired bio-
chemical properties [1]. Understanding of the forma-
tion mechanism of hemocompatible surfaces requires
studying the properties of the modifying coating.

Among the materials suitable for modification of
medical polymers, in particular, low-density poly-
ethylene (LDPE), is carbon [2] with its unique proper-
ties, above all, the occurrence in various chemical
modifications: sp3 (diamond), sp2 (diamond-like), and
sp (carbyne). Carbon is expected to be well compat-
ible biologically with blood plasma proteins and liv-
ing cells of the human body, because these cells con-
sist, primarily, of organic, i.e., carbon-containing
compounds. Lastly, it is possible to build on the sur-
face of a polymer support the required cluster forma-
tions from carbon (nanostructured carbon), matching
in the thermodynamic and geometric parameters a cer-
tain type of molecules of blood plasma proteins. This
makes possible formation of a high-quality polymer�
blood interface when using carbon as the modifying
coating.

In this work, we studied LDPE-supported nano-
structured carbon by physical methods.

EXPERIMENTAL

As the model material for the support we used a
50-�m-thick film of LDPE [GOST (State Standard)
10 354�82]. Rectangular 25�20-mm pieces of the
LDPE film were cut out in a such way that their
longer sides made the same angle with the axis of film
extension during its preparation.

Carbon coatings were deposited onto the polymer
films in a working chamber of a UVNIPA-1 vacuum

setup (manufactured by the Kvarts Kaliningrad Mach-
ine-Building Plant) by pulse plasma-arc spraying of
a graphite target at the residual gas pressure of ca.
7.5 � 10�4 torr. The LDPE sample was fixed in a
holder at a distance of 35 cm from the carbon target
surface; the working surface of the polymer was per-
pendicular to the direction of propagation of the car-
bon ion flow.

The ignition electrodes in the UVNIPA-1 setup
were used for initiating a �0.01-s pulse electric-arc
discharge on the surface of a cold in the bulk graphite
cathode. The discharge produced carbon plasma
whose ions were then accelerated in an electric field
with a potential difference of 450 V and condensed on
the working surface of the support. The sample sur-
face was modified at various frequencies f of the
pulses generated by the carbon plasma generator (0.1,
0.3, and 1 Hz).

The pulsed condensation of the carbon coating
(with the pause being more than 10 times longer than
the plasma discharge period) improves the heat re-
moval from the carbon coating condensation zone.
This makes less probable melting of the structural ele-
ments of the polymer matrix and favors stabilization
of the surface modification process. The setup used
by us provided the carbon film deposition rate of
�0.15 nm per pulse. We estimated the rate constant of
the coating thickness growth by X-ray photoelectron
spectroscopy using the procedure from [3]. For com-
paring the modified and initial LDPE film surfaces,
a segment of the sample was shielded from the ion
beam. The thickness of the deposited carbon films
was 1.5�15 nm on the average, which corresponds to
N = 10�100 pulses of the coating deposition.

The LDPE film surface morphology was examined
by scanning probe atomic-force microscopy (AFM)
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Fig. 1. Unmodified (with carbon) LDPE surface with
a characteristic developed random structure.

using a Solver P4 NT-MDT microscope. We used a
cantilever (Lukin Research Institute of Physical Prob-
lems, Federal State Unitary Enterprise) with the elas-
ticity coefficient of 20 N m�1, resonance frequency of
�132 kHz, and needle tip radius less than 10 nm. The
measurements were run in the tapping mode in air
at room temperature. The limiting resolution of the
microscope was estimated from the minimal discern-
ible film surface elements at 20�30 nm. The maximal
scanning field was 6 � 6 �m in size.

The morphology of the surface of the modified
films was preliminarily studied by raster electron
microscopy (REM). We used an Camscan 4, Cam-
bridge, microscope with a typical magnification of
�3500�5400 corresponding to the examined fields
with a size of tens of micrometers. Based on analysis
of the features of REM relief image typical for this
scale, we made express estimates of the performance
of the process equipment when optimizing the param-
eters of the pulse process of carbon deposition.

Certain structural features of the LDPE films were
analyzed by optical spectroscopy (IR, visible, and
UV). We measured the transmission spectra of the
samples under normal incidence of the light onto the
surface. Polarization IR spectra at 500�4000 cm�1

were measured on a Michelson 100 (Bomem) IR
Fourier spectrometer equipped with a cooled HgCdTe
detector and a lattice polarizer on a KRS-5 plate
(SPECAC). The UV and visible spectra of the sam-
ples at 200�900 nm were recorded with a U3000 Hi-
tachi spectrophotometer.

The electronic structure of the carbon coatings was
studied by Raman spectroscopy at 100�1800 cm�1.
These spectra were measured using a depolarized ra-
diation from an argon laser at 488 nm (5 mW power)
by the procedure from [4]. The focus spot was 50 �m
in size. The Raman spectra obtained were typical for
solid diamond-like films [4, 5].

We preliminarily compared the morphologies of

the modified surfaces of LDPE samples by scanning
electron microscopy [frequency of generation of the
discharge pulses in plasma f = 1 Hz; number of pulses
10 and 50; carbon film thickness (one pulse corre-
sponds to �0.15 nm) 1.5 and 7.5 nm (samples I and II,
respectively)]. The morphology of the samples proved
to be globular-fibrillar for sample I and fibrillar for
sample II; the fibrils were predominantly oriented
along the image diagonal.

The procedure developed by us allows reliable re-
production of the morphology of the modified poly-
mer surface. On the sample I surface, there were
globular-fibrillar structures 0.5 to 2.0 �m in size, and
on the sample II surface, fibrillar structures 3�4 �m
in size. Presumably, the structures with a typical size
close to that of thrombocyte will strongly influence
the adhesion of thrombocytes.

The sample surface morphology was examined in
more detail by AFM. The samples were divided into
three groups comprising samples whose modified
layer was formed at f of 0.1, 0.3, and 1.0 Hz. From
each group we took samples with coatings obtained
at different numbers of pulses N, 10, 50, and 100, cor-
responding to the coating thicknesses of 1.5, 7.5, and
15 nm, respectively.

For coatings with these thicknesses, the carbon
layer is not continuous; it consists of clusters (islands)
tens and hundreds of nanometers in size. The size of
the carbon-free areas in the sample depends on the
number of the carbon deposition pulses N and the
frequency of their generation f. To ensure high-preci-
sion and linear measurements, we developed a method
of active scanning and positioning. This implies the
use of specific structures on the surface under study
(in our case, carbon clusters) as the reference points
in movings. This eliminates the effect of the thermal
drift, nonlinearity, and nonorthogonality of the piezo-
scanner on the results of examining the nanostruc-
tures.

The image of the initial LDPE surface demon-
strates a characteristic developed random structure
(Fig. 1).

The image of the carbon-modified polyethylene sur-
face obtained with the carbon plasma generator operat-
ing at f = 0.1 Hz reveals the presence of elongated
carbon clusters, 70�200 nm in size on the average.
It should be noted that, at N = 10, the length and
width of a surface element are in a ratio of approxi-
mately 1 : 3; the distance separating the clusters is
approximately equal to the size of the clusters, and at
N = 50 this distance decreases to 20�100 nm.
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(a) (b) (c)

Fig. 2. Carbon-modified LDPE surface; the frequency of pulse generation by the carbon plasma generator 1 Hz. Number of
pulses N: (a) 10, (b) 50, and (c) 100. Coating thickness, nm: (a) 1.5, (b) 7.5, and (c) 15.0.

The scans of the carbon-modified polyethylene sur-
face obtained at f = 0.3 Hz reveal oval clusters 70�
150 nm in size. The cluster length-to-width ratio is
close to 2. The degree of filling of the polyethylene
surface with the clusters increases relative to the case
of f = 0.1, and the distance separating the clusters
decreases to 10�70 nm.

The carbon coatings formed at f = 1 Hz exhibit
a nanostructure with disk-like clusters 120�150 nm
in size; the distance separating the clusters decreases
to 5�20 nm.

Figure 2 presents the most typical images for dif-
ferent numbers of pulses.

The optical spectroscopic studies showed that the
initial and modified polymer films obtained with 10,
50, and 100 pulses have different spectra within 200�
900 nm. The transmission is inversely proportional to
the number of the carbon deposition pulses or the
thickness of the film formed. The transmission band
edge is located at � � 200 nm, which is due to strong
light absorption by the polymer at � � 200 nm.

Figure 3 shows the relative transmission T/T0
spectra of the modified polymers (T0 is the transmis-
sion of the initial samples of this polymer). It is seen
that, with the growth of the carbon coating, the trans-
mission tends to substantially decrease, especially in
the UV range. Possible reasons for the characteristic
decrease in transmission of the samples are light
absorption and scattering on the carbon clusters.
Analysis of the characteristic decrease in the relative
transmission T/T0 allowed estimation of the size of
the carbon clusters. For example, the carbon clusters
of the modified sample obtained at 100 pulses can be
100�200 nm in size. The sizes of the carbon clusters
estimated from the spectral and AFM data agree well.

It should be noted that the samples modified at dif-
ferent pulse generation frequencies (0.1, 0.3, and

1.0 Hz) show similar trends in variation of the relative
transmission T/T0 spectra in the UV and visible
ranges with the number of pulses.

In the middle IR range, we revealed a number of
the most intense characteristic absorption bands of the
CH2 groups in the spectra of LDPE. The IR spectra of
the modified polymer films are very close to that of
the initial polymer film. The observed modulation of
the baseline in the transmission spectrum is due to
interference of the IR radiation in the polymer film,
which complicates analysis of weak absorption bands
in the differential spectra.

Studies of the optical properties of carbon films
showed that the band gap for them can be estimated
by the procedure from [6] at 2.1 eV; the extinction
coefficient � is determined as

� = ��/4�,

where � = 0.06 is the absorption coefficient at
� = 550 nm.

These parameters also correspond to diamond-like
films [7].

�, nm

Fig. 3. Relative transmission T /T0 of the LDPE films with
carbon coatings of different thicknesses. (�) Wavelength.
Coating thickness, nm: (1) 1.5, (2) 7.5, and (3) 15.0.
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I, rel. units

�, cm�1

Fig. 4. Raman spectra of the carbon layers obtained by arc
pulse-plasma spraying of graphite. N = 50, f = 1.0 Hz.
(I) Intensity and (�) wave number.

Comparison of the spectra of polyethylene before
and after sputtering shows that the line positions and
their relative intensities do not change significantly.
There is only general decline in intensity, probably
due to shielding of polyethylene by the carbon layer.
It can be supposed that the surface processes as-
sociated with the film deposition produce no changes
in the bulk of the polyethylene support.

To gain additional information about the structure
of the modifying carbon coatings, we carried out
mathematical analysis of their Raman spectra. Fig-
ure 4 presents the Raman spectrum of the modifying
carbon coatings for N = 50 and f = 1 Hz (for other N
and f, the spectra are similar). This analysis consisted
in resolution of the experimental spectrum into three
model subspectra determined as mixed Lorenzian�
Gaussians by the relationship

F(x) = peak height/[1 + M(x � x0)2/�2]

� exp (1 � M) ln 2(x � x0)2/�2,

where x0 is the peak center position and 	, a param-

Characteristics of the Raman spectra after resolution (N =
50, f = 1.0 Hz)
����������������������������������������

Raman shift of � Intensity, �
FWHM, cm�1

the peak, cm�1 � rel. units �
����������������������������������������

1200 � 15 � 300
1350 � 45 � 250
1450 � 75 � 100
1550 � 70 � 100
1650 � 40 � 75

����������������������������������������

eter equal approximately to the half of the full width
at half maximum (FWHM).

Such spectra (Fig. 4) are characterized by two wave
numbers: 1355 (D line) and 1580 cm�1 (G line) re-
sponsible for sp3 diamond (1322 cm�1) and sp2 graph-
ite (1580 cm�1) electronic structures, respectively. For
certain samples, we sometimes observed another peak
with a wave number of 1200 cm�1 characterizing the
disordering of the sp3 electronic structure.

The characteristics of the Raman spectra of the
samples after resolution are listed in the table.

These data were calculated from the parameter 	 by
the iteration method. The parameter M determines the
degree of mixing and is equal to 1 for pure Lorenzian
and to 0 for pure Gaussian peaks. We varied such
parameters of the model subspectra as intensity,
Lorenzain-to-Gaussian ratio, and peak width with
the aim to achieve the best agreement between the
superposition of the model subspectra and the experi-
mental spectrum. As the criterion of fitting quality
we took the 
2 parameter.

The Raman shift of one of the most intense lines is
1550 cm�1. This suggests predominant graphite modi-
fication of the carbon layers under study with the
sp2 hybrid bond. This peak is also significantly
shifted relative to the typical position of the G line
(1580 cm�1). This shift is due to the presence in the
carbon layers of sp3 bonds, along with sp2 bonds,
as well as to angular disorientation for sp2 bonds
[5, 6]. This disorientation is also confirmed by the
presence in the resolved spectrum of a broadened peak
at 1200 cm�1 [7].

The spectra of all the samples studied contained
another broadened peak near 1350 cm�1. It is also
shifted to larger wave numbers from the typical posi-
tion of the D peak (1332 cm�1). This peak suggests
the presence in the obtained layers of carbon with the
sp3 hybrid bond [7].

The presence in the resolved spectra of peaks at
1450 cm�1 confirms oxygen bonding with the de-
posited carbon.

The peak at 1615 cm�1 suggests the presence of
C�H chemical bonds in the layers.

Analysis of the parameters of the Raman spectra
such as the Raman shift and the height and width of
the model subspectra using the data from [7] allows
the following conclusions about the electronic struc-
ture of the layers formed on the polymer supports.
These layers contain carbon with both sp2 and sp3 hy-
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bridizations. According to the general thermodynamic
principles, the sp2 states are integrated into small
clusters. Among these, the most probable energetically
are clusters in the form of six-membered rings, either
single or fused. The average size of the clusters, most
probably, does not exceed 2�3 nm. The sp2 hybrid
bonds inside the clusters exhibit disorientation in
angles, and the rings have the shape of irregular
hexagons. The clusters are linked by sp3 hybrid bonds
and randomly oriented with respect to one another.

This pattern corresponds to the cluster model of
amorphous carbon substantiated in [8, 9].

CONCLUSIONS

(1) The optimal conditions for formation of a
cluster structure on the polymer surface are the pulse
generation frequency of 1�2 Hz and the deposition
rate of the carbon-containing films of 0.1�0.2 nm s�1.

(2) The following conditions can be recommended
for deposition of a modifying coating onto medical
polymers: process temperature no higher than 60�C;
pulse generation frequency 1�2 Hz; pulse number
30�50; and thickness of the layer deposited during
one pulse 0.15 nm.
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Abstract�Curing of powdered chalcone-containing oligoimides with terminal maleimide or norbornenedi-
carboxylic acid imide groups was studied by differential scanning calorimetry. The calorimetric characteristics
of curing were discussed in relation to the chemical structure and conformational isomerism of the oligomers.

One of urgent problems in preparation of polymeric
composites is development of high-heat-resistance
reinforced plastics based on polyimides and related
compounds, with the characteristics meeting the re-
quirements of modern engineering. In this connection,
it becomes necessary to elucidate relationships bet-
ween curing conditions and structure of oligomers
containing various thermoreactive groups, with the
aim to find oligomers suitable as binders in high-heat-
resistance composites.

In this work, we studied how the phase and aggre-
gation state of a series of monomers and oligomers
containing norbornenedicarboxylic acid imide, male-
imide, and chalcone functional groups varies in the
course of thermal cross-linking.

EXPERIMENTAL

The chemical structures of oligomers 1�6 and the
corresponding monomers 1��6� are given below:
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Monomers 1��6� were prepared by acylation of
chalcone-containing diamines C1 and C2 with 4,4�-
diaminodiphenyl ether (DADPE), maleic anhydride,
or 5-norbornene-2,3-dicarboxylic anhydride, respec-
tively:
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Oligomers 1�3 and monomers 1��3� have the ter-
minal norbornenedicarboxylic acid imide group (a),
and oligomers 4�6 and 4��6�, maleimide group (b):
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Oligomers 1�6 were prepared from 1,4-bis[3-oxo-
3-(3�-aminophenyl)-1-propenyl]benzene [1] (bischal-
cone C1), 1,4-bis(3�-aminophenyl)-2-butene-1,4-dione
[2] (chalcone C2), DADPE, and 1,3-bis(3�,4�-dicar-
boxyphenoxy)benzene dianhydride (DA-P) by the fol-
lowing scheme:
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2
, deg
Fig. 1. Diffraction patterns of the monomers and oligomers
of series III, V, and VI: (I) intensity and (2�) Bragg angle.
Curve numbers are monomer and oligomer numbers; the
same for Figs. 2 and 3.
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Dianhydride DA-P was added to a solution of
appropriate diamine in dimethylformamide (DMF) at
20�C. The solution was stirred for 3 h, after which
maleic or 5-norbornene-2,3-dicarboxylic anhydride
was added. The oligomer concentration was 30 wt %.
After 2 h, the imidizing mixture of acetic anhydride

and pyridine (2 : 1 by volume) was added in a fivefold
molar excess relative to the reactive units, and the
solution was left overnight. Then the solution was
stirred for an additional 2 h at 60�70�C, and the poly-
mer was precipitated with methanol. The powders
were vacuum-dried at 50�C. Monomers 1��6� were
prepared similarly but without DA-P.

Compounds 1�6 and 1��6� were characterized by
IR and electronic spectra. According to the IR spectra,
the degree of imidization was 95�97%. The electronic
spectra of 1, 1�, 5, and 5� exhibited absorption with
�max = 360 nm, characteristic of bischalcone C1, and
those of 2, 2�, 6, and 6�, absorption with �max =
308 nm, characteristic of chalcone C2.

Curing of monomers and oligomers was monitored
by calorimetric, X-ray diffraction, and thermomechan-
ical methods. Calorimetric measurements were per-
formed in the range 30�400�C with a DSM-2M calo-
rimeter at a scanning rate of 16 deg min�1 and thesh-
old sensitivity of 0.04 MW [3].

X-ray diffraction data were obtained with a DRON-
2 diffractometer using Ni-filtered CuK� radiation.
Thermomechanooptical measurements were performed
with a Boetius heating stage; the softening range was
evaluated visually from changes in the powder particle
shape and in the response on pressing.

In the initial state, powders of monomers 1��6�

were highly crystalline substances; the phase state of
oligomers 1�6 depended on their chemical structure:
oligomers 2 and 4 were crystalline; 5 and 1, mesomor-
phic; and the others, amorphous. Figure 1 shows the
X-ray diffraction patterns of monomers 3�, 5�, and 6�

and of crystalline (3), mesomorphic (5), and amor-
phous (6) polymers.

The thermograms of oligomers and monomers of
series I�VI are compared in Fig. 2. The monomers
exhibit thermal effects in two ranges, with different
signs of the effects: endothermic (melting of crystals)
and exothermic (curing due to cross-linking of ther-
moreactive groups). The oligomers exhibit thermal
effects in three ranges. The effects manifested at low
and moderate temperatures are endothermic, and the
high-temperature effects are exothermic. The low-
temperature range, 50�150�C, is similar for all the
oligomers; it corresponds to removal of residual sol-
vents used in the synthesis of the oligomers. As it has
no relation to the structure of the oligomers, it is not
discussed further. The medium- and high-temperature
ranges are different for different oligomers. The DSC
curves of some oligomers, recorded on heating to
400�C , do not return to zero (baseline), suggesting
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Temperature ranges of endo- and exothermic effects, �Tendo and �Texo, of monomers and oligomers; softening ranges,
�Ts, of oligomers
������������������������������������������������������������������������������������

Monomers � Oligomers
������������������������������������������������������������������������������������

no. � �Tendo, �C � �Texo, �C � no. � �Tendo, �C � �Texo, �C � �Ts,* �C
������������������������������������������������������������������������������������

1� � 220�260 � 230�340 � 1 � 150�240 � 230�390 � 200�265
2� � 240�280 � 250�380 � 2 � 130�240 � 250�390 � 190�250
3� � 240�330 � 310�380 � 3 � 190�270 � 280�380 � 220�270
4� � 150�200 � 230�360 � 4 � 160�250 � 230�390 � �
5� � 250�280 � 280�350 � 5 � 140�230 � 230�400 �230 with partial fusion, onset

� � � � � �of cross-linking
6� � 140�220 � 215�310 � 6 � 130�220 � 215�370 � 100�210

������������������������������������������������������������������������������������
* Determined by a thermomechanooptical method.

incompleteness of double bond opening or instability
of the process. Repeated scanning to a higher temper-
ature (450�C) revealed no exothermic effects. Hence,
curing that occurred in these monomers in the course
of the first scanning to 400�C went to completion,
and a new equilibrium state was formed.

The temperature ranges of the endothermic (�Tendo)
and exothermic (�Texo) effects exhibited by the mono-
mers and oligomers, and also the softening ranges
(�Ts) evaluated by a thermomechanooptical method
are listed in the table. The lower boundary of the soft-
ening range corresponds to the onset of fusion of
powder particles, followed by spreading and passing
to the hyperelastic state at the upper boundary of this
range.

Oligomer 5, in contrast to the other oligomers,
showed no softening range; caking and darkening of
the powder started without fusion.

Comparison of the ranges �Tendo for monomers
1��6� and oligomers 1�6 shows that, in going from
monomers to the corresponding oligomers, �Tendo
shifts to lower temperatures in the case of 1�3 and 5,
remains virtually the same in the case of 6, and shifts
to higher temperatures in the case of 4. Comparison
of the temperature ranges in which the monomers
exhibit endothermic effects (melting) with the soften-
ing ranges of the oligomers shows that softening of
the oligomers occurs at lower temperatures than melt-
ing of the monomers. For example, softening of 3 is
complete at 270�C, and melting of 3�, at 330�C. These
differences in the ranges of the endo- and exothermic
effects are due to the influence of structural conforma-
tional isomerism: Oligomers have a larger number of
rotational isomers than the corresponding monomers.
In the case of oligomers, the softening range depends
on both the chemical structure and the rotational iso-

merism (number of rotational isomers). Crystallization
of oligomers 3 and 4 is due to greater, compared to
the other oligomers, conformational freedom because
of the presence of the DADPE fragment containing no
thermoreactive double bonds, and mesomorphic struc-
ture of 1 and 5 is due to specific conformational fea-
tures of the C1 fragment, compared to C2 in amor-

T, �C

Exo

Endo

Fig. 2. Thermograms of monomers and oligomers of series
I�VI. (T) Temperature; the same for Fig. 3.
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T, �C

(a)

(b)

(c)

Exo

Endo

Fig. 3. Thermograms of oligomers (a) 3 and 4, (b) 1 and 5,
and (c) 2 and 6.

phous oligomers 2 and 6. The maximum of the melt-
ing peak in the DSC curve of oligomer 3 (Fig. 2) is
lower, compared to the corresponding monomer 3�, by
40�C, whereas in the case of 4 it is 25�C higher.

Crystalline oligomer 3 has the lattice similar to that
of the monomer, as suggested by coincidence of sev-
eral reflections, but more defective, as indicated by
lower intensity of reflections. The lattice of 4 differs
from that of 4�.

Figure 3 shows the thermograms of the oligomers
grouped with respect to the phase state: crystalline
(3, 4, Fig. 3a), mesomorphic (1, 5, Fig. 3b), and
amorphous (2, 6, Fig. 3c). It is clearly seen that the
energy characteristics of the curing transitions corre-
late with the phase state. The heats of endothermic
transitions regularly decrease in going from crystalline
(3, 4; 42 kJ kg�1) to mesomorphic (1, 5; 26 kJ kg�1)
and amorphous (2, 6; 21 kJ kg�1) oligomers. The re-
spective heats of exothermic transitions are 78, 161,
and 51 kJ kg�1. The considerably larger heat of the
exothermic transition (curing) in the case of 1 and 5,
with the transition extending to 400�C, is due to the
more pronounced conformational isomerism, com-
pared to 2 and 6.

Within each pair in Fig. 3, the oligomers differ
only in the structure of the terminal group. Compari-
son of the thermograms of 3 and 4, 1 and 5, or 2 and
6 reveals the effect of the terminal group on curing.
In the case of oligomers 3 and 4 containing the di-
phenyl oxide unit and no chalcone units, replacement
of the terminal norbornenedicarboxylic acid imide
group (Fig. 3a, curve 3) by maleimide group (Fig. 3a,
curve 4) shifts the melting range, curing range, and
maximum of the exothermic effect to lower tempera-
tures by 50, 25, and 30�C, respectively.

In the compound with the bischalcone (C1) frag-
ment, replacement of the norbornenedicarboxylic acid
imide group (Fig. 3b, curve 1) by the maleimide
group (Fig. 3b, curve 5) affects the melting range of
the mesophase insignificantly, but considerably ex-
tends the curing range: Curing is not complete even
at 400�C, whereas in the case of 1 (Fig. 3b, curve 1)
it is virtually complete at 400�C. In oligomers with
the chalcone (C2) fragment, the norbornenedicarbox-
ylic acid imide group (Fig. 3c, curve 2), compared to
the maleimide group (Fig. 3c, curve 6), does not alter
the range of transition from the amorphous to softened
state but noticeably (by 50�60�C) shifts the exother-
mic effect to higher temperatures. Compound 6 with
the maleimide group (Fig. 3c, curve 6) exhibits the
narrowest curing range and the lowest temperature in
the maximum of the exothermic effect, 270�C.

The thermograms in Fig. 3 show that the tempera-
ture ranges of the exothermic effects of the oligomers
with the norbornenedicarboxylic acid imide terminal
groups (curves 1�3) differ to a lesser extent compared
to the oligomers with the maleimide terminal groups
(curves 4�6). For example, in the case of 4 the exo-
thermic effect is complete at 400�C; in the case of 5,
it is not complete at this temperature; and in the case
of 6, it is complete even at 370�C, which is more
favorable for using the oligomer as a binder. There-
fore, we chose 6 for further experiments aimed to
determine the activation energy of curing. For this
purpose, we heated samples of 6 to 523, 533, 543, and
573 K at a rate of 32 deg min�1 and obtained the iso-
therms of heat release capacity Qt. The isotherms
plotted in the coordinates Qt�t (Fig. 4a) and ln (Qt)�t
(Fig. 4b) show that curing at 523, 533, 543, and
573 K is a first-order reaction; its rate constant is k =
�d[ln (Qt)]/dt. Fig. 4c shows a plot of ln k vs. recip-
rocal temperature 1/T. From this plot, we determined
the activation energy Ea = 8.314 d(ln k)/d(1/T) =
79 kJ mol�1. For cross-linking of bisbornenimide, Liu
et al. report a somewhat higher value, 94 kJ mol�1.
This fact is consistent with our DSC data that oligo-
mers 1 and 3 with the norbornenedicarboxylic acid
imide terminal groups exhibit higher temperatures of
the onset and end of the exothermic effect and higher
heat of curing, compared to 6.

We found that the course of cross-linking is influ-
enced by preliminary pressing of oligomer powders:
The exothermic effect starts at lower temperatures.
We performed experiments with samples of oligomer
powders compacted before curing at a pressure of
50 atm in a mold with a punch diameter of 10 mm.
Upon pressing, the initially weakly colored powders
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became yellow, dark yellow, and brown, and in some
places even dark brown. The temperature of the onset
of the exothermic effect decreased after pressing by
the following values �Texo:

Oligomer �Texo, �C

4 8
1 12
2 17
3 17
5 22
6 36

It is seen that, for 6, �Texo is as large as 36�C,
whereas for 4 it only slightly exceeds the measure-
ment error.

The dependence of �Texo on the oligomer structure
can also be explained by the influence of the concen-
tration of thermoreactive bonds and by conformational
features. As in the case of nonpressed powders, the
conditions for cross-linking are optimal in 6.

It should be noted that the influence of pressure on
chemical processes was examined in numerous studies.
Analysis of their results allows us to interpret the
decrease in the temperature of the exothermic effect
upon pressing as follows. It is well known that poly-
merization of many unsaturated organic compounds
(olefins, dienes, organosilicon compounds, etc.) accel-
erates at high pressures. Many monomers that do not
polymerize at atmospheric pressure (in particular, tri-
and tetrasubstituted ethylenes, aliphatic aldehydes)
polymerize at high pressure [5]. Application of a high
pressure accelerates polymerization both in liquids
and in powders. Furthermore, polymers prepared in
the liquid phase at high pressures usually have higher
molecular weight [6�8]. The pressure in the course of
plastic deformation plays an initiating role in solid-
phase polymerization of powders of acrylamide [9]
and various heteroarylenes [10]. Solid-phase reactions
are accelerate at high pressures also without plastic
flow. For example, application of a high pressure con-
siderably accelerated synthesis of the double salt syn-
genite�schoenite, which allowed its preparation at
room temperature [11]. Acceleration of solid-phase
reactions at high pressure is due to increase in the
number of contacts between particles in the powder.
The same factor is apparently responsible for a change
in the powder color upon pressing and for a decrease
in the curing temperature. In our case, the pressure
was insufficient to initiate the reaction, but it de-
creased the reaction onset temperature.

(a)Qt, arb. units

t, minln(Qt)

(b)

t, min

(c)ln k

103/T, K�1

Fig. 4. Thermal and kinetic characteristics of curing of 6:
(a, b) isotherms of the heat release capacity Qt, plotted in
the coordinates Qt�time t and ln (Qt)�t; (c) temperature de-
pendence of the reaction rate constant k in the Arrhenius
coordinates. T, K: (1) 523, (2) 533, (3) 543, and (4) 573.

CONCLUSIONS

(1) Curing of oligomers containing thermoreactive
chalcone fragments with norbornenedicarboxylic acid
imide and maleimide terminal units was studied. The
formula of the oligomer exhibiting the best curing
characteristics and showing promise as a binder was
suggested, and the activation energy of curing of this
oligomer was determined.

(2) Preliminary pressing of oligomers decreases
the temperature of the exothermic effect of curing.
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Abstract�Viscosity and gelation characteristics of aqueous solutions of sodium carboxymethyl cellulose
produced from cotton and wood cellulose were studied.

Sodium salt of carboxymethyl cellulose (Na-CMC)
is a cellulose ether (CE) produced on a large scale.
This is due to its valuable characteristics and relative-
ly easy production. It finds wide applications in petrol-
eum, textile, food, and pharmaceutical industries as
stabilizing agent, thickener, adhesive, and film-form-
ing substance [1�3]. Dilute aqueous solutions of
Na-CMC are efficiently structured by multivalent
metal ions with formation of coordinatively cross-
linked gels. These gels are widely used in gas-and-oil
industry as viscoelastic systems in secondary treatment
of oil wells and hydraulic fracturing of strata [4, 5].
All these characteristics of Na-CMC are governed by
the degree of polymerization, degree of substitution,
molecular-weight distribution, and uniformity of
distribution of carboxy groups along the chain [3, 6].
In turn, these characteristics depend on the procedure
of Na-CMC production and also on the raw materials
used in production (such data are scarce).

The aim of this work was to study viscosity and
gelation characteristics of aqueous solutions of
Na-CMC produced from cotton cellulose in com-
parison with the characteristics of Na-CMC produced
from wood cellulose (sulfite cooking).

EXPERIMENTAL

In the study we used three samples of Na-CMC
produced from cotton cellulose (sample nos. 1�3) and
two samples of Na-CMC of the 85/600 (sample no. 4)
and 85/800 (sample no. 5) types produced from wood
cellulose. The characteristics of the samples are listed
in Table 1.

All the experiments were carried out at 22�2�C.
Viscosity characteristics of aqueous solutions of
Na-CMC were studied on a Hoeppler ball viscometer.

To prepare gel-forming compositions, we used a
solution of the polymer (2.0 wt %) in double-distilled
water and solutions of chrome�potassium alum
KCr(SO4)2 �12H2O (1.0�5.0 wt %), serving as a
cross-linking agent. The initial pH 12.3 was adjusted
with 0.2 wt % KOH. The concentration limits of
gelation and the onset of syneresis were determined
visually [7, 8]. The minimal concentrations of the
polymer and cross-linking agent were determined
from the loss of the solution fluidity under gravity in
turning-over of the ampule in which the cross-linking
occurred after combining the solutions of the polymer
and chromium salt. The onset of syneresis was deter-
mined from the appearance of water drops at the
gel�air boundary. The amount of water separated from
the gel in syneresis was evaluated by weighing. The
modulus of elasticity G of coordinatively cross-linked
Na-CMC gels was determined by penetration using
spherical indentors with various radii depending on
the gel elasticity [9, 10]. The experiment was carried
out at the values of imposed force initiating no creep
of the system. According to the Herz theory [9], with
the use of a spherical indentor the elasticity modulus
of a gel is given by the relation

3F
G = ��������,

16h3/2 R1/2

where F is the force applied to the spherical indentor,
R is its radius, and h is the depth of immersion into
the gel.
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Table 1. Characteristics of Na-CMC sample
������������������������������������������������������������������������������������

Sample� Degree of � Degree of substitution, � Content of the main � Viscosity of 2 wt % solutions,
no. � polymerization � % � substance, % � mPa s

������������������������������������������������������������������������������������
1 � 580 � 74 � 60.6 � 350
2 � 540 � 49 � 71.6 � 202
3 � 780 � 66 � 59.0 � 790
4 � 588 � 81 � 49.2 � 280
5 � 800 � 81 � 49.6 � 580

������������������������������������������������������������������������������������

To determine the concentration range of existence
of gels in the system Na-CMC�Cr(III) salt, we ob-
tained isothermal phase diagrams in the coordinates
polymer concentration�concentration of cross-linking
agent for three samples of Na-CMC synthesized from
cotton cellulose (Fig. 1). Curves 1�3 correspond to
solution�gel transitions for each system, and curves
1��3�, to transitions from the gel to the system with
phase separation, which corresponds to separation of
water from the gel at the instant of its formation. Fig-
ure 1 shows that there is a critical concentration of
polymer ccr below which gelation does not proceed
irrespective of the concentration of the Cr(III) salt.
The ccr value is an important characteristic of the
system, since it governs the economical efficiency of
using these systems in practice (in secondary treat-
ment of oil wells, hundreds of cubic meters of the
polymer solution are pumped into oil wells).

Figure 1 shows that ccr in this system increases not
only with decreasing molecular weight of the polymer

cp, wt %

[Cr(III)], M

Fig. 1. Isothermal phase diagrams in the coordinates poly-
mer concentration cp�concentration of Cr(III) salt [Cr(III)]
for Na-CMC sample nos. (1, 1�) 1, (2, 2�) 2, and (3, 3�) 3.
(1�3) Transition solution�gel and (1��3�) phase separation
of the system (instantaneous syneresis).

[10] but also with decreasing degree of substitution of
Na-CMC at approximately the same degrees of poly-
merization. This fact can be explained in terms of the
existing concept of the behavior of polyelectrolyte
macromolecules in solution. With increasing degree of
carboxymethylation of cellulose macromolecule, its
total charge increases. This results in significant in-
crease in the polymer rigidity and elongation of the
polymer chain [11], which makes lower the polymer
concentration in the solution required for gelation.
On the whole, these data confirm the previous conclu-
sion that the critical concentration of the polymer in
the reaction with polyvalent metal ions is governed
by the conformation of polymer macromolecules
in the solution [12].

It should be also noted that, with increasing degree
of substitution of Na-CMC, the critical concentration
of the cross-linking agent [Cr(III) salt] required for
the gelation decreases.

Long-term visual monitoring of the resulting gels
revealed gradual syneresis, i.e., with time the solvent
separates from the gel. The syneresis intensity is
governed by the system composition. The rate of
syneresis development and the volume of separated
water are maximal for systems whose compositions
correspond to the right part of the phase diagram
(transition from the gel to the system with phase
separation).

The stability of gels is characterized by dashed
lines in the isothermal phase diagrams, corresponding
to the same times of syneresis onset, i.e., time inter-
vals from the onset of coordination cross-linking to
visual observation of syneresis in the resulting gel.
The results for Na-CMC sample nos. 1 and 2 are
shown in Figs. 2a and 2b, respectively. Analysis of
these data allows a conclusion that syneresis begins
earlier for Na-CMC gels with the minimum degree of
substitution (49%) than for the gel samples whose de-
gree of substitution is more than 60%. For example,
the stability of gels based on sample no. 2 does not
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exceed 3 months, while for the most part of systems
syneresis proceeds within a week (Fig. 2b).

Thus, our results show that the degree of carboxy-
methylation of Na-CMC is the important character-
istic governing the gelation power of the system
Na-CMC�Cr(III) salt. The decrease in the degree of
substitution to 50% results in an increase in the mini-
mal concentration of the polymer required for gela-
tion, narrowing of the concentration range of the gel
existence, and deterioration of the characteristics of
the resulting gels (decrease in their stability in time
and increase in the amount of released water).

The main part of this work was devoted to com-
parative analysis of viscosity and gelation character-
istics of aqueous solutions of Na-CMC synthesized
on the basis of wood (sulfite; sample nos. 4 and 5)
and cotton cellulose (sample nos. 1�3). In the first
stage, we studied the stability of aqueous solutions
of various Na-CMC samples in storage. These studies
are necessary for forecasting the efficiency of using
one or another sample of Na-CMC in practice, e.g.,
in gas-and-oil industry as mud stabilizers and vis-
coelastic systems (gels) in secondary treatment of oil
wells. The variation of viscosity characteristics of
the solutions of three Na-CMC samples (2.0 wt %) in
time in the relative coordinates is presented in Fig. 3.

Figure 3 shows that solution of sample no. 1 pro-
duced from cotton cellulose (degree of substitution
74%) is more stable in time: in 3 months, its viscosity
decreases by a factor of only 2 (curve 1), and the vis-
cosity of solution of sample no. 4 (2 wt %), produced
from wood cellulose, increases by more than an order
of magnitude (curve 3). This is apparently caused
by the fact that commercial Na-CMC is extremely
heterogeneous in the degree of cellulose carboxy-
methylation. The presence of weakly alkylated crystal-
line regions causes aggregation and association of
Na-CMC macromolecules in the solution. Since the
degree of crystallinity of cotton cellulose is higher
than that of wood cellulose, Na-CMC produced from
cotton cellulose contains greater number of crystalline
regions preserving the structure of the initial cellulose.
Therefore, apparently, moderately concentrated solu-
tions of this cellulose are structured in a greater extent
(Table 1) and retain the initial characteristics for a
longer time.

It should be noted that this effect disappears with
decreasing degree of substitution of Na-CMC. The
viscosity of its 2 wt % solution decreases (Table 1)
and its stability gets worse (Fig. 3, curve 3). This fact
can be explained by a decrease in the polymer solubil-
ity with increasing number of carboxymethyl groups

cp, wt % (a)

[Cr(III)], M

cp, wt % (b)

[Cr(III)], M

Fig. 2. Isothermal phase diagrams in the coordinates poly-
mer concentration cp�concentration of chromium salt
[Cr(III)] for Na-CMC sample nos. (a) 1 and (b) 2. (1) Solu-
tion�gel transition. Time of the onset of syneresis (days):
(a) (2) 0, (3) 1, (4) 70, and (5) 120; (b) (2) 0, (3) 1, (4) 6,
and (5) 60.

t, days

�/�0 [MPa s]

Fig. 3. Variation of viscosity � in time t relative to the ini-
tial value �0 for Na-CMC sample nos. (1) 1, (2) 2, and
(3) 4, produced from cotton and wood cellulose.
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cp, wt %

[Cr(III)], M

Fig. 4. Isothermal phase diagrams in the coordinates poly-
mer concentration cp�concentration of chromium salt
[Cr(III)] for sample nos. (1, 1�) 1, (2, 2�) 3, (3, 3�) 4,
and (4, 4�) 5 of Na-CMC produced from cotton and wood
cellulose. (1�4) Solution�gel transition and (1��4�) phase
separation of the system (instantaneous syneresis).

[Cr(III)]/cp

[1/(1 � q)]2 [wt %]

Fig. 5. The limiting relative amount of water q released
in syneresis of gels as a function of weight ratio of com-
ponents in the system [Cr(III)]/cp in the coordinates of rela-
tion (2) for samples nos. (1) 1 and (2) 4 of Na-CMC pro-
duced from cotton and wood cellulose.

in the chain (low-substituted cellulose ethers dissolve
only in dilute alkali solutions).

Furthermore, we carried out a comparative analysis
of the gel-forming power exhibited by solutions of Na-
CMC of various origins in the presence of the Cr(III)
salt, and also of the characteristics of the resulting gels
(elasticity, stability in time, and syneresis intensity).

The concentrations corresponding to the transitions
solution�gel and gel�phase separation for cotton and
wood Na-CMC samples with the same molecular

weights are close (Fig. 4). The critical concentrations
of the polymers are also the same when the degree of
substitution of cotton cellulose is more than 70% and
increase from 0.3 to 0.4 wt % when the degree of sub-
stitution of Na-CMC produced from cotton cellulose
is less than 70% (the degree of substitution of wood
Na-CMC in both cases is higher, 81%). In this case,
gelation of a solution of Na-CMC synthesized from
cotton cellulose, with a degree of substitution more
than 70%, requires a lower concentration of the cross-
linking agent, which is important from both economi-
cal and environmental standpoints. This means that
smaller amounts of the chromium ions fall into the
interior of the Earth.

The stability of the resulting gels in time is ap-
proximately the same for cotton and wood Na-CMC
at similar degrees of substitution [10]. A decrease
in the degree of substitution abruptly deteriorates
the stability of gels.

Figure 5 shows the syneresis results for the samples
of cotton and wood Na-CMC with a close molecular
weight, plotted in the coordinates of the relationship
proposed previously [13]. This relationship was ob-
tained considering a decrease in the size of the sub-
chains (distances between cross-linking points) in
the coordination cross-linking reaction. In this case,
the number of subchains and the density of units in
these subchains increase. Then, variation of the gel
volume in syneresis V0 /V is given by

V0 /V = v1/2, (1)

where v is the number of cross-links.

When

[Cr(III)]
v � ��������,

[Na-CMC]

V0 /V � 1/(1 � q)

(q is the relative amount of water released in syn-
eresis), we obtain

[Cr(III)]
[1/(1 � q)]2 = k�������� + const. (2)

[Na-CMC]

Figure 5 shows that the volumes of water released
in syneresis of gels of cotton and wood cellulose are
close (curves in Fig. 5 virtually coincide).

A study of the physicomechanical characteristics of
gels is also important for their practical use, in par-
ticular, for predicting their behavior under various
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Table 2. Modulus of elasticity G of 1.2% gels of Na-CMC
����������������������������������������

[Cr(III)], M � Sample no. � G, Pa
����������������������������������������

0.020 � 1 � 800
� 2 � 175
� 3 � 650
� 4 � 600
� 5 � 400
� �0.024 � 1 � 1400
� 2 � 360
� 3 � 1200
� 4 � 1200
� 5 � 1000

����������������������������������������

conditions. The modulus of elasticity is the main
rheological characteristic of gels, since, by definition,
gels are systems with lost fluidity.

The moduli of elasticity G of two gels based on
various Na-CMC samples are listed in Table 2. The G
value for the gels based on cotton Na-CMC is some-
what higher provided that the degree of substitution
is more than 60%.

CONCLUSIONS

(1) Viscosity and gelation characteristics of aque-
ous solutions of sodium salt of carboxymetyl cellulose
produced from cotton cellulose are governed by both
molecular weight of the polymer and degree of car-
boxymethylation. A decrease in the degree of substitu-
tion to less than 50% results in an increase in the criti-
cal concentrations of the polymer and cross-linking
agent required for gelation and in deterioration of the
characteristics of the resulting gels.

(2) The viscosity of moderately concentrated solu-
tions of cotton Na-carboxymethyl cellulose is higher
and its values are more stable in time, as compared to
wood Na-carboxymethyl cellulose.

(3) The gelation power, stability in time, and
intensity of syneresis of coordinatively cross-linked
gels of cotton and wood Na-carboxymethyl cellulose
are similar. However, for formation of gel from solu-
tions of cotton Na-carboxymethyl cellulose with the

degree of substitution more than 70%, lower concen-
trations of the cross-linking agent are required.

(4) At close degrees of substitution, the elastic
characteristics of the gels based on cotton Na-carboxy-
methyl cellulose are higher compared to the sample
produced from wood cellulose.
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Abstract�Modification of cellulose acetate with vapor of a mixture of water and a solvent in which cellulose
derivatives form a lyotropic liquid-crystal phase, aimed at preparation of films, membranes, and biofilters,
is studied. The resulting materials are capable of removing excess blood cholesterol with no concomitant
decrease in the blood protein and electrolyte levels.

It is known that cellulose acetates provide a basis
for production of a wide spectrum of film materials
of various purposes from reverse osmosis to microfil-
tration [1]. The effect of such separating systems is
based mostly on the pore size, and, in some cases,
on the Donnan exclusion of counterions by fixed
charges of the membrane.

Cellulose acetate films, membranes, and biofilters
are used in mass-transfer apparatuses for treating
blood or serum to remove metabolites and xenobiotics
[2]. Plasma exchange therapy (plasmopheresis) is used
to remove lipids, coarsely dispersed proteins, and
toxins from blood. Membrane plasma filters mostly
do not have a sufficient selectivity (in separating ex-
cess cholesterol from blood, vitally important protein
substances and electrolytes are also retained) [3]. In
some cases, in filtration of plasma, proteins coagulate,
blocking the membrane pores, decreasing its perfor-
mance, and even making it fully unusable [4, 5].

Therefore, it is a quite topical problem to develop
filtering materials capable of retaining cholesterol,
but not other vitally important blood components.
This problem was tackled to be solved in various
manners [6�8].

In this work we studied physicochemical modifica-
tion of cellulose acetates with vapor of a mixture of
water and a solvent in which cellulose derivatives
form a lyotropic liquid-crystal phase. The method
allows preparation of films, membranes, and biofilters
capable of retaining excess cholesterol with no con-
comitant decrease in the blood protein and mineral
salt level [9].

EXPERIMENTAL

In experiments we used powdered air-dry cellulose
diacetate (CDA) of the wood or cotton origin. The
content of bound acetic acid in the samples was 54.5�
55.3%; viscosity-average molecular weight of wood
and cotton CDA, 8.2 �104 and 7.0 �104, respectively;
and their bulk density, 1.3�1.32 g cm�3.

Modification of CDA was carried out under am-
bient conditions in a closed vessel partly filled with
an aqueous�organic mixture. As a sorbate we used
binary mixtures of distilled water and DMSO or di-
methylacetamide (DMAA) (both of analytically pure
grade). The water to organic solvent volume ratio
varied from 90 : 10 to 99 : 1. An 0.5-mm sieve filled
with powdered CDA was arranged at a distance of
5 cm over the surface of the liquid phase, and the
polymer was exposed to solvent vapor. The amount of
absorbed vapor was determined gravimetrically with
a WT torsion balance to within 0.0002 g. The degree
of vapor sorption was varied from 0 to 10 wt %. As
the polymer was saturated with the sorbate vapor, it
was sampled for film forming.

In the work we studied reference and modified
CDA samples and also membranes prepared from
them. As a solvent for the polymer we used the con-
ventional process solvent, a mixture of acetone with
water (95 : 5; analytically pure grade). The CDA
concentration in the film-forming solutions was 3 and
5% for wood and cotton CDA, respectively. The
membranes were formed under ambient conditions by
solution casting onto finished glass plates using a
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round glass draw plate, followed by solvent removal.
The support plates were degreased with ethanol and
acetone prior to use. The solvent removal was moni-
tored by the sample weight. All the resulting mem-
branes were milk-white in color. Their thickness was
90�110 �m.

The filtering properties of membranes were studied
on a laboratory system with a separating cell of the
plate-and-frame type. Cholesterol, total protein, and
electrolytes in blood plasma before (penetrate) and
after membrane filtration (permeate) were determined
on a Humolize-2000 programmable photometer ac-
cording to standard procedures.

Electrophoresis of proteins in a polyacrylamide gel
was carried out by the Laemmli method on a vertical
electrophoresis apparatus (plate size 12 � 12 cm, gel
layer 0.1 cm). Plasma proteins were preliminarily
separated into subunits. To a plasma sample, an equal
volume of a buffer solution was added [0.125 M Tris-
HCl (pH 6.8), 4% sodium dodecyl sulfate, 20% gly-
cerol, and 5% �-mercaptoethanol]. The fix and fin-
ished gels contained 12.5 and 5% acrylamide, respec-
tively. Electrophoresis was performed at a constant
current strength (20 mA). When proteins approached
the fix gel boundary, the current was increased to
30 mA. After completion of the process, the gel was
stained with 0.25% Coomassie Blue R-250 in a mix-
ture of 50% ethanol and 12% acetic acid, and then the
polymer matrix was destained in an aqueous solution
containing 50% ethanol and 12% acetic acid. As MW
markers we used ovotransferrin (MW 78�103), al-
bumin (66.3�103), ovalbumin (42.7�103), carbonic
anhydrase (30�103), myoglobin (17�103), and cyto-
chrome C (12.3�103).

The optical rotation of the reference and modified
CDA samples (0.5 g dl�1) was measured on an SM-2
rotary polarimeter (�Na = 589 nm) [11] to within
0.04�. A DNAS18-04.2 lamp was used as a light
source. The optical activity expressed in [�] units
(specific optical rotation) was determined to be +30�
and +12� for wood and cotton CDA, respectively.

To obtain biofilters of a definite 3D structure,
the initial polymer was modified with vapor of an
aqueous-organic mixture (water�DMSO or water�
DMAA at a component volume ratio from 90 : 10 to
99 : 1).

Selection of DMSO and DMAA was caused by the
fact that they are classified with aprotic dipolar solv-
ents [12] in which cellulose derivatives form lyotropic
LC solutions [13]. Furthermore, it was demonstrated
previously [14, 15] that DMSO and DMAA and their
mixtures with water, being in the vaporous state, have

(a) cPt, g l�1cCh, mM

cs, wt %

cCh, mM
(b)

cs, wt %

(1, 2)

(c) cPt, g l�1cCh, mM

cs, wt %

Fig. 1. Cholesterol (cCh) and protein concentrations (cPt) in
the permeate after filtration of blood plasma through refer-
ence and modified CDA membranes. (cs) Degree of absorp-
tion of the sorbate vapor on the polymer. (a) H2O : DMSO =
90 : 10; (b): (1) H2O : DMAA = 95 : 5, (2) H2O : DMSO =
95 : 5, and (3) H2O : DMSO = 98 : 2; and (c) H2O : DMSO =
99 : 1. The cholesterol and protein concentrations in the ini-
tial plasma are shown by the horizontal dashed lines.

a significant effect on the structure formation in cellu-
lose acetates, opening the door for preparation of a
broad spectrum of polymeric materials of various pur-
poses [16, 17]. It should be pointed out that the effect
of solvent vapor on the structure of cellulose acetate is
much stronger and more specific as compared to addi-
tion of equal amounts of the same liquids to the poly-
mer solution [14, 15]. Note also that aqueous DMSO
is widely used as a medicine (Pharmacopoeia Article
�Dimexidum	 75-244-9). Figure 1 shows the results
on filtration of blood plasma through membranes fab-
ricated from modified CDA. The cholesterol (cCh) and



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 9 2003

1516 SHIPOVSKAYA et al.

Table 1. Results of blood plasma filtration through modi-
fied CDA membranes*
����������������������������������������

Active medium � �, % � cs
min, wt %

����������������������������������������
H2O : DMSO: � �

90 : 10 � 20�25 �No more than 3.0
95 : 5 � 26�30 �No more than 3.0
98 : 2 � 26�28 �No more than 2.0
99 : 1 � 14�16 �No more than 0.3

H2O : DMAA = 95 : 5� 30�33 �No more than 5.0
����������������������������������������
* (�) Maximal effect of retention of cholesterol (against the

reference membrane) and (cs
min) minimal value corresponding

to the maximal retention effect with respect to cholesterol.

Table 2. Results of blood plasma filtration through refer-
ence and modified CDA membranes
����������������������������������������

Active medium

�Absorp- � Concentrations of electrolytes
� tion of � after filtration, mM
� ����������������������
�

sorbate,
� cNa � cK � cCa

�
% � � �

����������������������������������������
� � � � 121.1 � 2.59 � 0.71

H2O : DMSO =� 0.2 � 131.6 � 2.72 � 0.73
90 : 10 � 1.0 � 131.9 � 2.73 � 0.74

� 2.5 � 131.2 � 2.72 � 0.74
� 5.0 � 130.9 � 2.74 � 0.75
� 10.0 � 120.4 � 2.52 � 0.71

����������������������������������������

protein (cPt) concentrations in the permeate after fil-
tration through the reference (commercial) CDA mem-
brane are given on the ordinate axis. Figures 1a and
1b (curves 1) show data obtained with wood CDA,
and Figs. 1b (curves 2, 3) and 1c, with cotton CDA.

Fig. 2. Electrophoresis in polyacrylamide gel: (1, 2) protein
fractions in the penetrate and permeate, respectively, and
(3) markers.

As seen, the membranes fabricated from modified
CDA (of both wood and cotton origin) demonstrate
higher retaining capacity for cholesterol and lower
retaining capacity for protein and electrolytes, as com-
pared to the initial CDA membranes (Fig. 1). The
degree of retention of cholesterol on the CDA mem-
branes modified with H2O�DMSO (90 : 10, 95 : 5,
and 98 : 2) vapor is higher by 20�30% as compared
to the reference membrane (Table 1). For the mem-
branes modified with H2O�DMAA (95 : 5) vapor, the
effect is 30�33%, and with H2O�DMSO (99 : 1),
14�16%. Data on the concentrations of electrolytes in
the permeate (Table 2) show that cNa, cK, and cCa in
blood plasma after filtration through modified CDA
membranes are higher than those after filtration
through the reference membrane. It is of primary im-
portance that the modified membranes do not retain
proteins (Figs. 1a, 1b). As an example, Fig. 2 shows
data on electrophoresis of the initial plasma and plas-
ma after filtration through a membrane from cotton
CDA that sorbed 2.5 wt % of H2O�DMSO (90 : 10)
vapor. As seen, fractions 2 and 3 are practically iden-
tical in the protein composition.

For all the systems CDA�aqueous-organic vapor,
the sorption of the sorbate vapor is very low, being no
more than 5 wt % (Fig. 1, Table 1). Therefore, the
content of an individual solvent (DMSO or DMAA)
in any of the products formed is below 10�4 wt %.
Nevertheless, even such a small absorption of the
vapor by the polymer provides (if the modified struc-
ture of CDA is preserved in a membrane), on the one
hand, selective separation of optically active compo-
nents of blood plasma and, on the other hand, efficient
retention of one of them (cholesterol) with no de-
crease in the content of another (protein) and also of
electrolytes.

Cellulose acetates are classified with optically ac-
tive polysaccharides. Shipovskaya and Timofeeva
have demonstrated [14, 15] that solvents forming
lyotropic mesophases with cellulose and its deriva-
tives, being in the vaporous state, have a strong effect
on the optical activity of cellulose esters. It was shown
that modification of CDA with an aqueous-organic
vapor in which one component is a mesogenic solvent
initiates a change in the structure of the cellulose ester
at the stereoisomeric level.

Figure 3 shows the dependence of the specific opti-
cal rotation [�] of the CDA solutions on the degree of
modification of the polymer with the sorbate vapor.
The reference samples of CDA in aqueous acetone are
characterized by positive [�]: +30� and +12� for wood
and cotton CDA, respectively. For the samples modi-
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fied with vapor of a mixture of water and a specific
solvent, we observed not only a change in the absolute
value of the specific optical rotation, but also the in-
version of the sign of [�].

Absorption of a small amount (up to 1�2 wt %) of
the sorbate vapor on the wood CDA is accompanied
by a considerable change in the optical activity, with
[�] passing from the positive to the negative range
(Fig. 3). Increasing degree of sorption of the sorbate
vapor to 4�5 wt % results in further increase in nega-
tive [�]. At last, absorption of more than 5 wt % of
H2O�DMSO (90 : 10) vapor no longer changes the
value and sign of [�] (plateau in curve 1). Absorption
of a large amount of H2O�DMAA (90 : 10) decreases
induced negative [�] (curve 2). For cotton CDA, a
significant change in the value and sign of [�] is ob-
served after absorption of about 0.1 wt % of the sor-
bate vapor, and the [�]�cs curve flattens out after
absorption of 0.5 wt % of the vapor (curve 3).

The results obtained (Figs. 1, 3 and Tables 1, 2)
show a correlation between the filtering properties of
the modified CDA membranes and the optical activity
of the polymer. The membranes capable of selectively
separating such optically active compounds as chole-
sterol and steroids (proteins) were obtained on the
basis of CDA with a modified 3D structure charac-
terized by a negative induced [�]. The correlation
between the polymer structure and its optical activity
follows a dose�effect regular trend, the most sig-
nificant effect being observed at small amounts of the
absorbed sorbate vapor.

It is worth noting that, in filtration of blood plasma
through a modified CDA membrane, we observed
a decrease in the concentration of the toxic metabolite,
bilirubin, in the permeate and its selective separation
from the protein fraction [18].

The authors are grateful to B.M. Zelikson for the
interest in the work and valuable discussions of the
membrane filtration data.

CONCLUSIONS

(1) Treatment of cellulose acetate with vapor of a
mixture of water and a solvent in which cellulose
derivatives form a lyotropic liquid-crystal phase
provides physicochemical modification not only at the
supramolecular level, but also at a delicate conforma-
tional level involving the stereochemical structure
of the polysaccharide.

(2) The modification is a controllable process, as
following a dose�effect regular trend. It can be inter-
rupted at any stage of formation of the 3D structure
of the polymer.

[�], deg

(1, 2)

(3)

cs,
wt %

Fig. 3. Specific optical rotation [�] in CDA solutions as
a function of the degree of sorption cs of the sorbate
vapor on the polymer. Sorbate: (1) H2O�DMSO (90 : 10),
(2) H2O�DMAA (90 : 10), and (3) H2O�DMSO (95 : 5).
� = 589 nm; T = 20�C.

(3) Films, filters, and membranes prepared from
modified cellulose diacetate demonstrate an excep-
tional capability for retention of excess cholesterol
with no concomitant decrease in the blood protein and
mineral salt level.

(4) The membranes meet the requirements on the
selectivity of removal of cholesterol from plasma and
also on the predictability. To all appearance, they
should be quite biocompatible (in using the modified
cellulose diacetate films for filtration of plasma, the
contact of the polymer surface with blood cells is
excluded).
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Abstract�The possibility was examined of developing noncoloring stabilizing formulations based on di(hy-
droxyphenyl)methane stabilizers with addition of agents that decompose hydroperoxides without generation
of radicals and thus inhibit formation of �-hydroxyphenylmethylenequinones, or of components that ensure
transformations of these quinones into colorless products.

Preservation of the initial color (color stabilization)
of polymeric products and articles is an important
aspect of polymer stabilization. Variation of the poly-
mer color due to aging is inadmissible for many items
made from polyolefins, polyvinyl chloride, and color-
less and colored rubbers. The mechanism responsible
for changes in the polymer color are diverse [1] and
can be subdivided into three main groups: (1) forma-
tion of chromophoric systems in the initial polymer,
initiated by abnormal fragments (weak points) or
polyvalent metal impurities; (2) degradation of macro-
molecules; and (3) oxidative transformations of addi-
tives, in particular, of stabilizers.

In chemically resistant polymers, color primarily
originates from oxidation of phenolic stabilizers to
give chromophoric products. The tendency to form
such products depends on the stabilizer structure [2].
There are indications in the literature that the methyl-
ene bridge in di(hydroxyphenyl)methane stabilizers
is responsible for coloration [3, 4], as their oxidative
transformations yield colored methylenequinones [5].
For example, hydrogalvinoxyl I, oxidation product
of bis(3,5-di-tert-butyl-4-hydroxyphenyl)methane II,
has a long-wave absorption maximum at 398 nm, re-
sponsible for its yellow color:

������������

�
�
�
�

t-Bu

t-Bu

HO �CH2��
�
�
�

Bu-t

Bu-t

OH �����
ROOH�
ROO �
�
�
�

t-Bu

t-Bu

�CH2��
�
�
�

Bu-t

Bu-t

OHO
.

�� II +

�
�t-Bu

t-Bu

CH��
�
�
�

Bu-t

Bu-t

OHO�����
�
�

II
I

.

�
�
�
�

t-Bu

t-Bu

HO �CH2��
�
�
�

Bu-t

Bu-t

OH �����
ROOH�
ROO �
�
�
�

t-Bu

t-Bu

�CH2��
�
�
�

Bu-t

Bu-t

OHO
.

�� II +

�
�t-Bu

t-Bu

CH��
�
�
�

Bu-t

Bu-t

OHO�����
�
�

II
I

.

�
�t-Bu

t-Bu

CH��
�
�
�

Bu-t

Bu-t

O

�
�
�
�
�

���
�
������

�BH

BI O
�

III

�
�t-Bu

t-Bu

CHO ��� ���
�
��
�Bu-t

�
Bu-t

��O
�
�
�
�
�

���
�
�t-Bu

t-Bu

CH��
�
�
�

Bu-t

Bu-t

O

�
�
�
�
�

���
�
������

�BH

BI O
�

III

�
�t-Bu

t-Bu

CHO ��� ���
�
��
�Bu-t

�
Bu-t

��O
�
�
�
�
�

���

������������

Methylenequinones in which substituents at the
�-C atom are weaker electron donors than 4-hydroxy-
3,5-di-tert-butylphenyl absorb in the UV range only
[6]; therefore, such antioxidants as 2,4,6-tris(3�,5�-di-
tert-butyl-4�-hydroxybenzyl)mesitylene (Ionox-330)
and pentaerythritol tetrakis[	-(3,5-di-tert-butyl-4-hy-

droxyphenyl)propionate] (Irganox 1010) do not cause
the polymer coloration.

Furthermore, in some cases di(hydroxyphenyl)-
methane stabilizers can cause deeper (violet) colora-
tion of polymers [7, 8] owing to ready formation of
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mesomeric anions of type III from �-hydroxyphenyl-
substituted methylenequinones under the action of
basic components present in polymeric formulations
or on surface contact with bases [9].

Thus, to develop noncoloring stabilizing formula-
tions based on di(hydroxyphenyl)methane stabilizers,
it is necessary to prevent accumulation of �-hydroxy-
phenylmethylenequinoid products, so as to avoid
yellow coloration produced by these products them-
selves and to exclude formation of intensely colored
mesomeric anions.

In this work, our examined the possibility of solv-
ing the problem by converting �-hydroxyphenylmeth-
ylenequinones into colorless products. It is known that
sterically hindered methylenequinones are highly reac-
tive toward nucleophilic agents [10] and readily form
colorless addition products. It seemed appropriate to
test for this purpose various commercially available
alcohols, amines, mercaptans, or phosphites. In partic-
ular, it is well known that addition of phosphites elim-
inates coloration of polymers owing to conversion
of colored quinoid compounds into colorless benzoid
derivatives [11].

However, experiments with hydrogalvinoxyl I as a
model �-hydroxyphenyl-substituted methylenequinone
showed that prolonged contact at 20
C or refluxing
of its solutions with mono- and diethanolamines, di-
phenylguanidine, diethylhydroxylamine, tri(2,4,6-di-
tert-butylphenyl) phosphite, and dimethyl hydrogen
phosphite did not result in decolorization. Upon dis-
solution of I in ethanol, a certain amount of the addi-
tion product did form, as indicated by thin-layer chro-
matography, but longer contact, refluxing, and addi-
tion of an acid did not result in exhaustion of I.

Individual adducts with morpholine (IV) and water
(V) were obtained by reactions of I with excess aque-
ous ammonia and morpholine, respectively.

Products IV and V are stable in the crystalline
form, but more or less rapidly decompose in chloro-
form, benzene, alcohol, acetone, and DMSO with
regeneration of I. Decomposition occurs more actively
in polar solvents and on adding an acid.
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Komissarov et al. reported that substituted di(hy-
droxyphenyl)methane derivatives in which one of the
hydroxy groups is in o-position relative to methine
carbon atom reversibly dissociate in polar solvents
[12, 13]. They believe that dissociation is due to con-
certed proton transfer involving a solvent molecule:
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Our data show that the presence of protic solvents
and o-position of one of hydroxy groups are not nec-
essary conditions for such dissociation. Apparently,
the driving force of the process is the high stability of
the intermediate di(hydroxyphenyl)methyl carbocation
A, promoting dissociation even in solvents uncapable
of specific solvation:
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Table 1. Color stability of HDPE in the presence of stabilizers
������������������������������������������������������������������������������������

Stabilizer
�

c, wt %
� Color, points

� ��������������������������������������������
� � after extrusion � after thermal aging (175
C, 8 h)

������������������������������������������������������������������������������������
Irganox 1010 � 0.1 � 1 � 1
VIII � 0.1 � 2�3 � 5
VIII + VI � 0.05�0.05 � 1 � 3
������������������������������������������������������������������������������������

Table 2. Color stability and heat resistance of BR in the presence of stabilizers (170
C)
������������������������������������������������������������������������������������

Stabilizer
�

c, wt %
�

Induction period of
� Color (points) after oxidation for indicated time, h

� � �������������������������������������������������
� � oxidation �, min � initial � 1 � 2 � 3 � 4 � 5

������������������������������������������������������������������������������������
None � � � 30 � 1 � 1 � 2 � 2�3 � 3�4 � 3�4
IX � 0.2 � 120 � 1 � 1 � 1�2 � 2 � 2�3 � 2�3
X � 0.2 � 325 � 1 � 5 � 5�6 � 6 � 7 � 8
IX + X � 0.1�0.1 � 185 � 1 � 2 � 3 � 3�4 � 4 � 4

� 0.067�0.133 � 220 � 1 � 2 � 2�3 � 3 � 4 � 4
������������������������������������������������������������������������������������

Adduct VII of I with 2,6-di-tert-butyl-4-mercapto-
phenol VI can be obtained even at equimolar ratio of
the reactants. Adduct VII also partially dissociates in
solutions to I and VI; however, in the solid phase,
compound VII it is stable up to the melting point
(192
C). This fact allows the use of mercaptophenol
VI as a component of di(hydroxyphenyl)methane-
based stabilizing formulations that do not impart color
to polymers. The �-hydroxyphenylmethylenequinoid
compounds formed by inhibited oxidation of the stabi-
lizers can react with VI to give colorless products
stable in the course of processing of the polymer melt
and service of polymer items. For example, extrusion
at 190
C of high-density polyethylene (HDPE) con-
taining a di(hydroxyphenyl)methane stabilizer, 2,4,6-
tris(3�,5�-di-tert-butyl-4�-hydroxybenzyl)resorcinol
VIII, is accompanied by coloration of the polymer.
At the same time, with the stabilizing formulation
consisting of VIII and VI, the initial color of the
polymer can be preserved in the course of extrusion
(Table 1).

Apparently, the intensity of accumulation of col-
ored �-hydroxyphenylmethylenequinone can be sub-
stantially reduced by introducing compounds that
decompose hydroperoxides without generation of free
radicals. Such compounds, e.g., phosphorous acid
esters, suppress degenerate branching of oxidation
chains and hence inhibit consumption of phenolic
stabilizers and formation of methylenequinones [14].

We examined the influence exerted by an aromatic

phosphite, tris(2,4-di-tert-butylphenyl) phosphite IX,
on the color stability and heat resistance of polymeric
formulations based on butyl rubber (BR) and ethyl-
ene�propylene rubber (SKEPT), containing di(2-hy-
droxy-3-tert-butyl-5-methylphenyl)methane X, and of
HDPE stabilized with 2,4,6-tris(3�,5�-di-tert-butyl-4�-
hydroxybenzyl)resorcinol VIII:
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Long-term tests of BR (exposure to air for 6 months
at room temperature) showed that the samples con-
taining phosphite IX did not change color, whereas
the polymer stabilized only with X became light
brown. The parameters of the color stability and heat
resistance of BR in the course of oxidation at 170
C
are listed in Table 2, showing an additive thermostabi-
lizing effect of the mixed formulations and a signifi-
cant color-stabilizing effect of phosphite IX. Similar
trends are observed with the phenol X�phosphite IX
formulation used for stabilization of SKEPT rubber
(Table 3).
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Table 3. Color stability and heat resistance of SKEPT rubber in the presence of stabilizers (150
C)
������������������������������������������������������������������������������������

Stabilizer
�

c, wt %
�

Induction period of
� Color (points) after oxidation for indicated time, h

� � �������������������������������������������������
� � oxidation �, min � initial � 1 � 2 � 3

������������������������������������������������������������������������������������
None � � � 15 � 1 � � � � � �
IX � 0.2 � 100 � 2 � 2 � 2 � 3
X � 0.2 � 225 � 2 � 4 � 5 � 7
IX + X � 0.1 + 0.1 � 185 � 2 � 2 � 2 � 3
������������������������������������������������������������������������������������

Table 4. Color stability and heat resistance of HDPE in the presence of stabilizers (195
C)
������������������������������������������������������������������������������������

Stabilizer
�

c, wt %
�

Induction period of
� Color (points) after oxidation for indicated time, h

� � ������������������������������������������������
� � oxidation �, min � initial � 1 � 2 � 3

������������������������������������������������������������������������������������
None � � � 15 � 1 � 1 � 1 � 2
Irganox 1010 � 0.1 � 115 � 1 � 1 � 1�2 � 2
VIII � 0.1 � 165 � 2 � 2 � 3 � 3
VIII � 0.2 � 390 � 2 � 2 � 3 � 3
IX � 0.2 � 15 � 1 � 1 � 1 � 1�2
IX + VIII � 0.067 + 0.133 � 215 � 1 � 2 � 2 � 3

� 0.1 + 0.1 � 195 � 1 � 2 � 2 � 2
������������������������������������������������������������������������������������

A combination of phenol VIII with phosphite IX
in HDPE exhibits a small synergistic thermostabiliz-
ing effect and also enhances the color resistance of
this polymer (Table 4). This formulation is not inferi-
or in performance to Irganox 1010.

Thus, addition of hydrolysis-resistant aromatic
phosphite IX enhances the color stability of polymers
stabilized with di(hydroxyphenyl)methane stabilizers.
The color-stabilizing effect of phosphite IX, taking
into account its inertness toward model �-hydroxy-
phenylmethylenequinone I, should be attributed to
the capability of IX to suppress degenerate branching
of oxidation chain by decomposing hydroperoxides
without radical generation.

EXPERIMENTAL

In our study we used nonstabilized samples of
commercial gas-phase HDPE (brand 289) and of BR-
1675 rubber. SKEPT-40 ethylene�propylene rubber
was treated with a 3 : 7 toluene�ethanol mixture for
9 h in a Soxhlet apparatus to extract additives. The
stabilizers were added with stirring into 10% pentane
solutions of the rubbers. After stirring for 40�60 min
(to complete dissolution of the additive), the solvent
was evaporated in a vacuum oven. Into HDPE, stabi-
lizers were introduced with rollers (160�5
C, 5�

1 min) or from solutions, by thorough mixing with a
polyethylene powder in a porcelain cup at room tem-
perature to complete evaporation of the solvent, fol-
lowed by drying in a vacuum oven to constant weight.

Extrusion of HDPE was performed with an IIRT
capillary viscometer (capillary diameter 2.095�
0.005 mm) at 190�0.5
C and a load of 5 kgf, after
keeping for 5 min in the heated device.

Thermal oxidation of polymeric compounds was
performed on a manometric unit in oxygen at 150�
195
C, PO2

= 250 mm Hg. The sample weight was
�100 mg. The dependences �PO2

= f (�0) were plotted,
and the induction periods of oxidation were deter-
mined from the slopes. The color of polymer samples
was evaluated using a 10-point scale (1, white; 10,
black) after thermal oxidation in air at 150�195
C.

The 1H and 13C NMR spectra were recorded on a
Varian Gemini 200 spectrometer (working frequency
200 and 50 MHz for 1H and 13C, respectively) relative
to residual protons of deuterated solvents.

Di(3,5-di-tert-butyl-4-hydroxyphenyl)hydroxy-
methane IV. To a solution of 1 g of hydrogalvinoxyl
I in 50 ml of acetone, we added 30 ml of 25% aque-
ous ammonia and left overnight. The white precipitate
was filtered off, washed with water, and dried. Yield
0.73 g (70%), mp 222�225
C (with decomposition).
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1H NMR spectrum (CDCl3), �, ppm: 1.42 s (36H,
CMe3), 2.03 s (1H, OH), 4.41 s (1H, CH), 5.02 s (2H,
OH), 7.13 s (4H, ArH). 13C NMR spectrum (CDCl3),
�C, ppm: 30.5 (CMe3), 34.5 (CMe3), 64.1 (CH), 124.7
(C3), 135.1 (C4), 135.3 (C2), 152.5 (C1).

Found, %: C 78.85; H 10.36.
C29H44O3.
Calculated, %: C 79.04; H 10.06.

N-[Di(3,5-di-tert-butyl-4-hydroxyphenyl)]methyl-
morpholine V. A 0.15-g portions of I was dissolved
in 1 ml of acetone, and 10 ml of morpholine was
added. The solution first turned red and then quickly
became colorless. After that, 70 ml of water was
added, and the white precipitate was filtered off,
washed with water, and dried. The product gets slight-
ly yellow in the course of isolation. Yield 0.162 g
(89.5%), mp 150�162
C (with decomposition). 1H
NMR spectrum (CDCl3), �, ppm: 1.42 s (36H, CMe3),
2.29 t (4H, CH2N, J3 4.6 Hz), 3.68 t (4H, CH2O, J3

4.6 Hz), 3.97 s (1H, CH), 5.04 s (2H, OH), 7.22 s
(4H, ArH). 13C NMR spectrum (CDCl3), �C, ppm:
30.5 (CMe3), 34.4 (CMe3), 53.4 (CH2N), 67.5 (CH),
77.6 (CH2O), 125.0 (C3), 134.4 (C4), 136.1 (C2),
151.3 (C1).

Found, %: C 78.15; H 10.36; N 2.30.
C33H51O3N.
Calculated, %: C 77.75; H 10.08; N 2.75.

(3,5-Di-tert-butyl-4-hydroxyphenylthio)bis(3�,5�-
di-tert-butyl-4�-hydroxyphenyl)methane VII. A 1-g
portion of I and 0.56 g of mercaptophenol VI were
dissolved in 5 ml of acetone. A white precipitate
started to form immediately. The mixture was stirred
for 0.5 h. The precipitate was filtered off, washed with
acetone, and dried. Yield 1.4 g (90%), mp 190�
192
C. 1H NMR spectrum (CDCl3), �, ppm: 1.30 s
(18H, CMe3), 1.41 s (36H, CMe3), 5.04 s (2H, OH),
5.05 s (1H, OH), 5.19 s (1H, CH), 6.98 s (2H, ArH),
7.21 s (4H, ArH).

Found, %: C 78.51; H 9.82; S 4.61.
C43H64O3S.
Calculated, %: C 78.13; H 9.76; S 4.85.

CONCLUSIONS

(1) Mercaptophenol VI forms colorless adducts
with �-hydroxyphenylmethylenequinoid compounds
and thus shows promised as a component of noncolor-
ing stabilizing formulations based on di(hydroxyphen-
yl)methane stabilizers.

(2) Addition of aromatic phosphite IX as an agent
decomposing hydroperoxides without radical genera-
tion and inhibiting formation of �-hydroxyphenyl-
methylenequinones enhances the color stability of
polymers stabilized with di(hydroxyphenyl)methane
stabilizers.
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Abstract�Deposition of coatings of nickel�tungsten alloys from acetate electrolyte was studied. The depen-
dences of the relative content of components in the alloy on the electrolysis conditions were elucidated.

Electrolytic nickel�tungsten alloys are charac-
terized by high wear resistance, elevated microrigid-
ity, and corrosion resistance in a wide temperature
range [1].

Electrolytic deposition of nickel�tungsten alloys is
performed at elevated temperatures at high current
densities over a wide range of pH from solutions con-
taining tartrate, diphosphate, citrate, sulfamate, and
sulfosalicylate ions in the absence and in the presence
of ammonium ions, and borate ions in combination
with hydrogen peroxide [2]. The rate of alloy deposi-
tion and the content of tungsten in the alloys can be
increased by using current pulses [3].

It is of a certain scientific and applied interest
to study the possibility of electroplating of nickel�
tungsten alloys from acetate solution, since the acetate
nickel�plating electrolyte has been studied fairly com-
prehensively and has some advantages over other
known nickel�plating electrolytes.

We studied the deposition of nickel�tungsten alloy
in a 200-ml rectangular cell using insoluble graphite
or platinum anodes. The electrolyte had the following
composition (g l�1): nickel acetate (in terms of the
metal) 50, sodium tungstate (in terms of the metal) 10,
sodium acetate 100, and saccharin 1. The deposition
was carried out at 20�C, current density of 10 A dm�2,
and pH 4.

The nickel content in alloys was determined by
EDTA titration. The tungsten content was determined
photocolorimetrically with potassium thiocyanate [7].
The internal stresses in coatings were evaluated by the
method of flexible cathode [8], and the wear resist-
ance, by the procedure described in [9]. The results
were treated by the least-squares method using rela-
tionships given in [10] and the software from [11].
The correlation coefficient of the equations given
below is 0.98�0.99.

An increase in the tungsten(VI) concentration in
the electrolyte results in cracking of coating, increase
in its luster, decrease in the current efficiency (CE)
by the alloy, and increase in the tungsten content
in the coating (see table). The correlation between the
component ratio in the alloy and the ratio of the ion
concentrations in the electrolyte is described by the
Akhumov�Rozen equation [12]

log [Ni]/[W] = 0.55 + 0.707 log [Ni2+]/[W6+].

Introduction of saccharin into the electrolyte
(1 g l�1) decreases the internal stresses in the alloy
coating from 250 to 170 MPa, and addition of 1,4-bu-
tynediol (5 ml l�1) further decreases the internal
stresses to 18.6 MPa, with the coatings becoming
semilustrous. The coating composition and current ef-
ficiency are affected by these additives insignificantly.

The influence of the cathodic current density, tem-
perature, and pH of solution were studied using an
electrolyte containing 10 g l�1 of tungsten.

An increase in the current density from 7.5 to
12.5 A dm�2 results in a decrease in the tungsten con-
tent in the alloy from 12 to 7% (Fig. 1a, curve 1),
with the current efficiency increasing from 26 to 50%
(Fig. 1b, curve 1). The dependence of the ratio bet-
ween the component contents in the alloy on the
cathodic current density ic (A dm�2) is described by
the equation [10]

log [Ni]/[W] = �0.15 + 1.15 log ic.

As the temperature increases from 10 to 40�C, the
content of the highmelting component in the alloy de-
creases from 20 to 4.5% (Fig. 1a, curve 2), with the
cathodic current efficiency increasing from 6.5 to 45%
(Fig. 1b, curve 2). The dependence of the component
ratio in the alloy on temperature T (K) is described
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Influence of tungsten(VI) content in the electrolyte on the coating morphology and deposition parameters
������������������������������������������������������������������������������������

Component content �

CE by alloy, %

�

Appearance of coating
��������������������������������������� �

in electrolyte, g l�1 � in alloy, % � �
��������������������������������������� �

Ni(II) � W(VI) � Ni(II) � W(VI) � �
������������������������������������������������������������������������������������

50 � 5 � 95 � 5 � 32 �Dull
50 � 10 � 91 � 9 � 30 �Semilustrous
50 � 15 � 89 � 11 � 27 �Semilustrous
50 � 20 � 88 � 12 � 22 �Semilustrous

������������������������������������������������������������������������������������

by the equation [10]

log [Ni]/[W] = 8.2 � 2132/T.

The change in pH of the solution from 3 to 5
results in an increase in the current efficiency from
21 to 42% (Fig. 1b, curve 3) and in a decrease in the
tungsten content from 20 to 5% (Fig. 1a, curve 3).

(a)cw, wt %

ic, A dm�2

T, �C

(b)CE, %

ic, A dm�2

T, �C

Fig. 1. Plots of (a) tungsten content cW in the alloy and
(b) current efficiency by the alloy vs. (1) current density ic,
(2) pH, and (3) temperature T.

The dependence of the component ratio on pH in the
range under study is described by the equation [10]

log [Ni]/[W] = �0.4 + 0.4pH.

The alloy is not deposited to an appreciable extent
from the electrolyte with pH less than 2, and a pre-
cipitate is gradually formed in this electrolyte.

An increase in the sodium acetate concentration
from 100 to 150 g l�1 does not affect the alloy com-
position, but results in an increase in the current ef-
ficiency from 30 to 40%.

Thus, to obtain semilustrous coatings containing
from 5 to 20% tungsten, we can recommend the elec-
trolyte of the following composition (g l�1): nickel
acetate (in terms of the metal) 50, sodium tungstate
(in terms of the metal) 5�20, sodium acetate 100�150;
pH 3�5. The coating is deposited at 20�40�C and
cathodic current density of 10�12.5 A dm�2 using in-
soluble platinum anodes. The current efficiency by
the alloy under these conditions is 30�50%.

The wear resistance of the plated alloy containing
9% W exceeds the resistance of pure nickel by a factor
of 10.
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Abstract�A powder X-ray diffraction study of a polycrystalline sample of ethylenediamine-N, N �-bis(iso-
propylphosphonic) acid dihydrate (Phosphicine drug) isolated from aqueous solution showed that the product
is single-phase. The diffraction pattern allows identification and detection of Phosphicine in mixtures with
other substances. The thermal transformations of the compound were studied by differential thermal and
thermal gravimetric analyses.

Ethylenediamine-N, N �-bis(isopropylphosphonic)
acid, H2O3P�C(CH3)2�NH�CH2CH2�NH�C(CH3)2�
PO3H2 (H4L, Phosphicine) has very low toxicity and
is used in medicine as antidote against toxic and radio-
active metals [1, 2]. H4L forms in aqueous solutions
stable complexes with bi- and trivalent metal cations,
showing selectivity with respect to Cu2+ ions [2�4].
The solid complexes KLnL �nH2O [5] and CuH2L �

2H2O [6] were prepared; the structure of the copper
complex was determined by single crystal X-ray dif-
fraction [6].

In this work, we examined the possibility of identi-
fying ethylenediamine-N, N �-bis(isopropylphosphonic)
acid by powder X-ray diffraction.

EXPERIMENTAL

The powder X-ray diffraction patterns were taken
on a DRON-3M diffractometer (Ni-filtered CuK� ra-
diation, 2� 2��60�). Thermal analysis was performed
with an OD-103 derivatograph (quartz crucible, sam-
ple weight 100 mg) in air in the range 20�500�C at a
heating rate of 2.5 deg min�1. The temperature of the
onset of H4L decomposition was determined by the
procedure described in [7].

H4L �2H2O [TU (Technical Specification) 6-09-14-
1806�75] was of pure grade. The substance was addi-
tionally purified by double precipitation from an alka-
line solution with a mineral acid. For this purpose,
H4L �2H2O was dissolved in 10% NaOH, which was
added dropwise, acidified with 1 M HCl to pH 2, and
left overnight. After that, the crystalline precipitate

was filtered off with a glass frit at reduced pressure,
washed with water to negative reaction of wash waters
for Cl� and then with ethanol, and dried at room tem-
perature to constant weight.

Found, %: C 27.8, H 7.4, N 8.0, P 18.2.
C8H26N2O8P2.
Calculated, %: C 28.24, H 7.70, N 8.23, P 18.21.

Ethylenediamine-N, N �-bis(isopropylphosphonic)
acid crystallizes from aqueous solutions at room tem-
perature in the form of H4L �2H2O. Its experimental
powder X-ray diffraction pattern coincides with that
calculated from the single crystal X-ray diffraction
data for this compound [8, 9] (see table), which indi-
cates, in combination with the analytical data, that
the polycrystalline sample is single-phase. The X-ray
diffraction pattern contains no foreign reflections with
the intensity I � 0.5%.

H4L �2H2O is poorly soluble in water, DMSO,
DMF, acetic acid, ethanol, isopropanol, glycerol, ace-
tone, chloroform, and benzene. It passes into solution
under the action of 1 M solutions of ammonia, alkalis,
sodium carbonate, sodium hydrogen carbonate, and
mineral acids.

Thermal analysis shows that H4L�2H2O starts to
lose water of crystallization at 70�C. The first water
molecule is eliminated fast at a relatively low temper-
ature. Further dehydration (DTAmin 130�C) is slow;
in particular, at 160�C in 1 h H4L �2H2O loses 1.45
water molecules, and the constant weight loss value
of 10.2% corresponding to the loss of 1.9 H2O mole-
cules is attained only after heating for no less than
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Powder X-ray diffraction pattern of ethylenediamine-N, N �-bis(isopropylphosphonic) acid dihydrate*
������������������������������������������������������������������������������������

h k l
� Found � Calculated �

h k l
� Found � Calculated

����������������������������������	 ����������������������������������
� d, � � I, % � d, � � I, % � � d, � � I, % � d, � � I, %

�����������������������������������������
������������������������������������������
1 0 0 � 9.17 � 100 � 9.176 � 99 � 0 4 2 �

2.239

�

3

� 2.246 � 1.5
0 2 0 � 6.42 � 14 � 6.419 � 85 � �1 6 0 � � � 2.238 � 16
�1 2 0 � 6.22 � 0.8 � 6.211 � 4 � �4 1 1 � � � 2.231 � 3
0 1 1 � 5.65 � 8 � 5.648 � 52 � �3 2 2 � � � 2.227 � 1.9
�1 1 1 � 5.13 � 9 � 5.123 � 57 � �2 6 0 �

2.209
�

1.0
� 2.211 � 5

2 0 0 � 4.589 � 36 � 4.588 � 24 � �4 4 0 � � � 2.207 � 1.5
1 1 1 � 4.557 � 18 � 4.549 � 100 � �3 5 1 �

2.195
�

0.9
� 2.197 � 4

�2 2 0 � 4.417 � 2 � 4.414 � 10 � 3 0 2 � � � 2.193 � 1.92
�2 1 1 � 3.821 � 5 � 3.817 � 20 � �4 3 1 � � � 2.190 � 4
�1 3 1 � 3.624 � 3 � 3.617 � 18 � 3 3 1 � 2.069 � 0.6 � 2.073 � 2
0 3 1 � 3.542 � 1.4 � 3.538 � 7 � 0 1 3 � � � 2.069 � 3
�1 4 0 �

3.358
�

13
� 3.361 � 39 � 4 1 1 �

2.030
�

0.2
� 2.034 � 4

2 1 1 � � � 3.351 � 41 � �3 4 2 � � � 2.026 � 1.6
2 2 0 � 3.297 � 1.0 � 3.293 � 3 � 1 1 3 �

1.957
�

0.2
� 1.998 � 2

�2 3 1 �
3.216

�
0.8

� 3.215 � 4 � 1 6 0 � � � 1.957 � 3
0 4 0 � � � 3.209 � 1.1 � 3 2 2 � � � 1.950 � 4
�3 2 0 �

3.149
�

4
� 3.154 � 7 � �5 2 0 �

1.925
�

1.6
� 1.924 � 6

0 0 2 � � � 3.145 � 15 � �2 1 3 � � � 1.922 � 1.9
1 3 1 � 3.058 � 4 � 3.056 � 1.7 � �4 2 2 �

1.907
� 1.0 � 1.909 � 1.5

1 0 2 � 2.969 � 0.3 � 2.975 � 3 � 2 5 1 � � � 1.905 � 1.4
�3 1 1 � 2.856 � 1.6 � 2.852 � 8 � �1 3 3 �

1.881
�

0.3
� 1.894 � 1.6

0 2 2 � 2.826 � 1.0 � 2.824 � 12 � 0 3 3 � � � 1.883 � 1.6
�1 2 2 �

2.785
�

3
� 2.086 � 5 � 2 1 3 � 1.854 � 0.4 � 1.853 � 4

1 4 0 � � � 2.780 � 18 � �1 7 1 �
1.831

�
0.5

� 1.830 � 4
�3 3 1 � 2.665 � 0.8 � 2.665 � 14 � �5 3 1 � � � 1825 � 1.5
�3 4 0 � 2.640 � 0.6 � 2.648 � 2 � �1 6 2 � � � 1.823 � 1.1
1 2 2 �

2.604
�

0.2
� 2.604 � 3 � �4 4 2 � 1.803 � 0.2 � 1.806 � 1.1

2 0 2 � � � 2.594 � 1.3 � 0 7 1 �
1.764

�
0.4

� 1.761 � 1.8
�2 2 2 �

2.557
�

0.6
� 2.561 � 1.5 � �3 1 3 � � � 1.754 � 1.6

3 1 1 � � � 2.552 � 1.3 � 4 3 1 �
1.738

�
0.2

� 1.737 � 1.4
2 3 1 � 2.519 � 0.8 � 2.515 � 8 � �3 6 2 � � � 1.729 � 2
�1 5 1 � 2.475 � 0.5 � 2.475 � 6 � �3 3 3 �

1.707
�

0.1
� 1.708 � 2

�2 5 1 � 2.402 � 0.3 � 2.402 � 2 � �5 5 1 � � � 1.700 � 1.1
0 5 1 � 2.378 � 0.6 � 2.377 � 6 � 1 6 2 � 1.663 � 0.3 � 1.662 � 1.3
�1 4 2 � � � 2.297 � 1.1 � �5 2 2 � 1.641 � 0.3 � 1.641 � 1.7
2 2 2 � 2.274 � 1.0 � 2.274 � 8 � �3 5 3 � 1.560 � 0.2 � 1.563 � 1.3

� � � � � �4 8 0 � 1.554 � 0.3 � 1.553 � 1.1
������������������������������������������������������������������������������������
* (d) Interplanar spacings corresponding to the reflections with the relative intensities I � 1%.

5�6 h. Thermal decomposition of H4L becomes no-
ticeable rate even at 180�C (DTAmin 190, 205�C).
Further heating is accompanied by a major weight
loss due to release of gaseous pyrolysis products
(DTAmin 340�C), with cleavage of the C�P bonds in
the H4L molecule. Medved’ and Rudomino [10] re-
ported for the compound the melting point of 235�
236�C, but we revealed no endothermic effect in the
DTA curve in this temperature region.

CONCLUSIONS

(1) Thermal analysis of ethylenediamine-N, N �-bis-
(isopropylphosphonic) acid dihydrate showed that the
compound has no well-defined dehydration, melting,
and decomposition points suitable for identification.

(2) Powder X-ray diffraction allows reliable check
of the phase purity of the compound and identification
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of this compound in mixtures with other substances,
in particular, in ready drug forms.
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Abstract�The possibility of preparing monochloroacetic acid by oxidation of ethylene chlorohydrin with
nitric acid was examined.

Monochloroacetic acid (MCAA) is widely used in
production of polymers, pesticides, pharmaceuticals,
etc. The main industrial and laboratory procedures for
MCAA synthesis, and also its properties and applica-
tion fields are described in [1]. The main industrial
process for MCAA synthesis, chlorination of acetic
acid, has a number of drawbacks; in particular, di- and
trichloroacetic acids are formed as by-products, and
their separation involves certain problems.

MCAA can be prepared by oxidation of ethylene
chlorohydrin (ECH) with CrO3 [2], but this procedure
is of little promise for industrial use because of toxic-
ity and high cost of the oxidant.

In this work, we prepared MCAA by oxidation of
ECH with nitric acid, a readily available and relatively
cheap oxidant used in industry for preparing carboxyl-
ic acids (e.g., oxalic, adipic) [3]. Oxidation of ECH
was performed with 60�80% HNO3; ECH was added
at 20�25�C. The reaction was accompanied by slight
warming-up and release of nitrogen oxides coloring
the reaction mixture. After that, the temperature in-
creased to 60�70�C, with vigorous evolution of ni-
trogen oxides.

ECH is oxidized with nitric acid to MCAA more
difficultly compared to unsubstituted alcohols [3].
Presumably, oxidation of ECH with concentrated
HNO3 involves intermediate formation of ECH ni-
trates and nitrites [4, 5], which are relatively stable in
an electrophilic medium. When kept in an acid solu-
tion, these ECH esters decompose to MCAA.

EXPERIMENTAL

The IR spectrum of MCAA in Vaseline oil was re-
corded on a UR-20 spectometer. The 1H NMR spec-
trum of MCAA was taken in acetone-d6 on a Tesla-
497 spectrometer (working frequency 100 MHz) at
room temperature against internal HMDS.

ECH was of pure grade; technical-grade 97%
HNO3 was diluted to the required concentration with

distilled water.

To prepare monochloroacetic acid, ECH (17 g,
0.2 mol) was added with stirring at 20�25�C to 80%
HNO3 (63 g as calculated on 100% HNO3, 1 mol).
In the process, the temperature rose by 2�3�C, and
nitrogen oxides (which were not analyzed) were re-
leased. After stirring for 0.5 h, the mixture became
colorless owing to removal of nitrogen oxides. Then
the stirring was stopped, and the temperature of the
reaction mixture was controlled, so as to prevent self-
heating above 60�70�C. After reaction completion,
the mixture was stirred at 20�C to remove nitrogen
oxides; unchanged HNO3 and H2O were distilled off
in a water-jet-pump vacuum. The bottom residue was
transferred into a beaker, in which it crystallized with-
in 20�30 min. The crystalline precipitate was filtered
off and dried in air; yield of MCAA 16.5 g (85%), mp
62�C [from chloroform; published data [1]: mp 63�C
(�-modification)]. IR spectrum, �, cm�1: 1716, 2100�
3250 (COOH). 1H NMR spectrum, �, ppm: 4.0 s (2H,
CH2Cl), 10.0 s (1H, COOH).
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AND CHEMICAL TECHNOLOGY

Professor Yakov Ivanovich Gerasimov
(to Centennial Anniversary of His Birthday)

Corresponding member of the Academy of Sciences
of the USSR Yakov Ivanovich Gerasimov, a scientist,
pedagogue, and research organizer, made an outstand-
ing contribution to the development of physical
chemistry and its most important branch, chemical
thermodynamics, in our country. All his main scientif-
ic and pedagogical activities had been associated with
the Moscow State University for more than 60 years.

Ya.I. Gerasimov was born on September 23, 1903,
in Valdai, Novgorod province, into a doctor’s family.
Despite the early death of their father, the children
were excellently educated and bred thanks to the ef-
forts of their mother. Beginning in his childhood, the
scientist-to-be was quite at home in English, French,
and German, was familiar with history and literature,
and practiced music. In 1920, he finished a secondary
school in Rybinsk, Yaroslavl province, and in the
same year entered the chemical division of the Phys-
icomathematical Faculty of the Moscow University.
Among the teachers with whom his was the closest
were I.A. Kablukov (1857�1942) and A.V. Rakovskii
(1879�1941). Kablukov was one of the first physical
chemists and a contemporary of D.I. Mendeleev
(1834�1907). He worked at A.M. Butlerov’s (1828�
1886) laboratory in St. Petersburg and W. Ostwald’s
(1853�1932) laboratory in Leipzig, was on friendly
terms with S. Arrhenius (1859�1927) and well ac-
quainted with van’t Hoff (1852�1911), and made a
major contribution to the development of the theory
of solutions, thermochemistry, and other fields of
physical chemistry and chemical engineering. He
became an honorary member of the Academy of
Sciences of the USSR in 1932. Particularly strong in-
fluence was exerted on the formation of Gerasimov’s
scientific view of the world by Rakovskii, whose
main studies were concerned with problems of chemi-
cal thermodynamics and with heterogeneous equi-
libria. Rakovskii was the author of one of the best
domestic textbooks of physical chemistry (1938) and
became a corresponding member of the Academy of
Sciences of the USSR in 1933.

Gerasimov graduated from the University in 1925;
however, already beginning in 1923 he worked as
laboratory assistant with Kablukov and performed

demonstrational experiments during his lectures. Later,
Gerasimov made a scientific career from postgraduate
student to professor (1942) and head of the chair of
physical chemistry at the Moscow University (1952).
He became candidate of chemistry in 1935 and doctor
of chemistry in 1940. In October 1953, he was elected
a corresponding member of the Academy of Sciences
of the USSR (Division of Chemical Sciences, Phys-
ical Chemistry). In addition to working at the Uni-
versity, Gerasimov took an active part in research
conducted at the Institute of Nonferrous Metals
(Gintsvetmet), headed the Chemical Editorial Office
at the State Publishing House for Foreign Literature,
and delivered lectures at a number of higher school
institutions in Moscow.

Gerasimov’s scientific activities, commenced in
1925, were devoted to a wide variety of thermo-
dynamic problems largely associated with the needs of
the industrial practice. His studies of 1927�1934, con-
cerned with equilibria in water�salt systems, were per-
formed at laboratories of Moscow University and the
Institute of Pure Chemical Reagents, where Rakovskii
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worked. The first Gerasimov’s publication was titled
�On Synthesis of Chemically Pure Ammonium Bi-
chromate� [Trudy Instituta Chistykh Khimisheskikh
Reaktivov (Transactions of the Institute of Pure Chem-
ical Reagents), 1927]. Rakovskii always demanded
that the research techniques and results obtained
should be highly reliable. This feature also became
characteristic of his disciples [1].

Already in the early 1930s, Gerasimov commenced
investigations in the field of thermodynamics of met-
allurgical systems and processes. Together with his
co-workers, he studied heterogeneous equilibria in-
volving sulfides and other compounds of zinc, lead,
copper, nickel, and cobalt with hydrogen and carbon
monoxide in order to obtain data on the thermodynam-
ic characteristics of the corresponding processes.
A number of original investigation techniques were
developed. The results obtained in the series of metal-
lurgical studies were summarized in Gerasimov’s
doctoral dissertation.

In 1932�1934, Gerasimov and A.N. Krestovnikov
published a three-volume textbook Khimicheskaya
termodinamika v tsvetnoi metallurgii (Chemical Ther-
modynamics in Nonferrous Metallurgy) presenting a
vast body of reference data on thermodynamic proper-
ties of a large group of nonferrous metals and their
most important compounds. Later (1960�1973), this
book was much expanded (to seven volumes). The
authors collected, treated, and critically assessed pub-
lished evidence concerning the thermodynamic prop-
erties of hundreds of compounds that are of interest to
chemists and metallurgists.

Of particular interest are reviews of topical publica-
tions, written by Gerasimov in different years:
�Chemical Thermodynamics and Molecular Spectra�
(Usp. Khim., 1933, no. 4), �On Thermodynamics of
Metal�Slag Equilibria� (Stal’, 1947, no. 1), �Activity
of Metallic Oxides in Melts with Silica and Calcium
Oxide� (Stal’, 1947, no. 5), and �Thermodynamic
Properties of Solid and Liquid Metallic Melts and
Their Relationship with Phase Diagrams� (Zh. Fiz.
Khim., 1967). All the reviews are characterized by
rigorous and simple manner of presentation. Gerasi-
mov was among those who initiated the introduction
of statistical methods for calculation of thermodynam-
ic quantities in our country.

Beginning in 1943, Gerasimov headed the labora-
tory of chemical thermodynamics at the chair of
physical chemistry, Moscow State University. The
main task of the laboratory during the postwar years
was to search for heat-resistant materials and coatings,
required by new technologies. In this context, wide-

scale investigations of the thermodynamic properties
of ferrites, tungstates, and molybdates were carried
out. In the early 1950s, the emf method started to be
used at the laboratory for studying the thermodynamic
characteristics of liquid and solid metal alloys and,
later, oxides and salts of rare metals. Solid electrolytes
with anionic conduction (oxygen- and fluorine-ionic)
found wide use together with molten and solid elec-
trolytes with cationic conduction. The saturated vapor
pressure was measured, and its molecular composition
was studied, using versions of the Knudsen method.
Rather advanced and diverse investigation techniques
made it possible to expand substantially the variety of
objects that could be studied. New data were obtained
on the thermodynamic properties of quite a number of
alkali metal containing alloys, chalcogenides, and
alloys and compounds of rare-earth metals. The gen-
eral goal of these studies was to create thermodynamic
foundations of materials science. Calculation methods
of chemical thermodynamics, combined with the
known thermodynamic functions of substances, make
it possible to prodict properties of a material syn-
thesized from these substances. During the entire
period of his scientific activities, Gerasimov always
strove to introduce thermodynamic data into practice.
This standpoint of the scientist was clearly reflected in
his publications �Thermodynamics of Solutions at
High Temperature and Its Use in Theoretical Metal-
lurgy� (Usp. Khim., 1945, no. 4) and �Chemical Ther-
modynamics and Some Promising Fields of Its Ap-
plication� (in co-authorship with G.F. Voronin, Vestn.
Akad. Nauk SSSR, 1970, no. 3). Gerasimov also wrote
�Review of Research at the Laboratory of Chemical
Thermodynamics, Chemical Faculty, Moscow State
University� [2], in which particular attention was
given to studies in the field of thermodynamics of
intermetallic compounds and metal oxides, carried out
at the laboratory in 1953. Studies of the preceding
period of time were also briefly reviewed.

In 1981, Gerasimov was among those who were
awarded a State Prize of the USSR for investigations
in the field of thermodynamics.

During the entire period of his many-year peda-
gogical activities, Gerasimov paid much attention to
improving the methods for teaching of physical chem-
istry at higher-school institutions of our country.
He headed a group of authors, edited the whole manu-
script, and wrote himself the chapters devoted to
foundations of thermodynamics, thermodynamics of
solutions, chemical equilibrium, and electrochemistry
in creating a fundamental textbook Kurs fizicheskoi
khimii (Course of Physical Chemistry) (two volumes,
for chemical faculties of universities) published in two
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editions (1963 and 1973) and translated into English,
Spanish, Arabic, and Azerbaijani. Gerasimov paid
much attention to methodological problems associated
with teaching of physical chemistry. Of much interest
are his papers �On the Object and Scope of Physical
Chemistry� [3] and �On Some Fundamental Concepts
of Thermodynamics� [4]. During many years, Gerasi-
mov delivered a course of lectures in physical chemis-
try and special courses �Thermodynamics of Solu-
tions� and �Selected Chapters of Thermodynamics.�
Together with V.A. Geiderikh, he wrote a book Ter-
modinamika rastvorov (Thermodynamics of Solu-
tions) (1980). Gerasimov translated into Russian or
edited translations of numerous foreign publications.
In particular, he was the scientific editor of transla-
tions of a two-volume course of physical chemistry by
Moelwyn-Hughes (1962) and a monograph by
A. Munster (1971).

A number of Gerasimov’s papers were concerned
with history of chemistry. These papers analyzed in-
vestigations of the solubility of carbon dioxide in salt
solutions (1952) carried out by I.M. Sechenov (1829�
1905), mutual solubility of liquids (1950) carried out
by V.F. Alekseev (1852�1919), and adsorption and
thermodynamics of irreversible processes (together
with A.V. Kiselev, 1949) performed by Rakovskii.

During nearly 30 years, Gerasimov headed the
largest chair of physical chemistry, which included
11 laboratories with more than 400 staff members.
The scientist and pedagogue, he possessed exceptional
personal qualities, being a good-wishing man adhering
to his principles, with extensive life experience, and
was greatly respected both in our country and abroad.
Gerasimov conducted extensive scientific-organiza-
tional work. During many years, he headed the Scien-
tific Council for chemical thermodynamics and ther-
mochemistry of the Academy of Sciences of the
USSR. For more than 25 years, till the end of his life,
he was Editor-in-Chief of Zhurnal Fizicheskoi Khimii
(Soviet, now Russian Journal of Physical Chemistry)
published by the Academy of Sciences and a member
of the editorial board of the international journal
devoted to chemical thermodynamics (Journal of
Chemical Thermodynamics). During 10 years he was
a member of a committee of IUPAC. He knew per-
sonally, and maintained scientific contacts with most

of the leading world’s specialists in chemical thermo-
dynamics.

For his services in the training of highly skilled
scientists and pedagogues and in the development of
the domestic science Gerasimov was honored with
a number of State awards.

Yakov Ivanovich Gerasimov passed away on
March 17, 1983 at the age of 79. The domestic chemi-
cal science suffered a grievous loss. In 1988, the
Nauka publishing house published posthumously
selected works of the scientist [5], prepared by staff
members of the laboratory of chemical thermodynam-
ics, Chemical Faculty, Moscow State University. The
foreword of the collection of works mentioned that
the main merit of Gerasimov and his school consists
in that they developed experimental techniques for
thermodynamic investigations and obtained, using
these techniques, a large body of data on properties of
various substances and materials of interest to science
and technology.

All those who knew Yakov Ivanovich Gerasimov,
a prominent scientist and excellent person, deeply
respected and sincerely liked him.
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Professor Aleksandr Leonovich Rotinyan
(1913�1991)

Aleksandr Leonovich Rotinyan, a remarkable
person and prominent scientist who tirelessly paved
new ways in electrochemical science and technology,
a talented pedagogue who supplied Russia’s electro-
chemical school with highly skilled specialists, would
be 90. During many years he had been a member of
the Editorial Board of Zhurnal Prikladnoi Khimiii
(Soviet, now Russian Journal of Applied Chemistry)
and took an active part in its work.

Aleksandr Leonovich Rotinyan was born on
August 13, 1913, in St. Petersburg. His father, Leon
Aleksandrovich Rotinyan (1879�1964), was a lecturer
at the chair of physical chemistry and theoretical elec-
trochemistry at the St. Petersburg Polytechnic Insti-
tute. Later, Professor L.A. Rotinyan, a known physi-
cal chemist, delivered lectures at a number of higher-
school institutions of Russia.

In 1935, A.L. Rotinyan graduated from the Chemi-
cal Faculty of the Yerevan Polytechnic Institute, and in
1938, finished his postgraduate education at the Le-
ningrad Polytechnic Institute. A.L. Rotinyan’s scien-
tific and pedagogical activities, which he commenced
as docent at the Novocherkassk Polytechnic Institute,
were interrupted by the beginning of the war. From
June 1941 till September 1945 he served in Soviet
Army and participated in action at the Leningrad
Front. His war merits are honored with Government
awards.

During the period from 1945 till 1960, A.L. Roti-
nyan’s activities were associated with the Gipronikel’
research and design institute, where he made a career
from senior researcher to deputy director for research
work. There, extensive research and technological
work were carried out under his direct supervision,
with his most active personal involvement, in the
fields of hydrometallurgy of nickel, kinetics of calci-
nation processes, leaching, cementation, hydrolysis,
hydration, and formation of difficultly soluble hy-
drates and basic salts that are in equilibrium with
the solid phase.

The set of these investigations served as a basis for
the development of an industrial process for manufac-
ture of high-purity nickel suitable for preparing heat-
resistant nickel-based alloys. Aleksandr Leonovich

was awarded, together with specialists from the Gi-
pronikel’ institute and Severonikel’ combine, a 1949
State Prize of the USSR in science and technology.
High-purity domestic nickel is manufactured up to
now at two largest combines of the country by the
technology suggested and introduced by Rotinyan and
co-workers at the Severonikel’ combine in 1947�
1948.

The fundamental studies in the theory of joint dis-
charge of ions in electrolytic deposition of metals,
published by A.L. Rotinyan and V.L. Kheifets in
1952�1953, found use in various fields of chemical
technology and led to further development of the
theory. Highly important were studies, carried out in
the same years, in the field of dissolution kinetics of
solids with complex composition, and also develop-
ment and introduction of a new intensified method for
synthesis of nickel carbonyl. In 1952, A.L. Rotinyan
became doctor of engineering.

Further scientific and pedagogical activities of
Aleksandr Leonovich were associated with the Len-
sovet Technological Institute in Leningrad; he became
a professor in 1960 and headed the chair of tech-
nology of electrochemical industries in 1969.
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The investigations carried out by A.L. Rotinyan
and his disciples during 30 years were related to the
most important directions of modern theoretical and
applied electrochemistry. A major contribution to
theory and practice was made by studies concerned
with the mechanism and fundamental kinetic aspects
of metal electrodeposition processes, considered with
account of the acidity of the near-electrode layer,
process stages, and ionic equilibria in solution. In-
vestigations concerned with joint discharge of zinc
and hydrogen ions at a zinc electrode, redox potentials
of cobalt ions, and kinetics of electrodeposition of
nickel�cobalt, iron�cobalt, and iron�nickel alloys
were carried out at the institute. The method of a
microscopic glass electrode, suggested by A.L. Roti-
nyan for measuring the acidity of the near-electrode
layer, found use at numerous domestic and foreign
laboratories.

Mention should be made of a series of investiga-
tions by A.L. Rotinyan and co-workers in the field of
chemical power cells. These studies were aimed both
to improve the already existing electric power sources
and to develop new systems with the use of organic
solvents. Aleksandr Leonovich supervised studies of
main physicochemical properties of inorganic salts in
aprotic organic solutions, equilibria in halide solutions
of zinc and cadmium in dimethylacetamide and di-
methylformamide, kinetics and mechanism of electro-
chemical reactions of lithium charging�discharge in
ethers, and reduction of metal oxides and chalcoge-
nides in organic solvents.

The concepts of the course of electrode reactions,
suggested by A.L. Rotinyan, which are extensively
used by researchers to solve widely varying problems
of applied electrochemistry, served as a basis for
the development of new directions in electrochemical
technology.

A.L. Rotinyan was a talented pedagogue who
trained a great number of engineers and candidates of
science, working successfully in the industry and at

higher-school institutions in our country and abroad.
He was the author of more than 300 scientific papers,
books, and inventions. A.L. Rotinyan took an active
part in writing the textbook Prikladnaya elektrokhi-
miya (Applied Electrochemistry), which ran through
three editions, and monographs Teoreticheskaya elek-
trokhimiya (Theoretical Electrochemistry), Optimiza-
tsiya proizvodstva khlora (Optimization of Chlorine
Manufacture), and Osnovy metallurgii (Foundations of
Metallurgy).

Rather diverse and fruitful were A.L. Rotinyan’s
scientific-organizational activities. As a prominent
specialist in applied electrochemistry he headed the
Electrochemical Technology Section of the Scientific
Council for Electrochemistry at the Academy of
Sciences of the USSR, was a member of the Editorial
Board of Elektrokhimiya (Electrochemistry) journal,
supervised the permanent seminar on electrochemistry
of the Znanie (Knowledge) society, and was Chairman
of the Specialized Council for conferring scientific
degrees at the Technological Institute.

Aleksandr Leonovich Rotinyan was a scientist with
encyclopedic knowledge and a broad-minded person
of high culture. His surprising intuition helped him to
distinguish promising directions of research, which
were invariably supported by him.

Any person who was acquainted with A.L. Roti-
nyan was subject to the charm of his vivid personality.
Colleagues and disciples remember Aleksandr Leono-
vich as an exceedingly well-wishing person always
ready to give help to those who addressed him and to
support them.

A.L. Rotinyan died on March 30, 1991, at the age
of 77. Aleksandr Leonovich belongs to those who will
be always remembered by grateful disciples and col-
leagues.

K. I. Tikhonov, A. G. Morachevskii,
L. V. Volkov, and Z. P. Arkhangel’skaya
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XI International Conference on Chemistry of Organic
and Organoelement Peroxides

The 11th International Conference on Chemistry of
Organic and Organoelement Peroxides was held from
June 24 to 26, 2003 in Moscow. The conference was
organized on the basis of the Semenov Institute of
Chemical Physics, Russian Academy of Sciences (ICP
RAS), Moscow and Emanuel Institute of Biochemical
Physics, Russian Academy of Sciences (IBCP RAS),
Moscow.

The Conference organizers were the Russian Acad-
emy of Sciences, ICP RAS, IBCP RAS, Russian
Foundation for Basic Research (RFBR), and Loba-
chevsky State University (Nizhni Novgorod).

The conference participants were more than 450
scientists representing 52 research centers from Russia
and CIS countries. The Conference was held in the
form of a series of minisymposia on 5 dedicated
topics. In the opening ceremony, V.L. Antonovskii,
E.T. Denisov, and A.A. Berlin outlined the topicality
of the problems concerning synthesis, properties, and
applications of peroxides from the theoretical and
applied standpoints. Peroxides were said to represent
an important class of chemical compounds taking
a great part in chemistry, biology, and medicine.

The motto of the Conference was �Chemistry of
Peroxides on the Way to the Third Millenium,� and
the major attention was paid to results obtained in this
area in the last four years. The problems considered
at the conference included questions of theoretical
chemistry (homolysis models, spin chemistry, cataly-
sis, redox reactions, rearrangement, structure�reactiv-
ity relationship, transformation of the chemical energy
to the light energy, chain reactions), polymer chemis-
try and technology (initiation of radical polymeriza-
tion, cross-linking, functionalization), chemical in-
dustry (foundry, fuel additives, bleaching of fabrics
and other materials, adhesive and varnish components,
combustion, film coating); biology (normal and
pathological processes; lipid oxidation; synthesis of
steroids, prostaglandins, etc.; chemiluminescence of
organisms), ecology (atmospheric processes, autooxi-
dation, biochemical oxidation in water and soil), and
synthesis (radical reactions, synthesis of alcohols and
ketones, epoxidation).

The first session of the Conference was devoted to

the problems of synthesis and reactivity of peroxides.
The session included 20 oral and 26 poster presenta-
tions. Particular emphasis was made on such ques-
tions as interaction of peroxides with various organic
and inorganic compounds, synthesis and reactivity of
peroxides, determination of the rate constants of reac-
tions of peroxy radicals with organic and inorganic
compounds, photooxygenolysis, kinetics and mech-
anisms of oxidation of various chemical groups by
peroxides, calculation of bond (dissociation) energy of
various peroxides, and quantum chemical study of the
structure and conformations of peroxides.

The second session covered the problems of physi-
cal and analytical chemistry of peroxides. The session
included 8 oral and 17 poster presentations devoted to
the kinetic features of decomposition of peroxides,
calculation of the activation volume of thermal trans-
formation of peroxides, effect of surfactants on de-
composition of peroxides, new supramolecular model
for the mechanism of peroxide decomposition, theoret-
ical estimation of the formation enthalpies and dis-
sociation energies of �O�O� bonds, quantum chemical
calculation of the kinetic parameters of decomposition
of organic and inorganic peroxides, and catalyzed and
inhibited decomposition of peroxides.

The topic of the third session (28 oral and 31 poster
presentations) was the study of peroxides as interme-
diate products of oxidation in chemical and biological
processes. In this session, a particular attention was
paid to oxidation of lipids with microbial lipoxyge-
nase, the chain mechanism of decomposition of per-
oxides, effect of nanostructures in hydrocarbons on
the oxidation mechanism, effects of antioxidants and
peroxides on the plant cell growth as influenced by
the physicochemical parameters of elementary reac-
tions, development of supramolecular catalysts, and
characterization of oxidation products.

The fourth session �Peroxides in Organic Syn-
thesis, Polymer Processing, and Other Processes� in-
cluded 6 oral and 28 poster presentations covering
such problems as determination of explosive charac-
teristics of organic peroxides, modification of poly-
meric surfaces with peroxides, synthesis of new ini-
tiators of radical telomerization, development of new
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principles of homolytic phosphorylation, the use of
peroxides in manufacture of mold cores and casting
molds, the use of oligomeric peroxides for preparation
of petroleum polymer epoxy resins, and application of
functionalized peroxides as reagents for synthesis of
peroxy monomers, surface-active initiators, and reac-
tive surface modifiers.

Finally, the fifth session (13 oral and 12 poster
presentations) covered the problems of ecology and
the use of hydrogen peroxide for sterilization. The
participants reported on new chemical disinfectant
based on environmentally friendly hydrogen peroxide,
new metal�containing catalysts based on hydrogen
peroxide, reactions of hydrogen peroxide with metal
porphyrins, photocatalyzed synthesis of organic com-

pounds, general questions of applications of hydrogen
peroxides in the environmental chemistry, etc.

The Conference showed that peroxides, as chemical
compounds, continue to attract close attention of
chemical researchers and practical persons, the bio-
chemical, biological, and even medical aspects of per-
oxide research being of steadily growing interest.

The next 12th Conference will be held in 2006.
The abstracts of the 11th Conference are available
from the library of the Institute of Chemical Physics,
RAS, and the proceedings will be published in 2004
in the United States (Nova Science Publishers,
New York).

G. E. Zaikov, L. L. Madyuskina, and L. A. Zimina
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14th Annual BCC Conference on Flame Retardancy
�New Technological Achievements and Developments

in the Field of Flame Retardancy of Polymer Materials�
(FR Materials, Applications, Scientific and Technological

Achievements, Market for FR Products)

The 14th Annual Conference on Flame Retardancy
of Polymer Materials was held from June 2 to 4, 2003
in Stamford, Connecticut (the United States). The
Conference was organized by the Business Communi-
cations Co (BCC).

The Conference covered the following topics:

(1) review of the current state of science and tech-
nology in FR;

(2) review of the applications and markets for FR
products;

(3) recent developments in local and global stan-
dardization and in testing technology;

(4) problems of toxicity and environmental issues;

(5) halogen-based and non-halogen-based flame-
retardant chemicals, synergism, intumescence, FR
mechanisms, modeling, flame parameters, and in-
herently FR polymers.

(6) review of developments on fire control, con-
tainment, and FR enablement.

The 2003 highlights were as follows: nanomateri-
als, flame-retarding steel components, new fabric and
vehicle FR developments, and news from Europe. The
conference participants were about 100 scientists from
the Unites States, Canada, Russia, the United King-
dom, Israel, France, Belgium, Germany, Italy, and
Poland. Professor Menachem Lewin, who is the Pro-
gram Chairman of this annual conference for already
14 years, in his opening remarks outlined that poly-
mer combustion studies demonstrate a need in devel-
oping both theoretical and applied approaches in their
close interlink. The reports presented at the Confer-
ence were discussed in five sessions. The first session
�Review and Mechanism of Flame Retardancy� in-
cluded six oral presentations. T.R. Hull (the United
Kingdom) in his lecture reported on combustion
studies in a purser furnace; T. Kashiwagi (the Unites
States), on flame retardant mechanism of polymer
clay nanocomposites; J.E.J. Staggs (the United King-

dom), on simulation of thermal degradation of linear
polymers; and M. Nyden (NIST), on a unified reaction
rate theory for large molecules in condensed phases.

Two other reports presented at this session were
devoted to new developments in FR polyurethanes
[S. Levchik (the Unites States)] and environmental
aspects in polymer FR [G.E. Zaikov and S.M. Loma-
kin (Russia)].

The second session �Halogen- and Non-Halogen-
Based FR Systems� included eight oral and one poster
presentations. A.R. Horrocks (the United Kingdom)
reported on the capacity of heavy metal ions to en-
hance the flame-retardant activity of ammonium poly-
phosphate; Dr. Shiow-Ching Lin (the Unites States),
on fire resistance of fluoropolymers; and I. Finberg
(Israel) and T. Geran (the United States), on develop-
ment of fire-retarded plastics with reduced content or
no presence of antimony trioxide.

The next four reports were devoted to applications
of silicone-phosphonates [S. Gallagher (the United
States)], enhanced performance of phosphate- and
sulfonate-based intumescent agents [P.S. Rhodes (the
United States)], improvement of the fire behavior of
PVA-using binary and ternary mineral compositions
[J.M. Lopez-Cuesta (France)], and use of iron com-
pounds in non-halogen FR systems [E.D. Weil (the
United States)]. Finally, K.K. Shen (the United States)
reported on firebrake zinc borates as fire retardants in
halogen-free polyolefins.

The poster presentation made by J. Hicks, P.J. Da-
vies, A. Alderson, and A.R. Horrocks (the United
States) provided information on the burning behavior
of polyacrylonitrile fiber-forming polymers in the
presence of phosphorus-containing FRs. The third ses-
sion �Flame Retardancy of Nanocomposites� included
six oral presentations. In the first one, S. Bourbigot
and J.W. Gilman (NIST), C.A. Wilkie, and A.B. Mor-
gan (both the United States) examined the problems
of processing, characterization, thermal stability, and
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flammability of polystyrene clay nanocomposites.
The talk was followed by a fruitful discussion. Then
S. Padbury (the United Kingdom) reported on the ef-
fect of P-containing flame retardant and nanoclays
on behavior of polyamides 6 and 6.6. The next four
talks were devoted to progress on nanostructurated
flame retardants [G. Beyer (Belgium)], recent ad-
vances in fire retardancy based on nanocomposites
[C.A. Wilkie (the United States)], fire performance of
polystyrene/silica nanocomposites prepared by extru-
sion [G.L. Nelson (the United States)], and regulatory
activity governing brominated flame retardants in
Europe and the United States [T. Hull (the United
Kingdom)]. The fourth session �Consumer Focus�
Industrial Applications� included eight oral presenta-
tions. The first four talks were devoted to the thermal
and fire behavior of polypropylene/flax biocomposites
[B. Schartel (Germany)], the use of red phosphorus
for flame proofing of polyolefins [N. Gatti (Italy)], ig-
nitability of wood treated with different FRs [R. Koz-
lowski (Poland)], and cotton batting barriers for
soft furnishings [S. Wolf, P.J. Wakelyn (the United
States)]. In the next four reports, the authors discussed
thermal stability and FR of rigid PU foams [K. Pieli-
chowski (Poland)], new developments in durable
flame retardant finishing of cotton textiles [C.Q. Yang
(the United States)], halogen content analysis of fire
redardants [R. Fehrenbach (the United States)], and

new FR materials for military applications [U. Sora-
thia (the United States)].

The final fifth session �Testing Standards and
Toxicity� included seven oral presentations. The first
one entitled �How to Get Your Product CE-Labeled?
First Experiences with Euroclasses� was presented
by P.Vandervelde (Belgium). J.S. Stimitz (the United
States) talked about properties of plastic materials
for use in 42 volt automotive applications, and
M.M. Hirschler (the United States), about fire hazard
assessment of personal computers in a home and in
a small office. The next four reports in this session
were devoted to studies on the combustion behavior
of polystyrene systems flame retarded with phos-
phorus [D. Price (the United States)], comparison of
fire properties of automotive materials [M.L. Janssens
(the United States)], the correlation of heat release
calorimetry measurements [R. Filipczak (the United
States)], and potential effects of combustion products
of brominated fire-retardant chemicals on egress time
in home fire scenarios [T.A. Thomas (the United
States)].

The 14th Conference on Flame Retardancy of Poly-
mer Materials showed that the problems considered
are of great importance for science and technology.
The next 15th Conference will be held in Stamford,
Connecticut (the United States) in 2004.

G. E. Zaikov, M. I. Artsis, and L. L. Madyuskina
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REVIEWS

Motov, D.L., Fizikokhimiya i sul’fatnaya tekhnologiya titano-
redkometall’nogo syr’ya (Physical Chemistry and Sulfate

Technology of Titanium�Rare-Metal Raw Materials)

Apatity: Kol’skii Nauchnyi Tsentr Ross. Akad. Nauk, 2002, part 1, 189 pp.; part 2, 163 pp.

In the Kola Peninsula, there are unique deposits of
titanium�rare-metal raw materials. Of particular
importance among titanium-containing minerals are
perovskite, sphene, and titanomagnetite, and also
loparite, which is a complex titanium�rare-metal raw
material. Of chief interest among zirconium minerals
are eudialyte and baddeleyite. For all of the titanium-
containing ores found in the Kola Peninsula there are
rather efficient dressing schemes yielding various
concentrates of required composition.

The main industrial products produced by one or
another scheme for processing of complex titanium or
zirconium raw materials are titanium dioxide for vari-
ous purposes, titanium tetrachloride, technical-grade
niobium pentoxide with admixtures of titanium and
tantalum, niobium and titanium pentoxides for manu-
facture of the metals, concentrates of rare-earth ele-
ments, and zirconium dioxide as refractory material.

The choice of a technique for processing of titani-
um�niobium raw materials is largely determined by
the kind of titanium products to be manufactured.
D.L. Motov’s monograph, devoted to physicochemi-
cal foundations and technology of sulfuric acid proc-
essing of titanium�rare-metal raw materials, com-
prises two parts. The first part covers the physico-
chemical foundations of sulfuric acid technology for
recovery of titanium, zirconium, and hafnium com-
pounds from titanium�rare-metal raw materials and
also the results of development of flowsheets for
integrated sulfuric acid processing of loparite, sphene,
and titanomagnetite. The second part discusses sulfur-
ic acid processing of other kinds of raw materials:
of titanate (perovskite), titanosilicate (leucoxene), and
zirconium (eudialyte, baddeleyite) types.

Using methods of physicochemical analysis, the
author obtained a vast body of reference-type data on

solubility in the systems MeO2�SO3�H2O (Me = Ti,
Zr, Hf) at temperatures ranging from 20 to 300�C, and
also on more complex equilibria. Sulfate and sulfato-
metallate compounds isolated in studying the systems
are characterized using chemical, crystal-optical,
X-ray phase, and thermogravimetric analyses.

The process characteristics of breakdown of lopar-
ite, perovskite, and sphene concentrates with sulfuric
acid or its mixture with ammonium sulfate are de-
scribed. In processing of loparite, titanium can be
separated from niobium and tantalum. The first part of
the monograph also presents results obtained in study-
ing and optimizing sulfuric acid processing of sphene,
which is one of the most important minerals of the
Khibins. In addition to being a component of apatite�
nepheline ores, sphene forms in the Kola Peninsula
separate ore deposits. Processing of sphene can give
various pigments.

The second part of the monograph considers meth-
ods of integrated processing of titanate and titanosili-
cate raw materials to obtain titanium dioxide pigment.
Zirconium (hafnium) compounds can be recovered
from eudialyte of complex composition, whose ores
are mainly found in the Lovosero massif, and from
baddeleyite, natural zirconium dioxide, which is an
admixture mineral in one of iron-ore deposits in the
Kola Peninsula. The final section of the second part
contains evidence concerning certain fields of applica-
tion of titanium and zirconium compounds.

Motov’s monograph, published in an edition of
only 100 copies, is packed with experimental material
and flowsheets. The book is intended for a relatively
small audience of readers specialized in processing of
the above-mentioned kinds of raw materials or in use
of the products obtained.

A. G. Morachevskii
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REVIEWS

Habashi, F., From Alchemy to Atomic Bombs: History
of Chemistry, Metallurgy, and Civilization

Quèbec City (Canada): Laval University, 2002, 357 pp.

The book written by F. Habashi, a know Canadian
scientist working in the field of nonferrous metal-
lurgy, considers in a sufficiently popular form a wide
variety of problems associated with the development
of chemistry, physics, and metallurgy from the ancient
times till the present days. Particular value and attrac-
tiveness is imparted to the book by the richest illustra-
tive material, photographs of scientists, various events,
commemorable places, process schemes, etc. (the
book contains 223 illustrations, 30 of these colored).
All the photographs and drawings are of extremely
high quality. Separate sections of the book had been
published, mainly in not readily available Canadian
journals.

The book comprises 11 small chapters and has
author and bibliographic indexes. Chapter 1 (Mythol-
ogy, pp. 1�22) presents evidence of historical-
mythological nature and pays much attention to the
origin of the names of metals, associated with various
mythological characters (from cobalt, 1735, to prome-
thium, 1945; a total of 15 metals). Chapter 2 (The
Four Elements, pp. 23�46) describes the concepts of
Empedocles (ca. 490�430 BC), an ancient Greek
philosopher who recognized four elements: fire, air,
water, and soil, naming them �roots of all.� Also con-
sidered are the viewpoints of other philosophers:
Aristotle (384�322 BC), Galen (130�201), Agricola
(1494�1555), and the philosophy of Zoroaster pro-
phet. Chapter 3 (Alchemy, pp. 47�100) is devoted to
the origin and development of alchemy. Chapter 4
(The Alchemists, pp. 102�154) presents brief bio-
graphic evidence concerning a large number of scien-
tists who were, to varied extent, on the standpoint of
alchemy both in Arab countries and, later, in West
Europe. To these belong Ibn Sina (Avicenna) (980�

1036), T. Paracelsus (1493�1541), van Helmont
(1577�1644), R. Boyle (1627�1691), G.E. Stahl
(1660�1734), and other scientists.

Chapter 5 (Reform in Chemistry, Mineralogy and
Metallurgy, pp. 155�182) includes materials charac-
terizing the reform in natural sciences in the XVIII
and XIX centuries. Special attention is given to the

works of A. Lavoisier (1743�1794), who was the first
to cast doubt on the theory of phlogiston. Together
with a number of other scientists, Lavoisier developed
principles of a new chemical nomenclature, published
his �Elementary Course of Chemistry,� and made
a number of major discoveries. The chapter recognizes
the merits of J. Dalton (1766�1844), reforming activi-
ties of J.J. Berzelius (1779�1848), and works of
F.A. Kekulé (1829�1896), S. Cannizzaro (1826�1910),
and quite a number of other outstanding scientists
of the XIX century.

Chapter 6 (Discovery of Electricity, pp. 183�210)
is devoted to the investigations which led to the dis-
covery of electricity 200 years ago. L. Galvani (1737�
1798), A. Volta (1745�1827), M. Faraday (1791�
1867), S. Arrhenius (1859�1927) are mentioned
among others. H. Davy (1778�1829), R. Bunsen
(1811�1899), and H.E. Saint-Claire Deville (1818�
1881) are named fathers of electrometallurgy. Chap-
ter 7 (Classification of the Elements, pp. 211�234)
discusses studies concerned with the classification of
elements. Mention is made of the discovery of the
Periodic law by D.I. Mendeleev (1834�1907) and later
studies in this field. Chapter 8 (The Modern Physics:
Discovery of X-rays, pp. 235�272) is devoted to the
advances in physics, beginning with the end of the
XIX century. The attention is focused on the dis-
covery by W.K. R�ontgen (1845�1923). Chapter 9
(Radioactivity: Chemistry and Physics United,
pp. 257�272) describes the development of investiga-
tions into radioactivity from H. Becquerel (1852�
1908) to G. Seaborg (1912�1999). Chapter 10 (Urani-
um Fission, pp. 273�294) briefly describes the history
of discovery of uranium fission. The author, in par-
ticular, gives a list of outstanding scientists who
emigrated from Germany, Austria, Italy, and Denmark
in 1933�1943. These include 20 Nobel Prize Laureates
in physics or chemistry. Chapter 11 (Atomic Bombs,
pp. 295�338) is devoted to the history of development
of nuclear warfare in the United States.

Habashi’s book is of indubitable interest, it is well
written and could possibly be a useful textbook in
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studying the history of science. Unfortunately, the
contribution of Russian scientists to the development
of the world civilization is reflected to an apparently
insufficient extent. Only Mendeleev’s discovery of the
Periodic law is described in comparatively full detail.
Also mentioned are investigations by V.N. Ipat’ev
(1867�1952), who developed, in about 1900, the prin-
ciples of the process of metal recovery from aqueous
solutions with hydrogen at high temperature and pres-
sure. Mention is also made of the explanation by
N.N. Semenov (1896�1986) in 1928 of the oxidation
of phosphorus vapor by water vapor in terms of the
concept of branched chain reactions, for which he was
later (in 1956) awarded a Nobel Prize, together with

C. Hinshelwood (1897�1967). There are no other
mentions of the investigations by Russian scientists.
At the same time, judging from the topics covered by
the book and its structure, it would seem quite approp-
riate to describe rather diverse investigations by
M.V. Lomonosov and the discovery of electroplating
by B.S. Jacobi (1838) and to mention studies of re-
duction of metal oxides by N.N. Beketov, A.S. Po-
pov’s investigations concerned with practical applica-
tion of electromagnetic waves, and V.E. Grum-
Grzhimailo’s hydraulic theory of flame motion.

A. G. Morachevskii and I. N. Beloglazov
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Abstract�Results obtained in studying the structure of olefin and diene molecules, and complexes of these,
in the ground and lower excited states by RHF, ROHF, GVB/DN, and 6-31G* quantum-chemical methods
are presented. Attention is paid to the identity of the main structural and electronic parameters of triplet
T1 and singlet S1 states forming a reactive fourfold spin-degenerate diradical equilibrium excited state (S � T )1
having the lowest energy. A new mechanism of cyclodimerization of ethylene and tetrafluoroethylene and
anionic polymerization of dienes, involving the (S � T )1 states, is suggested.

INTRODUCTION

The rapid development of computers and their ac-
cessibility to a great number of chemists enable the
introduction of mathematical modeling techniques into
chemical practice and technology. In this context,
the problem of adequate quantum-chemical descrip-
tion of elementary processes determining the course
of chemical reactions and properties of their products
is topical. A key issue in the theory of chemical re-
actions is elucidation of the mechanism of forma-
tion/rupture of a chemical bond. The necessity for
using new theoretical approaches in combination with
a quantummechanical calculation becomes apparent.

The concepts of intermediate species of diradical
nature are increasingly frequently invoked in analyz-
ing the mechanism of thermal and photochemical re-
actions [1, 2]. In particular, it is believed [1] that
the reaction of formation/cleavage of a four-membered
ring in the cyclobutane molecule

H H2C�CH2 + H2C�CH2
��
��

������ (1)

passes through two intermediate states, each involv-
ing diradical species. Here, two permanent compo-
nents of the conventional scheme of a chemical reac-
tion are represented. These are the intermediate state
characterizing the active stage of the reaction and
intermediate products formed in the reaction.

According to the results of a quantum-chemical
calculation [1], the energy of the diradical state in re-

action (1) is 4 kcal mol�1 lower than the experimen-
tal activation energy of cyclobutane decomposition
(62.5 kcal mol�1). At the same time, the calculations
carried out in [4] demonstrate that the diradical state
has much lower energy: it lies 20 kcal mol�1 lower
than the top of the activation barrier for cyclobutane
decomposition (see below).

Analysis of published evidence shows clearly the
ambiguity of definition of the notion of �diradical.�
Some researchers, following the classical theory of
chemical structure, understand by radicals and di-
radicals chemical compounds with subvalent (valence-
deficient) atoms [5, 6]. In this sense, free radicals are
tetramethylene

.
CH2CH2CH2CH2

.
(including two tri-

valent terminal carbon atoms) [1], carbenes :CH2,
:CF2 and carbon oxide :CO, which contain bivalent
carbon atoms, but not the O2 molecule whose oxygen
atoms have normal valence.

Others regard as radicals and diradicals paramag-
netic species whose spin multiplicities are other than
unity. The authors of [7] make the notion of diradicals
narrower by attributing to them those bifunctional sys-
tems in which two radical centers have independent
properties. A similar definition of this notion assumes
a small singlet�triplet splitting and/or quasi-degen-
eracy of singly occupied electron levels [8]. This is
the case for tetramethylene, excited states of the n-�*

type, and charge-transfer complexes. However, car-
benes do not satisfy this requirement and cannot be
considered diradicals in this sense. In this context, it
becomes necessary to reconsider the properties and
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structure of diradical species with high chemical ac-
tivity.

In the general case, one has to consider the di-
radical nature of molecules (case of locally excited
states) and complexes of molecules (case of excited
excimer or exciplex states). These cases differ in
the localization of radical centers: within a single mol-
ecule (local excitation) or within several, common-
ly two, molecules (excimers or exciplexes). The di-
radical states of photoexcited species (molecules or
complexes of these) are well known and will not be
specially discussed here (see, e.g., [9]). As for
the thermal electronic excitation, the forming excited
species have been poorly studied experimentally and
not at all theoretically. Mention should be made
here of only few studies [4, 10, 11] carried out by
the authors of the present review.

When considering the quasi-degeneracy of the tri-
plet and singlet states of ethylene, Salem [8] under-
stands by the latter the ground state S0 with changed
(orthogonal) configuration. However, this means that,
according to the commonly accepted concept, not only
reactants and products, but also all intermediates
formed in the chemical process must belong to the
potential surface of this state. The properties of these
species, e.g., absorption spectra, must correspond to
the ground electronic state. However, experimental
data cast doubt on this common viewpoint. In partic-
ular, studies of perfluoro-olefins [12�15] revealed
absorption by intermediates in the visible spectral
range, whereas the starting perfluoro-olefins absorb
in the state S0 in the vacuum ultraviolet range.

This review presents experimental and calculated
data on the reactivity of olefins and dienes and gives
their theoretical interpretation in terms of the concept
of thermal electronic excitation in an elementary
chemical process [16]. Two types of chemically active
species, which are thermally generated in the dark
and possess diradical properties, are considered.
To the first type belong excited olefin molecules
(ethylene and its derivatives), in which closely spaced
(�1.5 �) radical centers are localized on carbon atoms
of a degraded double bond. The second type com-
prises electronically excited complexes: excimers be-
tween identical molecules (of, e.g., olefins) or ex-
ciplexes between different molecules (e.g., butadiene
molecule and the corresponding anion). In species of
the second type, free valences are distributed among
atoms of the interacting molecules and valence-defi-
cient atoms are spaced by several angstroms. The com-
mon feature of all the species is that they are in
an electronically excited state of local or intermolec-
ular nature.

THEORY AND CALCULATION PROCEDURES

Bond indices and free valence indices of atoms.
Chemical bonds between atoms are characterized by
equilibrium internuclear spacings and indices [17, 18]

IAB = � � (PS)ab(PS)ba ,
a�A b�B

(2)

where a and b are the numbers of orbitals belonging
to atoms A and B.

The matrix P in formula (2) is constituted by ex-
pansion coefficients of the electron density �(r) [19]
in partial products of atomic orbitals (AO) �a(r) �b

*(r):

�(r) = � � � � �a(r)Pab�b (r) = �(r)P�+(r),
A B a�A b�B

* (3)

S = � �+(r)�(r)d3r is a metric matrix, and �(r) is
a row of basis AO.

The diagonal elements of the matrix product PS are
identified with electron occupancies of AO [20, 21]:

na = (PS)aa. (4)

Comparison of the sum of bond indices with
the valence index

VA = � (2na
_ na ) _ � (PS)aa�(PS)a�a

2
a�A a�a ��A

(5)

suggested in a monograph [22] makes it possible to
define the free valence of each atom as the difference
[23]

FA = VA � � IAB.
B(�A)

(6)

The total valence of a molecule or radical is de-
fined as a sum of atomic valences, minus a doubled
sum of indices of intraradical chemical bonds [24]

Vmol = � (2na � na ) � � (PS)aa�(PS)a�a
2

a �a��mola�mol

= � (VA
_ � IAB) = �FA = Fmol,

B(�A)A A
(7)

where a and a� are the numbers of all the basis AO �.

According to formula (7), the free valences FA are
additive quantities characterizing the distribution of
the total valence of a chemical compound (free rad-
ical, diradical, excited molecule) among the constit-
uent atoms A.

Occupancies of molecular orbitals (MO) and
the valence of a molecule. In the RHF approxima-
tion, the ground N-electron state S0 of a molecule is
characterized by a set of molecular orbitals with
integer occupancies ni = 2 (i = 1, 2, 3, N/2), which is
named electronic configuration. In this case, the free
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valence of the molecule as a whole and the free va-
lence of each atom are zero: Vmol = Fmol = 0 and
FA = 0. The ROHF approximation is the simplest
method for describing the triplet state T1, in which
the single-determinant wave function 	 is the eigen-
function of the operator of squared N-electron spin.
In this case, the electronic configuration of a molec-
ule includes, together with doubly occupied orbitals
(ni = 2 for i = 1, 2, 
, N/2 � 1), also two singly oc-
cupied orbitals (ni = 1 for N/2, N/2 + 1), and the total
valence satisfies the relation Vmol = Fmol = 2. In the
ROHF approximation, the free atomic valences FA
[23] coincide with spin occupancies of atoms, nA

s [25].
In the GVB approximation for an excited singlet state
S1 described by two-determinant wave function,
the free valence is expressed in terms of a pair of oc-
cupancies nN/2 + nN/2 + 1 of active natural MO:

Vmol = Fmol =2nN /2 � n2
N /2 + 2nN /2 + 1 � n2

N /2 + 1

= 2nN /2 nN /2 + 1. (8)

The atomic components FA of the total valence
(7) can be used to evaluate the relative reactivities of
the atoms and reveal reaction centers in excited mo-
lecules, free radicals, and diradicals.

It is noteworthy that the above-mentioned indices
of chemical bonds and free valence indices differ from
the indices in the output file of GAMESS software
(version 6.2) [26]. The point is that, immediately
after publication of [23] in 1984, its author redefined,
following the concept of [27�29], the chemical bond
index by including into it an additional term [30]
given by

I �AB = IAB + � � (QS)ab(QS)ba.
b�Ba�A

(9)

Here, matrix Q is constituted by expansion coef-
ficients of the spin density �s(r) [19] in pair products
of atomic orbitals �a(r)�b

*(r):

�s(r) = �� � � �a(r) Qab�b (r) = �(r)Q�+(r),*
b�Ba�ABA

(10)

with the spin density normalized in accordance with
the equality

� �s(r) d3r = � � (QS)aa = 2MS,
a�AA

(11)

and the diagonal elements of the matrix product QS
yielding the above-mentioned spin occupancies nA

s =
(QS)aa and nA

s = � nn
a .

a � A

It is this variant of the theory that is implemented
in the GAMESS software; however, the free valence

indices by Mayer, found from formula (6) with mod-
ified indices IAB� , yield in the aggregate a value dif-
ferent from the free valence of the whole molecule
(free radical). In this context, the original variant of
the theory [18, 22, 23] seems to be preferable and was
used to analyze the reactivities of organic electronical-
ly excited molecules in [4].

Basis orbitals and optimization procedures.
The molecular orbitals were represented in 6-31G* or
DH (Dunning & Hay [31]) basis sets. The configura-
tion of the triplet states T1 is obtained via energy min-
imization in the ROHF approximation without sym-
metry-related limitations. For singlet excited states S1,
it is advisable to use the GVB method in the modes
of energy minimization (with fixed occupancies of
the active natural MO nN/2 = nN/2 + 1 = 1) or saddle
point search (with these occupancies varied at nN/2 +
nN/2 + 1 = 2). It seems natural to take as the starting
nuclear configuration that of the corresponding triplet
state T1. As demonstrated below, the structural pa-
rameters of these two states are, indeed, very close.

LOCALLY EXCITED DIRADICAL STATES
OF OLEFINS

In the gas phase, tetrafluoroethylene (TFE) C2F4
(I-F), hexafluoropropylene C3F6 (II-F), trans-perfluo-
robutene-2 2-C4F8 (III-F), perfluorobutene-1 1-C4F8
(IV-F), and and a number of other floroderivatives
show much higher thermal stability, compared with
ethylene and its derivatives. On heating perfluoro-
olefins to �prepyrolysis� temperatures of 700�1500 K,
Buravskii and Kolbanovskii [13] confirmed for the
first time the existence of previously unknown species
(intermediates) with diradical properties. They also
established the monomolecular type of the reaction in
which intermediates are formed [13]. This fact in-
dicates that the intermediates are identical in their em-
pirical formula to the starting compounds and, con-
sequently, can be designated as C2F4

*, C3F6
*, 1-C4F8

*,
and 2-C4F8

*.

The method of kinetic spectroscopy revealed two
absorption bands of intermediates in the UV and vis-
ible ranges (nm): C2F4

* 236.5 and 500; C3F6
* 240 and

477.5; 1-C4F8
* 242.5 and 460, which do not coincide

with the characteristic absorption bands of the starting
compounds: C2F4 188 and C3F6 185. Special-purpose
experiments, in which the same intermediates were
generated from different starting compounds, revealed
their direct involvement in the formation of new
chemical compounds. For example, the intermediate
of tetrafluoroethylene, C2F4

*, decomposes into two
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C2F4

C3F6

Fig. 1. Structure of C2F4 and C3F6 molecules in the ground
singlet (S0) and excited triplet (T1) states; I are bond
indices, and F, free valence indices of carbon atoms
(ROHF/DH); values of the same parameters for a singlet
excited state S1 (GVB/DH) are given in parentheses.

tetrafluoromethylenes, which add to C2F4
* to form

hexafluoriopropylene [12]:

C2F4 � C2F4 � :CF2 + CF2,�
kT

* (12)

C2F4 + :CF2 � C3F6 � C3F6.* ��
.

(13)

The authors of [15] believe that the intermediates
C2F4

*, C3F6
*, 1-C4F8

*, and 2-C4F8
* are previously un-

known, low-lying excited singlet states of the respec-
tive perfluoro-olefins, which are formed in the mono-
molecular reaction on heating these latter in the gas
phase. However, quantum-chemical calculations in
terms of the method of the intermediate state [32],
available in the literature, give no way of making any
conclusion about the structure of intermediates.

The new concept of the nature of intermediates of
perfluoro-olefins as electronically excited molecules
in a triplet state was described in [33]. This view-
point follows from the general concept of thermal
electronic excitation in chemical reactions [16].
The role of triplet excited molecules and complexes
in polymerization�depolymerization reactions was
considered in [10, 34, 35]. In elucidating the mech-
anism of chemical reactions involving triplet molec-
ules, a question necessarily arises as to how the triplet
T1 states are transformed in the course of a chemical
process into a singlet ground state S0 of the stable
reaction product. This question cannot be answered
without taking into account the singlet excited states

S1. In this context, the procedure for quantum-chem-
ical calculation of singlet states S1 was reconsidered
in [4].

The energy of triplet states, E (T1), is, as a rule,
lower than the energy of singlet states, E (S1) [7]. The
difference of the energies, E (S1) � E (T1), which is
named singlet�triplet splitting, is high for ���* (up to
80 kcal mol�1), but low for n-�* states and charge-
transfer states (5�10 kcal mol�1). For ethylene C2H4,
the value of E (T1) is 82.1 (experimental value [7])
or 81.8 kcal mol�1 (ROHF/6-31G** calculation for
the vertical transition T1 � S0), and the experimental
singlet�triplet splitting is 69.2 kcal mol�1 [7].

The energy of the nonequilibrium singlet excited
states S1 of olefins in the case of a vertical transition
can be found from absorption spectra, but the energies
of excited states for equilibrium, relaxed states S1 are
mostly determined from quantum-chemical calcula-
tions. Excited olefin molecules are characterized by
rotation about the unsaturated bond C=C

(14)R1HC�CHR2 �� R1HC
.�C

.
HR2h�, kT

to give diradical structures, which either relax C
.
�C

.
nonradiatively into the ground singlet state S0, or are
involved in chemical reactions as diradical species. It
is the conformational instability of planar olefin struc-
tures in the excited state that gives rise to an effective
channel of nonradiative energy dissipation.

Structure of triplet states of olefins and perfluo-
ro-olefins. It is known that the triplet, so-called phan-
tom states of ethylene and its derivatives, e.g., stilbene
[36, 37], have a perpendicular configuration. Via these
states occurs cis�trans-isomerization, i.e., rotation
about the C=C bond by 180
. Triplet states of ethyl-
ene and other olefins have diradical nature, irrespective
of whether they have perpendicular (in relaxed state)
or planar (in the case of a vertical transition) con-
figuration. The decrease in the index of the C=C bond
in a triplet excitation has electronic origin and is not
related directly to a transition of a molecule to the per-
pendicular configuration. For example, the index of
the C=C bond of ethylene, I = 1.91, decreases to I =
0.79 in the vertical transition T1 � S0 without any
change in the planar structure. As a result of relaxa-
tion of the T1 state, its energy decreases, the chemical
bond energy grows, and the bond index increases to
I = 0.92. In this regard, the excited state of ethylene
differs fundamentally from the ground state, for which
the molecular energy increases, the chemical bond
becomes weaker, and the C=C bond index decreases
when the planar structure is distorted.
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Table 1. Geometric parameters of molecules and diradicals C2X4 (I-X) and C3X6 (II-X) in equilibrium configurations
in the states S0, S1, and T1, calculated by RHF/DH, GVB/DH, and ROHF/DH methods
������������������������������������������������������������������������������������

Molecule
�

Parameter
� X = F � X = H

� ���������������������������������������������������������������
� � S0 RHF � S1 GVB � T1 ROHF � S0 RHF � S1 GVB � T1 ROHF

������������������������������������������������������������������������������������
I-X �Bond length, 	: � � � � � �

� C=C � 1.307 (1.311)* � 1.489 � 1.492 � 1.316 (1.339) � 1.469 � 1.465
� C�X� � 1.341 (1.319) � 1.352 � 1.351 � 1.076 (1.086) � 1.076 � 1.076
� C�X" � 1.341 (1.319) � 1.355 � 1.356 � � �
�Angle, deg: � � � � � �
� X�CX" � 112.6 � 111.2 � 110.8 � 116.5 � 117.5 � 117.2
� X�CC � 123.7 (123.7) � 114.6 � 114.5 � 121.7 (121.2) � 121.3 � 121.3
� X"CC � 123.7 (123.7) � 116.2 � 116.4 � � �
� X�CCX� � 180.0 � 146.5 � 153.7 � � �
� X"CCX" � 0.0 � 50.1 � 56.5 � 0.0 � 89.0 � 80.5
� � � � � � 89.5 � 87.8
� � � � � � 90.5 � 91.8
� � � � � � 91.0 � 99.9

II-X �Bond length, 	: � � � � � �
� C=C � 1.314 � 1.483 � 1.482 � 1.318 � 1.474 � 1.470
� C1�X� � 1.333 � 1.352 � 1.352 � 1.077 � 1.077 � 1.078
� C1�X" � 1.333 � 1.356 � 1.357 � 1.076 � 1.076 � 1.076
� C2�X � 1.364 � 1.360 � 1.361 � 1.080 � 1.079 � 1.080
� C2�C3 � 1.497 � 1.503 � 1.504 � 1.502 � 1.503 � 1.504
�Angle, deg: � � � � � �
� X�C1X" � 111.4 � 111.1 � 110.5 � 116.7 � 117.3 � 117.2
� XC2C3 � 112.3 � 113.6 � 113.4 � 115.9 � 117.8 � 117.3
� X�C1C2 � 125.7 � 115.0 � 115.1 � � �
� X"C1C2 � 122.9 � 116.0 � 116.2 � � �
� X�C1C2X � 180.0 � 74.7 � 71.7 � 180.0 � 82.4 � 101.7
� X"C1C2X � 0.0 � 57.2 � 59.7 � 0.0 � 102.1 � 79.1

������������������������������������������������������������������������������������
* Experimental data of [38�40] given in parentheses.

The molecules of perfluoro-olefins C2F4, C3F6
(Fig. 1, Table 1), 1-C4F8, and 2-C4F8 (Fig. 2, Table 1)
have planar structure in the ground singlet state, ex-
cept in the 1-C4F8 molecule, in which the CF3 group
lies outside the plane of the central fragment �C�C�.
In the triplet state T1, these molecules undergo rota-
tion about the

.
C�C

.
bond and take a nearly perpen-

1-C4F8

dicular configuration. In this case, fluoro-olefins are
characterized by a significant decrease in the F�C�C
angle at radical C

.
centers from 123
�125
 (S0) to

114
�116
 (T1), whereas for unsubstituted olefins,
the decrease in the H�C�C angle upon transition to
the triplet state is small, from 121
�121.9
 (S0) to
121.1
�121.4
 (T1).

2-C4F8
Fig. 2. Structure of 1-C4F8 and 2-C4F8 molecules in the ground singlet (S0) and excited triplet (T1) states; F are free valence
indices of carbon atoms (ROHF/DH); values of the same parameter for a singlet excited state S1 (GVB/DH) are given in
parentheses.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 10 2003

1548 KALNIN’SH, SEMENOV

Table 2. Valences Vmol, occupancies of active natural molecular orbitals n1 and n2, and energies 
Etot of singlet (S1)
and triplet (T1) electronic states of molecules C2F4 (I-F), C3F6 (II-F), 2-C4F8 (III-F), C2H4 (I), C3H6 (II), and
2-C4H8 (III) relative to ground states S0
������������������������������������������������������������������������������������

Mol-
�

State

�
Method//

� DH � 6-31G*

� � �������������������������������������������������������������
ecule � �Configuration� Vmol

� n1
� n2

� 
Etot, � Vmol
� n1

� n2
� 
Etot,

� � � � � � kcal mol�1 � � � � kcal mol�1

������������������������������������������������������������������������������������
I-F � S0 � RHF//S0 � 0.000 � 2.000 � 0.000 � 0.0 � 0.000 � 2.000 � 0.000 � 0.0

� T1 � ROHF//T1 � 2.00 � 1.000 � 1.000 � 23.1 � 2.000 � 1.000 � 1.000 � 28.0
� S1 � GVB/T1 � 1.974 � 1.113 � 0.887 � 26.4 � 1.942 � 1.170 � 0.830 � 31.5
� S1 � GVB//S1 � 2.000 � 1.001 � 0.999 � 26.8 � 2.000 � 0.999 � 1.001 � 32.3

II-F � S0 � RHF//S0 � 0.000 � 2.000 � 0.000 � 0.0 � 0.000 � 2.000 � 0.000 � 0.0
� T1 � ROHF//T1 � 2.000 � 1.000 � 1.000 � 29.6 � 2.000 � 1.000 � 1.000 � 35.8
� S1 � GVB//T1 � 2.000 � 1.002 � 0.998 � 32.8 � 1.998 � 1.035 � 0.965 � 39.6
� S1 � GVB//S1 � 2.000 � 0.998 � 1.002 � 32.8 � 2.000 � 0.993 � 1.007 � 39.5

III-F � S0 � RHF//S1 � 0.000 � 2.000 � 0.000 � 0.0 � 0.000 � 2.000 � 0.000 � 0.0
� T1 � ROFH//T1 � 2.000 � 1.000 � 1.000 � 30.7 � 2.000 � 1.000 � 1.000 � 37.1
� S1 � GVB//T1 � 1.996 � 1.046 � 0.954 � 33.2 � 1.987 � 0.919 � 1.081 � 40.1
� S1 � GVB//S1 � 2.000 � 1.003 � 0.997 � 33.2 � 2.000 � 0.996 � 1.004 � 40.3

I � S0 � RHF//S0 � 0.000 � 2.000 � 0.000 � 0.0 � 0.000 � 2.000 � 0.000 � 0.0
� T1 � ROHF//T1 � 2.000 � 1.000 � 1.000 � 42.9 � 2.000 � 1.000 � 1.000 � 46.1
� S1 � GVB//T1 � 2.000 � 0.998 � 1.002 � 44.1 � 2.000 � 1.005 � 0.995 � 52.2
� S1 � GVB//S1 � 2.000 � 1.000 � 1.000 � 44.0 � 2.000 � 0.999 � 1.001 � 47.6

II � S0 � RHF//S0 � 0.000 � 2.000 � 0.000 � 0.0 � 0.000 � 2.000 � 0.000 � 0.0
� T1 � ROHF//T1 � 2.000 � 1.000 � 1.000 � 44.3 � 2.000 � 1.000 � 1.000 � 47.0
� S1 � GVB//T1 � 2.000 � 1.000* � 1.000* � 45.4 � 1.998 � 1.028 � 0.972 � 48.6
� S1 � GVB//S1 � 2.000 � 0.999 � 1.001 � 45.4 � 2.000 � 1.000 � 1.000 � 48.5

III � S0 � RHF//S0 � 0.000 � 2.000 � 0.000 � 0.0 � 2.000 � 2.000 � 0.000 � 0.0
� T1 � ROFH//T1 � 2.000 � 1.000 � 1.000 � 44.9 � 1.000 � 1.000 � 1.000 � 47.7
� S1 � GVB//T1 � 1.762 � 1.345 � 0.655 � 43.3 � 1.999 � 1.018 � 0.982 � 49.1
� S1 � GVB//S1 � 2.000 � 1.002 � 0.998 � 46.0 � 2.000 � 1.001 � 0.999 � 49.1

������������������������������������������������������������������������������������
* Occupancies n1 and n2 fixed in the course configuration optimization.

The experimental data available for the ground state
of the molecules [38�40] are in satisfactory agree-
ment with the values calculated by the RHF/DH or
RHF/6-31G* method (Table 1). Previously, the struc-
ture of unexcited molecules of ethylene and its fluo-
roderivatives has been studied in detail by ab initio
methods, including the MP2 technique [41].

In the triplet state, the free valence indices FA
(Figs. 1 and 2), which are equal to spin occupancies,
are located at carbon atoms of a degraded double
CC bond, with the distribution of FA weakly depen-
dent on the type of a substituent at this bond (F or C).
In the triplet state, olefin molecules become diradicals,
with all the ensuing consequences in spectral and
chemical regard.

Structure of singlet excited states S1. In calculat-
ing a singlet excited state S1, there arises the problem
of a variational collapse, which can be eliminated by
using the GVB method with fixed occupancies of

active natural MO at n1 = n2 = 1 or with variation of
these occupancies at n1 + n2 = 2. Both the approaches
give identical results for geometric parameters, en-
ergies, and occupancies. The geometric characteristics
of olefin molecules in the S1 state (Table 1), cal-
culated under these assumptions, are close to the cor-
responding parameters of the molecules in the triplet
states. This gives reason to maintain that the 3D struc-
ture of olefin molecules in the lower excited states T1
and S1 is the same. It should be noted that optimiza-
tion at n1 = n2 = 1 reveals a minimum on the potential
surfaces for T1 and S1 (absence of imaginary frequen-
cies in the vibrational spectrum), whereas occupancy
variation at n1 + n2 = 2 localizes the saddle point on
the S1 surface at the same energy (presence of a single
imaginary frequency in the spectrum).

A quantum-chemical calculation yielded unex-
pectedly close energies of the singlet and triplet
states (Table 2); the triplets lie below singlets (by
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Table 3. Quantum-chemical total energies Etot , squared total spins <S 2>, and enthalpies 
H of lower excited states of
perfluoro-olefins (UHF/DH) with account of the energy 
vib0 of zero vibrations and thermochemical corrections for
temperatures 0�700 K
������������������������������������������������������������������������������������

Mol- � 
Etot,
�

<S2>
�

vib0

� 
Hcalc (kcal mol�1) at indicated temperature T, K � 
Hexp,
� � � �������������������������������������������������

ecule �kcal mol�1� � � 0 � 298.15 � 400 � 500 � 600 � 700 �kcal mol�1 [9]

������������������������������������������������������������������������������������
I-F � 20.7 � 2.011 � �1.4 � 19.3 � 19.6 � 19.7 � 19.7 � 19.8 � 19.8 � 18
II-F � 26.9 � 2.013 � �1.7 � 25.2 � 25.5 � 25.7 � 25.7 � 25.8 � 25.9 � 18
III-F � 27.8 � 2.014 � �1.8 � 26.0 � 26.3 � 26.4 � 26.5 � 26.6 � 26.7 � 18
IV-F � 27.7 � 2.015 � �0.4 � 27.3 � 27.2 � 27.7 � 27.3 � 27.3 � 27.3 � 18
������������������������������������������������������������������������������������

1�3 kcal mol�1), in agreement with the general ex-
perimental pattern. The uncommon nature of this re-
sult is emphasized by the fact that the singlet�triplet
splitting E (S1)�E (T1) for vertical transitions in olefins,
e.g., ethylene, is gigantic (3 eV). The dramatic, nearly
30-fold decrease in the E (S1)�E (T1) splitting on pass-
ing to the equilibrium excited state S1 is, apparently,
a consequence of the elimination of the exchange in-
teraction between �-electrons as a result of a struc-
tural transformation of the ethylene molecule from
planar to perpendicular configuration.

The values of n1 and n2 in the optimal config-
uration are 1.000 for all the eight olefin molecules
studied, I�IV and I-F�IV-F (Table 2 lists data for
6 molecules). The valences Vmol of the molecules in
the singlet (S1) and triplet (T1) states take the max-
imum possible, for a two-determinant wave function,
value of 2.000. The exception is provided by those S1
states which were calculated by the GVB//T1 method
for an equilibrium triplet configuration. However, V1,
n1, and n2 are close to their optimal values in these
cases, too, which confirms that the molecular struc-
tures in the S1 and T1 states are identical.

Energies of equilibrium excited states of olefins
and perfluoro-olefins. A specific feature of perfluoro-
olefins (Table 2) is that the excitation energies are low
and lie within the thermally accessible range (�1 eV).
Another important point is that the energies of singlet
(S1) and triplet (T1) states coincide, i.e., there exist
fourfold degenerate states of olefins, (S � T )1, of di-
radical nature. Also, as substituents are introduced
at the double bond of perfluoro-olefins, a certain in-
crease in the energy of the S1 and T1 states is observed.
The corresponding levels for unfluorinated olefins
(Table 2) lie at approximately twice higher energies,
being virtually independent of the type of a substituent
at the double bond.

In Table 3, the calculated electronic excitation en-
ergies of the molecules are corrected for the energies

of zero vibrations and thermochemical contributions
(vibrational, rotational, etc.), which become noticeable
at elevated temperatures. The resulting enthalpies of
excitation can be directly compared with experimental
enthalpies of formation of intermediates (excited
species) [15]. The best agreement between experiment
and calculation is observed for the simplest represen-
tative of perfluoro-olefins, TFE (Table 3): 18 and
19.8 kcal mol�1 at 700 K. Replacing the fluorine
atoms in the TFE molecules with perfluoroalkyl sub-
stituents leads to a noticeable increase in the calcu-
lated enthalpy of excitation; however, no dependence
of the experimental enthalpy of formation of inter-
mediates on the type of substituent was observed
in [15].

THERMOEXCIMERS IN CYCLODIMERIZATION
OF ETHYLENE AND PERFLUOROETHYLENE

An important consequence of the concept [16] of
electronic excitation as a necessary stage of a chem-
ical reaction is the conclusion that the reaction struc-
ture (intermediate in terms of [15]), which precedes
the formation/rupture of a chemical bond, has radical
(diradical) nature. For the reaction of TFE cyclodimer-
ization

C2F4 + C2F4 � C2F4 + C2F4 � C
.
F2�C

.
F2...CF2�CF2�

kT
�*

C
.
F2�CF2�CF2�C

.
F2 � F�

kT
�

�

�

�
����

��
kT

(15)

this means that the formation of stable perfluorocy-
clobutane�
�

�

�
����F is preceded by a number of radical

stages, with the direct processes of binding of two
unexcited molecules

C2F4 + C2F4 � F��
�

�

�
���� (16)

not occurring at all. In single-stage reactions of the
type (16), radical stages are concealed and cannot be
revealed experimentally because of their short lifetime.
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Fig. 3. Energy diagram of the reaction of C2F4 cyclodimerization (RHF, ROHF, GVB/DH); F are free valence indices of
terminal carbon atoms. (E) Energy; the same for Figs. 4, 7, and 8.

Fig. 4. Energy diagram of the reaction of C2H4 cyclodimerization (RHF, ROHF, GVB/DH); F are free valence indices of
terminal carbon atoms.

In view of the concepts of diradical nature of the
(S � T )1 states and new experimental data [12, 14, 15],
the mechanism of TFE cyclodimerization was recon-
sidered in [4, 33, 42]. Direct experimental confirma-
tion of the radical nature of the reaction of TFE cy-
clodimerization [14, 15] is of great importance for
understanding of the mechanism of this and many
other reactions.

Thermal cyclodimerization of TFE is similar to
the corresponding photochemical reaction of anthra-
cene (A) dimerization, which proceeds via the excimer
state AA* [43]. In either case, a complex, named
excimer, is formed between the excited and unexcited
molecules. In TFE dimerization (Fig. 3), the potential
barrier of the reaction is determined by the enthalpy
of formation of the complex (thermoexcimer) TFE
TFE*, which can be calculated as triplet energy. A col-
lision of TFE* and TFE molecules (quenching of
TFE*) leads to formation of intermediate perfluoro-
tetramethylene C4F8.

The diradical C4F8 was first recorded as a stable
species, presumably in trans-configuration, by its
absorption spectrum (230 nm) in the millisecond time
range [14]. The lifetime of its hydrogen analogue
C4H8 is much shorter, being equal, depending on the
pumping energy, to 300�800 fs [1], but in the case
in question, the diradical C4H8 has cis-configuration.
The diradicals C4F8 (C4H8) are relaxed electronically
excited singlet (S1) and triplet (T1) states of the final
product of the reaction, cyclobutane. The theoretical
activation energies Ea of the cleavage of a four-
membered ring

�

�

�

�
����~~~~~~~~��

. .Ea

����

are the same for cyclo-C4F8 and cyclo-C4H8
(39 kcal mol�1) (Figs. 3 and 4). The difference in
the optimized geometric parameters of singlet and tri-
plet diradicals is negligibly small; for example, the
lengths of the central bond C�C in the cis-C4F8 di-
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radical coincide for the S1 and T1 states, being equal
to 1.547 �. The energies of these states are also rather
close (with the difference not exceeding 0.1 kcalmol�1).
The radical centers in the molecules of tetramethylenes
are localized at terminal carbon atoms and are char-
acterized by free valences close to unity. The total
valence of the diradicals in the ROHF approxima-
tion is exactly 2 for the triplet state and varies with-
in 1.890�1.990 for the equilibrium singlet state
(GVB/DH method).

If the activation energy Ea (�) of forward cycliza-
tion is taken to be equal to the triplet energy of TFE,
20.7 kcal mol�1 (Table 3), and the enthalpy �H, to be
52.7 kcal mol�1 (experimental value 53.1 kcal mol�1

[44]), then the calculated activation energy of the re-
verse reaction Ea (�) = 20.7 + 52.7 = 73.4 kcal mol�1.
The experimental activation energy of reaction (16)
of perfluorocyclobutane decomposition into two TFE
molecules (79.2 � 1 kcal mol�1 [12]) exceeds some-
what the calculated value obtained by the authors of
this review. At the same time, [12] presents data of
other authors, according to which Ea

exp(�) vary within
74.4�75.6 kcal mol�1.

It is assumed that the reaction proceeds in
accordance with Eq. (15): upon encounter of
TFE and TFE* molecules, the excited complex
1,3(C

.
F2�C

.
F2...CF2=CF2 transforms into the dirad-

ical C
.
F2�CF2�CF2�C

.
F2 with electronic structure

(S � T )1. trans-1,4-Diradical has nonplanar structure
(�CCCC = 163.9�) with terminal radical centers on
which a free valence F = 0.914 is concentrated.
The C

.
F2�CF2 and CF2�CF2 bond lengths are, re-

spectively, 1.523 and 1.552 �. 1.4-Diradical readi-
ly assumes the cis-configuration, then undergoes in-
ternal conversion S0 �			 S1, and, on the way to
the ground singlet state S0, is stabilized in the form of
the reaction product, perfluorocyclo-butane. The C�C
bond length in a symmetric (D2d ) nonplanar molecule
of cyclo-C4F8 is the same as that in the molecule of
cyclo-C4H8 (1.559 �).

It may be assumed that the reversible reaction (1)
of ethylene cyclodimerization can be described in
a similar way. In this case, all the levels in the ener-
gy diagram (Fig. 4) lie much higher than the corres-
ponding levels for the reaction of TFE dimerization
(Fig. 3). For example, the heats of formation of
cyclobutane and perfluorocyclobutane are 15.2 and
53.0 kcal mol�1, respectively. In the case of ethyl-
ene, the heats of formation of 1,4-biradicals are pos-
itive, being negative for TFE, and, therefore, 1,4-per-
fluorodiradicals must be much more stable than their

Fig. 5. Distribution of charge among atoms in a complex of
cis-2-penten-1-yl anion with cis-butadiene in singlet ground
(S0, RHF/DH), singlet excited (S1, GVB/DH), and triplet
excited (T1, ROHF/DH) states.

hydrogen analogues. The calculated activation ener-
gy of the reaction of cyclobutane decomposition in-
to two ethylene molecules (59.1 kcal mol�1) is in
satisfactory agreement with the experimental value
of 62.5 kcal mol�1 [3].

Thus, a new mechanism of the reaction of ethylene
and TFE dimerization, including thermal electronic
excitation of a complex of molecules of the excimer
type, was suggested in [4, 33, 42]. Alternative anal-
ysis of the reaction [1, 15] in terms of the transition
state method fails to provide an adequate quantitative
description and to account for the properties of ex-
perimentally observed electronically excited olefin
intermediates.

ELECTRONICALLY EXCITED COMPLEXES
(THERMOEXCIPLEXES) OF BUTADIENE

The above radical mechanism of ethylene dimer-
ization can be extended to the case of polymerization,
whose elementary stage includes local triplet excita-
tion of the ethylene molecules within the reaction
complex constituted by a free radical and ethylene
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Fig. 6. Distribution of free valence indexes among atoms in
a complex of cis-2-penten-1-yl anion with cis-butadiene
in singlet, S1 (GVB/DH), and triplet, T1 (ROHF/DH),
excited states and structure of the complex in the singlet
ground state S0 (RHF/DH).

molecule. The general pattern of the process was dis-
cussed in [45], but rigorous nonempirical calcula-
tion of complexes of uncharged radical species by
the existing methods fails to produce satisfactory
results. More adequate results are obtained for an-
ionic polymerization of dienes (butadiene, isoprene)
[11, 35, 46�51], which have been extensively studied

by spectral and quantum-chemical methods previously
[52�62]. Because of this circumstance, an example
of a theoretical analysis of reaction complexes of bu-
tadiene with the corresponding anionic and lithium
species in terms of the concept of thermal electronic
excitation is given below.

Quasi-degenerate singlet (S1) and triplet (T1)
states of reaction complexes. Modeling of elementary
stages of anionic polymerization of butadiene is pos-
sible for a particular case of complexes formed by
butadiene CH2=CH�CH=CH2 with 2-penten-1-yl an-
ion CH3�CH2�CH=CH2

� (V-an). Figure 5 illustrates
a complete transfer of an electron (�q = 0.98) between
reactant molecules upon excitation of the complex
into a singlet (S1) or triplet (T1) state. It is important
that both the excited states are characterized by iden-
tical charge distributions among atoms of the 2-pen-
tene-1-yl radical and the anion-radical of butadiene.

Another important issue is the virtually absolute
identity of the free valence indices FA for the triplet
(T1) and singlet (S1) excited states (Fig. 6). The values
of FA coincide with spin occupancies calculated for
the triplet state as a sum of atomic contributions to
boundary orbitals. In a similar way are found free
valence indices for the excited singlet state S1. Also
close are the geometric parameters of the complex
2-penten-1-yl anion...butadiene (Table 4) in the states
T1 and S1, with the optimized structure of the com-
plexes corresponding to a minimum on the potential-
energy surface, which is confirmed by absence of
imaginary frequencies in the vibrational spectrum.

Finally, mention should be made of the singlet-triplet
splitting, which is negligibly small (0.17 kcal mol�1).

Table 4. Optimized (RHF, ROHF, GVB/DH) configurations of molecules and complexes with cis-butadiene in singlet
(S0 and S1) and triplet (T1) states
������������������������������������������������������������������������������������

Molecule
�C��C��C��C� � �C�C�C�,

�C��Mt�C��Mt�C��Mt�C1�Mt�C2�Mt�C��C1�C��C4� C��C2 � C��C4
������������� ������������������������������������������������������

or complex � � � deg � �

������������������������������������������������������������������������������������
cis-2-Penten-� 1.42 � 1.41 � 130.1 � � � � � � � � �
1-yl anion: � � � � � � � � � � � �

S0 � 1.40 � 1.39 � 130.4 � � � � � � 4.03 � 4.10 � 3.80 � 5.40
T1 � 1.35 � 1.44 � 126.6 � � � � � � 6.40 � 6.40 � 4.20 � 4.20
S1 � 1.35 � 1.44 � 126.6 � � � � � � 6.42 � 6.42 � 4.22 � 4.22

cis-2-Penten-� 1.42 � 1.39 � 125.9 � 2.14 � 2.11 � 2.18 � � � � � �
1-yl-lithium: � � � � � � � � � � � �

S0 � 1.42 � 1.39 � 126.5 � 2.16 � 2.11 � 2.24 � 2.72 � 2.52 � 4.20 � 4.36 � 4.77 � 4.70
T1 � 1.35 � 1.45 � 126.0 � 2.52 � 2.68 � 3.36 � 2.30 � 2.20 � 4.55 � 4.40 � 5.30 � 4.94
S1 � 1.35 � 1.45 � 126.0 � 2.52 � 2.75 � 3.46 � 2.30 � 2.20 � 4.39 � 4.54 � 5.05 � 5.44

������������������������������������������������������������������������������������
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Table 5. Microscopic structure of polybutadiene in relation to nature of active center and solvent (initial AC concentration
n0, initial bd concentration �2 M)
������������������������������������������������������������������������������������

AC
�

Solvent
�

Electron
�

[D]/[Li]
� �

n0 � 103,
� Content of indicated units, % �

Reference� � � � � ����������������������������
� � donor D � �

T, �C
� M � 1,4-cis- � 1,4-trans- � 1,2- �

������������������������������������������������������������������������������������
BuLi � Heptane � � � 35 � 0.5 � 42 � 49 � 9 � [35]
BuLi � Hexane � THF � 10 � � � � � = 30 � 70 � [63]
BuLi � THF � � � 20 � 5 � � 12 � 88 � [35]
DSTMS � THF � � � �78 � 2 � � 8 � 92 � [35]
OLC � CH � � � 20 � 0.01 � 28 � 68 � 4 � [54]**

OLC � Hexane � � � 20 � 3 � 62 � 30 � 8 � [54]**

OLC � Heptane � � � 20 � 12.4 � 44 � 46 � 10 � [54]**

BuLi* � HCS � Diglyme � 0.8 � 30 � � 22 � � 78 � [54]***

BuLi � HCS � TMED � 2.0 � 20 � � 10 � 10 � 80 � [54]***

BuLi � HCS � 2,3-DMB � 0.5 � 20 � � 10 � 10 � 80 � [54]***

������������������������������������������������������������������������������������
* BuLi, n-butyllithium; THF, tetrahydrofuran; 2,3-DMB, 2,3-dimethoxybutane; CH, cyclohexanone; OLC, organolithium

compounds; HCS, hydrocarbon solvent; DSTMS, disodiumtetramer of �-methylstyrene; TMED, tetramethylethylenediamine.
** Data from Table 1.12.

*** Data from Table 1.19.

The close energies of the S1 and T1 states, combined
with the above-mentioned coincidence of charges,
free valence indices, and geometric parameters, sug-
gest the existence of a fourfold degenerate diradical
state of the complex, (S � T )1, with low energy, which
is directly involved in the events of rupture and for-
mation of a chemical bond.

Structure of complexes formed by free anions
and butadiene. Now a system constituted by a V-an
anion in cis-conformation and cis-butadiene (bd) will
be considered in more detail. In a real polymerizing
system containing 
living� (polybutadien)yl-lithium
and butadiene, anions are formed in noticeable amounts
in polar electron-donor solvents (D), e.g., THF, as
a result of dissociation of ion pairs:

C�Mt+ ��
D

~~~~ C�Mt+ 	D.~~~~ (17)

The difference between the energies of cis- and
trans-isomers of butadiene is 3.34 kcal mol�1

(RHF/DH), and, consequently, the fraction of cis-
isomer in solution is insignificant (<1%). However,
cis-butadiene forms more stable complexes, compared
with the trans-form, and is more active in polymeriza-
tion. Therefore, the review only presents data for cis-
butadiene and the role played in polymerization by
trans-butadiene is considered in [35]. An RHF/DH
calculation shows that the free cis-2-penten-1-yl an-
ion has �-allyl structure with approximately equal
C��C� and C��C� bond lengths (Table 4). How-

ever, the charges on atoms C� and C� are different,
being equal to, respectively, �0.81 and �0.42. In
the optimized structure of the complex (Fig. 5), the
molecular planes are mutually perpendicular, which
points to a predominating role of interaction be-
tween local centers, whereas the overlapping of bound-
ary orbitals, which requires a planar orientation of
the 2-penten-1-yl anion and butadiene, is less im-
portant.

The transition of the V-an anion from the free state
into a complex with butadiene has no essential influ-
ence on its geometric parameters (Table 4) or on
charges (q� = �0.81, q� = �0.41). It would be ex-
pected, on the basis of the prevailing concept of
charge control, that butadiene should mainly add to
the C� atom to give 1,4-unit in the polymer chain.
This assumption is not, however, confirmed by ex-
periment, which demonstrates the predominant forma-
tion of 1,2-units in the electron-donor THF solvent
(Table 5). Figure 7 shows the energy levels found for
the gas phase and solution in inert n-heptane. It can be
seen that the heats of formation of the cis-V-an...cis-bd
complex in the S0 states are significantly different
for these two cases: 4.8 and 1.0 kcal mol�1, respec-
tively. Consequently, complexes with 2-penten-1-yl
and, presumably, other anions are unstable in an inert
solution.

In the electronically excited state of the complex
(S1 or T1), there occurs complete transfer of an elec-
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Fig. 7. Energy diagram of the reaction of cis-penten-1-yl anion with cis-butadiene (solvent taken into account in the RSM
approximation; RHF, ROHF, and GVB/DH methods). Solid lines, gas phase; dashed lines, solution in n-pentane; energy levels
of the starting reagents V-an+bd, reaction product, and complex in the ground (S0) and excited (S1 and T1) states are shown.

tron from the anion to the butadiene molecule to give
a free chain radical and anion-radical of the monomer,
which can be judged from the distribution of charge
density and free valence indices (Figs. 5 and 6). The

Table 6. Charges q on C� and C� carbon atoms in cis- and
trans-2-penten-1-yl anion, calculated by semiempirical and
ab initio methods (RHF, definition of q by Mulliken)
����������������������������������������

Calculation
� cis- � trans-
����������������������������

method � �q (C� ) � �q (C�) � �q (C� ) � �q (C�)
����������������������������������������
CNDO � 0.290 � 0.311 � 0.289 � 0.317
INDO � 0.267 � 0.321 � 0.267 � 0.327
MNDO � 0.444 � 0.539 � 0.445 � 0.545
AM1 � 0.594 � 0.582 � 0.595 � 0.589
PM3 � 0.644 � 0.654 � 0.644 � 0.665
RHF/STO-6G � 0.336 � 0.261 � 0.336 � 0.263
RHF/DH � 0.808 � 0.419 � 0.805 � 0.430
RHF/6-31G* � 0.625 � 0.404 � 0.615 � 0.402
RHF/6-31G** � 0.517 � 0.356 � 0.506 � 0.358
RHF/6-311G** � 0.504 � 0.407 � 0.483 � 0.402
����������������������������������������

highest chemical activity for the complex shown in
Fig. 6 is exhibited by the C� atom of the 2-penten-1-yl
radical (FA = 0.80) and atoms C1 and C4 of the anion
radical of butadiene (FA = 0.34). It is these carbon
atoms that are the most closely spaced in the reagent
molecules (R = 4.20 �) and, in principle, can form
a chemical bond through spin coupling, which must
give rise to 1,2-units in polybutadiene. This theoret-
ical prediction is in full agreement with experimental
data (Table 6) [35, 52, 54, 62, 64].

The activation energy of the electron-transfer reac-
tion, which determines the potential barrier for the
overall reaction of addition of a butadiene molecule
to V-an, can be calculated as the energy of the di-
radical state (S � T)1 relative to the level of free re-
agents. For the system shown in Fig. 7, this value is
14.2 kcal mol�1 in the gas phase and 17.9 kcal mol�1

in an inert medium of heptane.

Structure of complexes formed by 2-penten-1-
yl-lithium with butadiene. A polymer mostly com-
posed of 1,4-cis(trans)-units is formed in polymeriza-
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Fig. 8. Energy diagram of the reaction of cis-penten-1-yl-lithium with cis-butadiene (solvent taken into account in the RSM
approximation; RHF, ROHF, and GVB/DH methods). Solid lines, gas phase; dashed lines, solution in n-pentane; energy levels
of the starting reagents V-Li+bd, reaction product, and complex in the ground (S0) and excited (S1 and T1) states are shown.

tion of butadiene in hydrocarbon solvents (hexane,
heptane) in the absence of free anions (Table 5). It is
commonly believed that chain grows under these con-
ditions on monomeric and associated forms of the or-
ganolithium compound, and the 1.4-structure is fixed
in the terminal unit of the active center as a result
of incorporation of bd at the C��Mt bond [52�62].
Calculation of a model complex by the RHF/DH
method yields a nearly 
-alkyl structure (Fig. 8, Ta-
ble 4), and the distribution of atomic charges differs
only slightly from that in the V-an...butadiene com-
plex considered above: q� = �0.73, q� = �0.38.

The complex of cis-2-penten-1-yl-lithium with cis-
butadiene has in the ground state such a structure
(Fig. 8, Table 4) that the monomer molecule is ori-
ented toward the Li atom, with inequality of charges
on C� and C� atoms preserved (�0.73 and �0.35, res-
pectively). In the triplet excited state of the complex,
charge transfer to the butadiene molecule (�q = �0.52)
is accompanied by a shift of the Li+ cation, which
is situated at equal distances from the terminal car-
bon atoms (2.30 �), but closer to the central atoms
(2.20 �) of the anion-radical of butadiene. The re-

sulting process is that the Li atom is transferred
and two radical species are formed: 2-penten-1-yl
radical and a radical of butadiene-lithium. The chem-
ical bond is formed in the singlet state in the course
of relaxation of the diradical state of the complex:
(S � T )1 			� S0

In accordance with the free valence indices, the ter-
minal atoms C1 and C4 of cis-butadiene-lithium
(F1 = F4 = 0.34), which are closer to the carbon atom
C� (F� = 0.17), at 4.40 and 4.55 �, than to C�

(F� = 0.80), 4.94 and 5.30 �, in the triplet state
of the complex. These data predict, in agreement with
experiment (Table 5), preferable formation of a chem-
ical bond between the 
-carbon atom of the chain
radical and one of the atoms C1 or C4 of butadiene, to
give 1,4-units in the chain of polybutadiene.

As a theoretical parameter characterizing the re-
activity of the system 2-penten-1-yl-lithium...buta-
diene can be taken the calculated energy of the excited
level (S � T )1, which is 10.4 kcal mol�1 for the gas
phase and 12.6 kcal mol�1 for a solution in heptane
(Fig. 8). In contrast to the case of the anionic com-
plex, the enthalpy of formation of this complex in
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the ground state changes, on passing from the gas
phase to a heptane solution, only slightly, from 9.1
to 7.0 kcal mol�1. Comparison of the given system
with the V-an...butadiene complex shows a higher
chemical activity of the lithium forms, compared
with the anionic ones. This theoretical conclusion is
in an apparent contradiction with the widely accepted
opinion that the chemical activity of anions is at the
maximum possible level.

On principles of charge and spin control over
polymerization reaction. Data on atomic charges
are commonly obtained from quantum-chemical cal-
culations. However, it is known that calculated
charges are rather sensitive to a calculation procedure,
and in the case of nonempirical methods, to a basis.
In numerous theoretical studies in the field of anion-
ic polymerization, carried out in the 1970s�1990s
[53, 57, 59, 65], calculations were mostly performed
using semiempirical methods, which yield charge
distribution for free anions, �q(C�)� � �q(C� )�, satis-
fying the charge control principle. Indeed, vinyl
�CH=CH2 and �C(CH3)=CH2 units are generated in
the polymer chain in polymerization of butadiene and
isoprene in electron-donor solvents, in which forma-
tion of free anions is observed, through addition of
the monomer to the C� atom carrying the highest
amount of negative charge (Table 6).

At present, ab initio methods, which provide a more
adequate description of the geometric configuration
and electronic characteristics of molecules, compared
with semiempirical methods, are widely used. How-
ever, the ab initio techniques yield exactly the oppo-
site charge distribution (Table 6): �q(C� )� > �q(C�)�,
and, consequently, calculations of this kind are in con-
tradiction with the principle of charge control in the
formation of the microscopic structure of polydienes.
This contradiction can be accounted for in two ways:
(1) ab initio methods are not quite correct in evalua-
tion of charges on atoms, and (2) the very principle
of charge control is inadequate.

In terms of the approach used in [11, 35, 48�51],
there is no need to invoke the charge control principle.
The properties of reaction complexes in the electron-
ically excited state are controlled by the distribution
of free valence indices, rather than by that of atomic
charges, and these distributions are not in agreement
with each other. Moreover, the probability of forma-
tion of a chemical bond depends on the configuration
of the excited complex, i.e., on the proximity of the
potentially active centers of interaction.

CONCLUSION

The known processes, such as dimerization of ethyl-
ene or anionic polymerization of butadiene, can be
explained in a novel way, and in agreement with ex-
perimental data, in terms of the concept of thermal
electronic excitation in an elementary chemical pro-
cess. This is done by considering a real physical pro-
cess, electronic excitation of a molecule or a reaction
complex to low-lying states S1 or T1 of radical or
diradical nature. It is assumed that the events of rup-
ture/formation of a chemical bond occur at the atom
with sufficiently large free valence index, rather than
at the atom with the greatest negative charge.
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Abstract�Sulfuric acid decomposition of eudialyte was studied, and a technological process including two-
stage treatment with sulfuric acid, separation and washing of an insoluble residue, successive hydrolytic
precipitation of zirconium and iron-manganese concentrates from solution, and recovery of rare-earth elements
from the insoluble residue by leaching, was considered. It was found that zirconium(IV) is recovered from
a complex carbonate precipitate in the form of a basic sulfate.

Eudialyte from the Lovozero deposit finds no use
because of the low content of rare metals [content in
the concentrate (wt %): 10�12 ZrO2, 2�2.5 Ln2O3,
0.7�0.9 Nb2O5] and the lack of any efficient tech-
nology for obtaining high-quality zirconium products,
even though the amount of zirconium and rare-earth
elements (REE) contained in this deposit is hundreds
of times that in the rest of the world [1, 2]. Techno-
logical variants including decomposition with sulfuric,
hydrochloric, or nitric acids, in which all the compo-
nents of the eudialyte concentrate (EC) were used and
utilized, have been suggested, but it was reported that
only processing of about 1 million tons of EC can be
costeffective [3].

The key issue of the technology is the integrated
use of the concentrate components and the maximum
recovery of zirconium(IV) at the minimum consump-
tion of the acid, since the neutralizing components,
ammonia and soda, are much more expensive than,
e.g., sulfuric acid. In the acid technologies for pro-
cessing of rare-earth raw materials, the whole amount
of acid used for decomposition is to be neutralized to
recover the components and utilize wastes.

As a rule, the degree of EC decomposition with ac-
ids is not too high, 65�80 wt % [4�6]. The best per-
formance is ensured by use of H2SO4, but sufficiently
high recovery can be only achieved at a 8�10-fold
excess of acid [7�9] or by introduction of 6 mol of
the fluoride ion per 1 mol of zirconium(IV) at a three-
fold excess of sulfuric acid [10]. Sufficiently high
recovery at small excess is achieved by using the

method described in [11]. Presumably, this occurs be-
cause of the additional concentrate decomposition in
drying, since the concentration of the acid increases
upon water evaporation, and this creates conditions
for more complete decomposition at elevated tempera-
ture. However, this method is hardly acceptable be-
cause of the necessity for drying of a large amount
of a gel-like sulfation product.

Use of sulfuric acid has a number of advantages.
These are the following: low cost, volatility, and cor-
rosion activity of the acid; separation of some bal-
last components together with the insoluble residue;
higher, compared with that achieved with other ac-
ids, degree of decomposition. It has been suggested
to recover zirconium(IV) from solution by neutraliza-
tion [12], extraction [10], and precipitation of zirco-
nium(IV) phosphate [8, 9]. In the case of phosphate
precipitation, the amount of impurities captured into
the precipitate is large, and processing of zirconi-
um(IV) phosphate into required products is difficult.
In the author’s opinion, no selective recovery of zir-
conium has been achieved in studies concerned with
extractive processing of solutions. Presumably, the
only remaining acceptable technique is precipitation
by solution neutralization.

The amount of niobium(V) passing into solution in
decomposition with 30�50% sulfuric acid is 40�50%.
To achieve a more complete recovery, it has been sug-
gested to introduce hydrogen peroxide in the course
of decomposition and leaching [13] or to decompose
eudialyte at 180�230�C with 50% acid [14]. True,
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the above conditions more refer to decomposition of
loparite contained in EC as impurity. Taking into ac-
count the necessary deficit of acid in the technology,
high recovery of niobium(V) can be hardly expected.

The amount of rare-earth elements, which consti-
tute a second in importance component of eudialyte,
passing into a calcium-silica precipitate in sulfuric
acid decomposition is 75�90% [11]; at high dilution
the amount of yttrium passing into solution may be
50% [10].

The present communication is concerned with
the main procedures used in the integrated sulfuric
acid technology of eudialyte [15]. These are the fol-
lowing: sulfuric acid decomposition, formation of
a precipitate of zirconium(IV), titanium(IV), niobi-
um(V), iron(III), and aluminum (III) carbonates; for-
mation of an iron-manganese precipitate by neutrali-
zation with an alkali; recovery of sodium sulfate by
evaporation (see scheme). The recovery of REE from
the calcium-silica precipitate by leaching with a cal-
cium nitrate or chloride solution has been studied
earlier [16].

EXPERIMENTAL

The EC used in the experiments had the following
composition (wt %): ZrO2 10.5, SiO2 51.4, Fe2O3 4.4,
Al2O3 4.7, TiO2 1.1, Ln2O3 2.4, MnO 2.0, CaO 5.7,
Na2O 12.4, Nb2O5 0.6. In the total REE (wt %, ox-
ides): La 12, Ce 31, Pr 3.9, Nd 14.5, Sm 3.1, Eu 0.79,
Gd 2.9, Tb 0.66, Dy 3.68, Ho 1.32, Er 2.32, Tu 0.53,
Yb 1.9, Lu 0.43, Y 18.7. An interesting feature of
this batch of EC was the high, up to 2.5 wt %, con-
tent of loparite, with this content being as high as
40 wt % in coarse fractions.

The eudialyte concentrate was decomposed in a
fluoroplastic vessel with a stirrer in a thermostated
water bath. The sludge obtained after decomposition
and leaching was filtered in a vacuum across a Lav-
san filter. The composition of the precipitates obtained
was analyzed by X-ray fluorescence method, and that
of solution, by atomic-absorption spectroscopy.

It has been suggested, to prevent passing of silicon
into solution, to dehydrate the sulfate mass in EC
decomposition with sulfuric acid [11, 14] or to per-
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Table 1. EC decomposition with sulfuric acid*

������������������������������������������������������������������������������������
� H2SO4, � Solution � Precipitate
� ��������������������������������������������������������������������� % � �

Run no.� relative to � �concentration of oxides, g l�1 �
W,

� � �
� � ������������������������ � � �� stoichi- � V, ml � �

m3 m�2 h�1 � m, g � ZrO2, wt % � �, %
� ometry � � Zr � Ln � Si � � � �

������������������������������������������������������������������������������������
1 � 100 � 350 � 16.5 � 0.53 � 5.5 � 0.06 � 83 � 4.6 � 64
2 � 110 � 400 � 17.2 � 0.64 � 2.3 � 0.2 � 84 � 3.8 � 70
3 � 110 � 400 � 19.6 � 0.77 � 1.2 � 0.3 � 78 � 2.6 � 80.1
4 � 150 � 450 � 18.4 � 0.93 � 0.48 � 0.6 � 72 � 2.4 � 83.8
5 � 200 � 400 � 22.0 � 0.87 � 0.17 � 2.0 � 78 � 2.1 � 82.4
6 � 100** � 420 � 22.8 � 0.89 � 1.3 � 0.35 � 80 � 1.9 � 85.7
7 � 150** � 450 � 23.6 � 0.96 � 0.4 � 0.9 � 75 � 1.6 � 88.6
8 � 200** � 350 � 25.5 � � � � � 0.75 � 78 � 1.6 � 88.6
9 � 100*** � 350 � 26.9 � � � � � 0.8 � 76 � 1.2 � 90.0

������������������������������������������������������������������������������������
* W, filtration rate; �, ZrO2 recovery.

** Introduction of up to 2 mol F� per mol of Zr.
*** Decomposition [11].

form decomposition at elevated temperature in an ex-
cess amount of acid, with slow charging of the con-
centrate [5, 6]. A method for decomposition with con-
centrated acid, with gradual dilution of the resulting
sludge, has been suggested [12]. The results of the ex-
periments on decomposition are listed in Table 1.

As follows from the data obtained, the degree of
ZrO2 decomposition is low and increases with the con-
sumption of the acid. A virtually unfilterable sludge
is formed at stoichiometric consumption of the acid.
The rate of filtration is directly related to the acidity
of the system and, as a result, to the content of silicic
acid in solution. The concentration of SiO2 in solution
changes from 5.5 g l�1 at acid consumption of 100%
relative to stoichiometry to 0.15 g l�1 at 200%. Even
though the introduction of the fluoride ion within the
limits studied, improves the process characteristics, it
fails to ensure complete decomposition of the concen-
trate, with better effect achieved on raising the ex-
penditure of the acid. It has been shown previously
[17] that eudialyte is nonuniform in composition and
more severe conditions are necessary for decomposi-
tion of the remaining 20�30% of the concentrate,
compared with those for the primary concentrate.
Therefore, a 10-fold excess, or threefold in the pres-
ence of fluoride ions, of the acid is necessary for com-
plete decomposition.

The excess amount of the acid in the production
solution could be neutralized with EC, with the two-
stage decomposition thus used. In treatment with
eudialyte, up to 0.4�0.6 N is neutralized; however,

silicic acid passes into solution under these condi-
tions. A two-stage decomposition with precipitation
of silica was achieved with decomposition under
spontaneous drying of the precipitate in the first stage
and an excess of acid, sufficient for precipitation of
silica, in the second. The decomposition was carried
out in both stages with approximately 50% acid at
overall consumption of 105% relative to stoichiom-
etry. After secondary decomposition and leaching,
the solution was filtered, evaporated to 50%, and
used to decompose a fresh portion of the concentrate.
The reaction proceeded vigorously to give a dry mass.
In leaching of this mass, the concentration of silicic
acid in solution was 0.03�0.05 g l�1 of SiO2. After
three cycles of decomposition (100-g portion of eudia-
lyte in each cycle), the production solution (370 ml)
contained 36.1 g l�1 of ZrO2 at acidity of 0.9 N.
The solution obtained after secondary decomposition
of the precipitate formed in the first stage (370 ml)
contained 13.8 g l�1 of ZrO2 at acidity of 5.1 N, and
the washing solution (140 ml), 6.3 g l�1 at 2.9 N.
A 84.5-g portion of insoluble residue contained 1.5%
ZrO2, which corresponds to recovery of 88%. The re-
sults obtained in recovery by two-stage treatment are
close to those for the technique described in [11];
however, it seems that solution evaporation is sim-
pler technologically and less energy-consuming than
drying of the whole amount of the sulfate mass.

Two-stage decomposition at minimum consump-
tion of acid ensures a sufficiently high recovery, but
REE can pass into solution in acid treatment of a sec-
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Table 2. Solubility of lanthanide sulfates in sulfuric acid
solution
����������������������������������������

� Ln(III) concentration in solution, M � 10�2,

H2SO4,
� in the presence of indicated amount

M
� of Na2SO4, g l�1

����������������������������������
� 0 � 25 � 50 � 75 � 100

����������������������������������������
0 � 0.36 � n.f.* � n.f. � n.f. � n.f.
0.2 � 3.7 � 2.5 � 1.9 � 1.5 � 1.1
0.5 � 3.9 � 3.5 � 3.2 � 3.1 � 2.7
2 � 4.4 � 1.06 � 0.46 � 0.4 � 0.3
5 � 2.4 � n.f. � n.f. � n.f. � n.f.

����������������������������������������
* n.f., not found.

ondary precipitate. To retain REE in the precipitate,
it is necessary to create a sodium sulfate salt back-
ground in the acid solution, which can be easily done
by diluting the acid with mother liquors obtained by
evaporation of sodium sulfate solutions. The neces-
sary sodium sulfate concentrations are substantiated
in Table 2. It can be seen that presence of minor
amounts of sodium sulfate in acid solutions is suffi-
cient for REE precipitation, and washing with weakly
acidic solutions (0.2�0.5 N) is to be restricted.

It was recommended in [11] to recover zirconi-
um(IV) from solution by precipitation with ammonia
after separation of iron aluminum ammonium alum
by freezing, with preliminary oxidation of iron. Pre-
cipitation with soda was carried out without separa-
tion of alum, since utilization of sodium sulfate is
more feasible, whereas separation of alum is expen-
sive and poorly efficient. The precipitation was done
from solutions obtained in the runs mentioned in Ta-
ble 1. Dry soda was introduced until a precipitate
appeared, and then the pH value was adjusted with
a 10% Na2SO4 solution to 4.8�5.0. The precipitates
formed were washed by single repulpation at s : l =
1 : 2 and dried. The yield of dry residue was 12.5�
16 g per 100 g of EC. The composition of the precip-
itates is listed in Table 3.

Treatment with a solution of weak acid can be used
to raise the content of zirconium in the precipitate via
removal of aluminum, and part of iron and silicon, by
washing. However, iron and manganese contained in
the precipitate are partly oxidized in the course of
precipitation, and removal of their oxidized forms by
washing is impossible. Humid precipitate is easily
dissolved in acids, and, therefore, zirconium can be
recovered selectively by any conventional technique.

Table 3. Elemental composition of dry carbonate residue
����������������������������������������
Run no.� Content of oxides, wt %

����������������������������������(see �
Table 1)� Zr � Si � Fe � Mn � Ti � Nb � Al
����������������������������������������

2 � 71.3 � 3.7 � 5.3 � 0.8 � 1.7 � 1.3 �17.2
3 � 73.5 � 0.8 � 5.7 � 0.7 � 1.9 � 2.0 �14.3
5 � 68.8 � 0.5 � 5.6 � 1.1 � 2.1 � 2.0 �21.7
7 � 68.5 � 1.5 � 5.2 � 0.7 � 2.3 � 1.4 �22.9
7* � 86.9 � 0.65 � 2.5 � 0.78 � 2.7 � 2.0 � 1.0

10** � 71.4 � 1.5 � 6.5 � 1.0 � 2.1 � 2.7 �13.4
����������������������������������������
* Precipitate formed in run no. 7 treated with 1% HCl.

** Precipitate from solution obtained upon two-stage decom-
position.

For example, after dissolving the precipitate in hy-
drochloric acid, separating the insoluble residue, and
heating the solution to boiling at acidity of 20 g l�1,
zirconium precipitates as a basic sulfate with the fol-
lowing composition (after calcination, wt %): ZrO2
92.7, TiO2 3.7, Nb2O5 2.6, Fe2O3 0.1, MnO2 0.05.
The extraction of zirconium into the precipitate was
93.5%. Presumably, repulpation ensured the necessary
ratio between zirconium and the sulfate ion. The main
difficulty in precipitate processing is the presence of
silicic acid hindering the filtration.

The order in which the evaporation and neutraliza-
tion procedures are performed must determine the re-
quirements to the quality of sodium sulfate. For glass
manufacturing purposes, sodium sulfate is to be iso-
lated after separation of iron and manganese, even
though the content of iron(II) did not exceed 0.01 wt %
in direct evaporation after washing precipitated sodi-
um sulfate with cold water. If sodium silicate solution
is to be obtained, the requirements should be less
stringent. The fraction of recycled sodium sulfate may
be as high as 100%, and this does not diminish the
solubility of the main components. The amount of so-
dium sulfate extracted from the system can be easily
controlled because of its high temperature gradient of
solubility, from 4 wt % at 0�C to 33 wt % at 33�C.

After separation of the zirconium product, the so-
lution was neutralized to pH 9.5, and the precipitate
was filtered off and washed with water on the filter.
The amount of dry precipitate was 2.3�4.1 g, and the
content of MnO2, 40�50 wt % at a yield of 55�70%.

CONCLUSIONS

(1) A study of sulfuric acid decomposition of the
eudialyte concentrate led to a conclusion that a two-
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stage process, ensuring a 88% recovery of zirconi-
um(IV) at minimum consumption of the acid, is nec-
essary.

(2) A method for two-stage decomposition was
developed, which ensures that silicic acid passes into
the precipitate because of a spontaneous dehydration
in the first stage and high acidity in the second.

(3) A scheme of integrated sulfuric acid process-
ing of eudialyte was suggested and the main tech-
nological procedures involved were verified in large-
scale laboratory experiments.
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Abstract�Evaporation of chromium ore and concentrates was studied using high-temperature differential
mass-spectrometry. The data obtained, concerning the component vapor pressures in evaporation of complex
oxide systems in the range 1700�2100 K, can be used to calculate the evaporation loss in melting and to
assess the possibility of utilization of the sublimates formed.

Melting of a chromite raw material (CRM) [1]
involves processes that occur at high-temperatures
(2000�2100 K) and are poorly understood as regards
the composition of the vapor phase in equilibrium
with a melt. It is of indubitable scientific interest to
study the evaporation of such a complex oxide sys-
tem as molten ore or concentrate.

Experimental data on the composition and vapor
pressure over the individual oxides of chemical ele-
ments present in the systems studied are summarized
and classified in a monograph [2].

Chromium oxide Cr2O3 evaporates congruently
[3], in accordance with the reactions:

Cr2O3(solid) = 2Cr(gas) + 3O(gas), (1)

Cr2O3(solid) = 2CrO(gas) + O(gas), (2)

Cr2O3(solid) = CrO2(gas) + CrO(gas). (3)

The ratio of partial pressures of Cr, CrO, and CrO2
within the temperature range 1850�2010 K is 100 :
6 : 3.

Iron forms with oxygen three oxides: Fe2O3, Fe3O4,
and FeO. When heated to 1200�1500, Fe2O3 and
Fe3O4 dissociate, with molecular oxygen passing into
a vapor and FeO accumulating in condensed phase.
Wustite evaporates congruently at 1700�1850 K
with dissociation into atomic iron and oxygen [4]:

(4)FeO(solid) = Fe(gas) + 1/2O2(gas).

The partial pressure of FeO does not exceed 3% of
the total pressure.

Silicon oxide SiO2 evaporates congruently in
the temperature range 1800�2000 K with dissociation
into gaseous silicon monoxide and oxygen [2]:

SiO2(solid) = SiO(gas) + 1/2O2(gas). (5)

When heated, magnesium and aluminum oxides
dissociate virtually completely into gaseous oxygen
and atomic metal vapor [2]:

MgO(solid) = Mg(gas) + 1/2O2(gas), (6)

Al2O3(solid) = 2Al(gas) + 3/2O2(gas). (7)

In addition, the oxides AlO, Al2O, and Al2O2 are
present in minor amounts (2�3%) in a vapor over
aluminum oxide.

The evaporation of CRM was studied using high-
temperature differential mass-spectrometry, which is
one of the most informative methods for physicochem-
ical analysis of multicomponent systems. The method
enables direct qualitative and quantitative determina-
tion of the vapor composition in a wide range of tem-
peratures and compositions of the condensed phase.

The study was carried out on an MS-1301 mass-
spectrometer. A sample was evaporated from a Knud-
sen cell heated by electron bombardment. The temper-
ature was measured to within �5�C with an EOP-66
optical pyrometer. The instrument was preliminarily
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calibrated against vapor pressure of gold [5]. The ion-
izing energy was 25 eV, which made it possible to par-
tially suppress dissociative ionization and to simplify
interpretation of mass-spectra. The partial vapor pres-
sures of the components were determined by comparing
ion currents, with gold as reference. The vapor pressure
of gold, pAu (Pa), was calculated by the formula [5]:

log pAu = �18 013/T + 10.8772. (8)

The experimental procedure employed was de-
scribed in detail in [6].

The composition of the samples studied is listed
in Table 1.

Sample no. 1 was evaporated at 1700�2100 K
from a tungsten Khudsen cell. Fe+, Cr+, CrO+, CrO2

+,
SiO+, Mg+, Al+, Al2O

+, AlO+, Al2O2
+, WO2

+, and
WO3

+ ions were observed in the mass-spectrum in
the course of evaporation. The vapor mass-spectra and
the dependences of ion current on the time and tem-
perature of sublimation, and also the fact that the en-
ergies at which the ions appeared, which are equal to
the ionization energies of the corresponding molecules
[7], showed that the vapor over a sample studied con-
tains the following molecules: Fe, Cr, CrO, CrO2, SiO,
Mg, Al, Al2O, AlO, Al2O2, WO2, and WO3 in dif-
ferent temperature intervals. The CrO and CrO2 pres-
sures constitute 3�5% of the chromium pressure and
depend on temperature and oxygen pressure. Tungsten
oxides are formed in the interaction of the chamber
wall material with a sample. Molecular and atomic
oxygen is also present in the vapor, but direct meas-
urements of partial oxygen pressures are impossible
because of the high-intensity background at m/e 16
and 32 and the fact that O2 and O are not condensed
on cool parts of the mass-spectrometer. At the same
time, these pressures can be estimated using reference
data [8] on the equilibrium constants of the reactions:

WO3(gas) = WO2(gas) + O(gas), (9)

WO3(gas) = WO2(gas) + 1/2O2(gas). (10)

Figure 1a shows how the partial pressures of the
components over the chromium concentrate vary with
time and temperature. The atomic iron and oxygen
are major vapor components within 1700�1850 K.
The iron vapor pressure at 1700 K is 0.2 Pa and re-
mains virtually unchanged for a long time. The iron
vapor pressure increases by an order of magnitude
with temperature raised to 1850 K, and, in the course
of an isothermal exposure, decreases as the condensed
phase becomes depleted of iron oxide. Atomic chro-

Table 1. Initial composition of samples studied
����������������������������������������

Sample no.
� Content, mol %
������������������������������
� FeO �Cr2O3�MgO� SiO2 � CaO �Al2O3

����������������������������������������
1(concentrate)� 16.5 � 31.0 � 36.2 � 6.3 � � � 10.0
2(ore) � 8.7 � 12.2 � 37.7 � 32.4 � 2.5 � 6.4
3(concentrate)� 11.0 � 21.1 � 42.3 � 16.4 � 1.1 � 8.1
4(concentrate)� 12.6 � 29.0 � 37.5 � 8.9 � 0.8 � 11.2
����������������������������������������

mium and SiO, whose partial pressures increase some-
what, appear in the vapor at this temperature, and
a minor amount of atomic magnesium, at the end of
the isothermal exposure. With the temperature raised
to 2000K, the Fe, Cr, Mg, and SiO pressures in-
crease, and, in addition, atomic aluminum appears
in the vapor. In the course of the isothermal ex-
posure, the partial pressure of atomic iron decreases
rapidly, and that of chromium, magnesium, and sil-
icon monoxide, first increases and then starts to de-
crease gradually. In the process, the aluminum vapor
pressure remains constant (0.03�0.04 Pa). With the
temperature raised to 2100K, the Cr, Mg, and SiO
pressures first increase and then decrease to the back-
ground level, with first magnesium totally removed

Fig. 1. Partial pressures of the main vapor components p
over samples (a) no. 1 and (b) no. 3 vs. experiment dura-
tion � and temperature. (1) Cr, (2) Fe, (3) Mg, (4) SiO,
and (5) Al.
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Table 2. Activities of Cr2O3 at various compositions of condensed phase (sample no. 1)
������������������������������������������������������������������������������������

T, K
�

aCr2O3

�
�Cr2O3

� Content, mol %
� � �����������������������������������������������������������
� � � FeO � Cr2O3 � MgO � SiO2 � Al2O3

������������������������������������������������������������������������������������
1850 � 0.031 � 0.09 � 11.1 � 32.8 � 38.8 � 6.7 � 10.7
1850 � 0.038 � 0.11 � 7.6 � 34.1 � 40.3 � 6.9 � 11.1
1850 � 0.11 � 0.29 � 5.9 � 37.3 � 44.6 � � � 12.3
2000 � 0.35 � 0.91 � 2.3 � 38.4 � 46.2 � � � 13.1

������������������������������������������������������������������������������������

from the sample, and then chromium and silicon
monoxide. Atomic aluminum is the last component
to evaporate from residues of chromium concentrate
at 2200�2300 K. In this temperature range, no ion
signals corresponding to atomic iron, magnesium,
chromium, and SiO were recorded.

The method of differential mass-spectrometry was
used to determine the activity of chromium(III) ox-
ide in the condensed phase. Pure Cr2O3 served as
reference. Transition from the working chamber to
the reference chamber and back took 20�30 s, which
enabled sufficiently fast measurement of ion current
intensities and determination of the partial pressures of
components over a sample and reference. The Cr2O3
activity was calculated by the formula:

aCr2O3
= ��������� ,

p2(Cr) p3(O)
p2(Cr) p3(O)

0 0
(11)

where p and p0 are the partial vapor pressures of
the components over the sample and reference, re-
spectively.

The partial pressures of atomic oxygen were replac-
ed, according to Eq. (9), with the p(WO3)/p(WO2)
ratio. Then

aCr2O3
= ����������������� ,

p2(Cr) p3(WO3) p3(WO2)0

p2(Cr) p3(WO3) p3(WO2)00 0

� (12)

The activities, activity coefficients, and the corre-
sponding concentrations of the components, calculated
from the evaporation curves, are listed in Table 2.

Sample nos. 2�4 were evaporated from a double
molybdenum chamber, with gold used as reference.
The Cr2O3 activity for these samples of initial com-
position (3.5 � 10�4, 5.5 � 10�4, and 7.5 � 10�4, re-
spectively) was determined as it was done for sample
no. 1 with account of the change of the chamber ma-
terial (Mo instead of W). The activity coefficients are
2.9 � 10�3, 2.6 � 10�3, and 2.6 � 10�3, respectively.

Figure 1b demonstrates the dependence of the par-
tial vapor pressures of the components over sample
no. 3 on the evaporation time and temperature. Atom-
ic iron and oxygen are major vapor components at
1700�1800 K. The vapor pressure of iron is as high
as 0.25 Pa at 1800 K and remains virtually unchanged
for a long time. With the temperature raised to
1950 K, the iron vapor pressure increases by approx-
imately an order of magnitude, and Cr, SiO, and Mg
appear in the vapor phase. In the course of isothermal
exposure, the partial pressures of Fe and SiO decrease
to virtually the background value, the Mg vapor pres-
sure decreases somewhat, and the Cr vapor pressure
increases slightly. After the temperature is raised to
2080 K, the vapor pressures of Cr and Mg increase
and then decrease in the course of isothermal expo-
sure. On further heating to 2200 K, the vapor pressure
of chromium remains at the minimum level, whereas
that of magnesium increases and then decreases to
a background value in the course of exposure. The last
component evaporating from residues of chromium
concentrate at 2200�2400 K is atomic aluminum.
The evaporation of sample no. 2 and 4 occurred sim-
ilarly.

In the system studied, negative deviation from
ideal behavior was observed, proportional to the con-
tent of iron oxide in the condensed phase.

CONCLUSIONS

(1) It was established that, first, iron and then
chromium, silicon, magnesium, and aluminum, evap-
orate from the chromite raw material under heating.
The vapor pressure of these components at 1700�
2100 K was determined.

(2) The activity of chromium(III) oxide in the con-
densed phase was calculated. It was shown that
the system shows negative deviation from ideality,
proportional to the content of iron(II) oxide in the con-
densed phase.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 10 2003

A STUDY OF EVAPORATION OF COMPLEX OXIDE SYSTEMS 1567

REFERENCES

1. Kormilitsyn, S.P., Voikhanskaya, N.L., Miroevskii, G.P.,
et al., Tsvet. Met., 2001, no. 2, pp. 96�100.

2. Kazenas, E.K. and Tsvetkov, Yu. V., Isparenie oksidov
(Evaporation of Oxides), Moscow: Nauka, 1997.

3. Milushin, M.I., and Nazarenko, I.I., Abstracts of Pa-
pers, XI Vsesoyuznaya konferentsiya po kalorimetrii
i khimicheskoi termodinamike (XI All-Union Conf. on
Calorimetry and Chemical Thermodynamics), Novosi-
birsk, 1986, part I, pp. 120�121.

4. Kazenas, E.K. and Tagirov, V.K., Metally, 1995,
no. 2, pp. 31�37.

5. Paule, R.C. and Mandel, J., Pure Appl. Chem., 1972,
vol. 31, no. 3, pp. 371�394.

6. Semenov, G.A., Belov, A.N., Baidin, V.N., et al.,
Izv. Akad. Nauk Lit. SSR, vol. 6, ser. B, pp. 515�518.

7. Energiya razryva khimicheskikh svyazei: Potentsialy
ionizatsii i srodstvo k elektronu. Spravochnik (The En-
ergy of Rupture of Chemical Bonds: Ionization Poten-
tials and Electron Affinity: Reference Book), Kond-
rat’ev, V.N., Ed., Moscow: Nauka, 1974.

8. Termodinamicheskie svoistva individual’nykh ve-
shchestv. Spravochnik (Thermodynamic Properties of
Individual Substances: Reference Book), Glushko, V.P.,
Ed., Moscow: Akad. Nauk SSSR, vols. 1�4,
pp. 1978�1984.



1070-4272/03/7610-1568 $25.00 � 2003 MAIK �Nauka/Interperiodica�

Russian Journal of Applied Chemistry, Vol. 76, No. 10, 2003, pp. 1568�1571. Translated from Zhurnal Prikladnoi Khimii, Vol. 76, No. 10, 2003,
pp. 1609�1613.
Original Russian Text Copyright � 2003 by Linnikov.

INORGANIC SYNTHESIS
����������������� �����������������

AND INDUSTRIAL INORGANIC CHEMISTRY

Effect of Seed on Supersaturation and Scale Growth
in Flow-through Crystallizers and Evaporating Apparatus

O. D. Linnikov

Institute of Solid State Chemistry, Ural Division, Russian Academy of Sciences, Yekaterinburg, Russia

Received March 28, 2003

Abstract�The problem of choosing the most effective concentration of seed crystals for controlling the super-
saturation and scale growth rate in flow-through crystallizers and evaporating apparatus is considered theoret-
ically. Equations describing these processes are derived and compared with published experimental data.

Seed crystals are widely used in crystallization and
evaporating processes. The size of crystals obtained in
crystallization can be controlled by changing the seed
concentration. Addition of seed crystals to an in-
dustrial or natural mineralized water being evaporated
makes it possible to diminish scale formation [1]. For
example, the method for preventing scale formation
by using seed crystals has been employed during
many years for thermal desalination of Caspian Sea
water [1, 2]. There is evidence of successful applica-
tion of a seed to diminish formation of calcium sul-
fate scale [3�5]. The method of seed crystals can also
be used to prevent formation of calcium carbonate
scale in geothermal power engineering [6]. In spite of
such a wide application of seeds, their most effective
concentration in various processes is selected empir-
ically in many instances. In this study, the problem is
analyzed theoretically.

The rate of scale growth is known to decrease in
the presence of seed crystals. Seed crystals remove
scale-forming salts from solutions. Consequently, so-
lution supersaturation also decreases in the presence
of seed crystals. Let us consider how introduction of
a seed affects the solution supersaturation.

In the simplest case, for a solution volume v in
an apparatus and total surface area of seed crystals
equal to S, the average growth rate of crystals V is in-
dependent of time and supersaturation and the follow-
ing mass M of a scale-forming salt will be removed
during time �0 from the solution:

M = SV�T �0. (1)

Here �T is the density of the scale-forming salt
(kg m�3) and �0 is the residence time of the solution
in the apparatus (s).

The concentration of the solution is given by

c = ������ = ���������� = ci � ����� ,
ci v � M

v
ci v � SV �T �0

v
SV �T �0

v � (2)

where ci and c are the initial and running salt concen-
trations in the solution (kg m�3).

The concentration of the scale-forming salt in so-
lution is seen to be a linear function of the total sur-
face area of seed crystals, S, and the residence time of
the solution in apparatus, �0.

However, in the general case, the growth rate of
seed crystals depends on the concentration of a scale-
forming salt in solution (solution supersaturation).
The growth rates of seed crystals, V, and scale, VR,
are described by the equations:

V = k(c � c0)n, (3)

VR = kR(c � c0)m. (4)

Here k and kR are average growth rate coefficients
of seed crystals and scale, respectively; V and VR,
the average growth rates of seed crystals and scale
(m s�1); c0, the solubility of the scale-forming salt in
solution (kg m�3); n and m, the growth rate orders.

Commonly, n = 1�2 and m = 1�2. Therefore,
four combinations of n and m can be considered:
1) n = m = 1; 2) n = 1, m = 2; 3) n = m = 2 and
4) n = 2, m = 1.

(1) n = m = 1. In this case, the following mass
dM of the scale-forming salt will be removed from
the solution during a time d�:

(5)dM = SV�T d�.
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Taking into account the equality dM = �vdc and
substituting Eq. (3) into expression (5), we obtain:

��� = ��� k(c � c0) = �K(c � c0).
dc
d�

S�T
v v

S
(6)

Here K = k�T is the growth rate coefficient of
seed crystals (m s�1).

After integration, we have:

ln ����� = ��K�0.
c � c0
ci � c0

S
v (7)

From Eq. (7) follows formula (8) relating the solu-
tion supersaturation to the total surface area of seed
crystals and to the residence time of the solution in
an apparatus:

�c = c � c0 = (ci � c0) exp ��K�0v
S�

�
�
�
��

= �ci exp ��K�0 .v
S�

�
�

�
�
� (8)

Here �c = c � c0 is the solution supersaturation
(kg m�3) and �ci = ci � c0 is the initial supersaturation
(of a solution free of seed crystals) (kg m�3).

Substitution of (8) in expression (4) gives the equa-
tion for the rate of scale growth (m = 1):

VR = kR�c = kR�ci exp ��K�0 .v
S�

�
�

�
�
� (9)

(2) n = 1, m = 2. In this case, the dependence of
the solution supersaturation on the total surface area
of seed crystals and on the duration of solution res-
idence in the apparatus remains unchanged and is
described by formula (8). Therefore, substitution of
(8) into Eq. (4) yields

kR�ci exp ��K�0 .v
S�

�
�

�
�
�VR = 2 (10)

It can be seen that, on the whole, the dependence
of the rate of scale growth on the residence time of
the solution in an apparatus and on the total surface
area of seed crystals remains nearly the same.

(3) n = m = 2. At n = 2, Eq. (3) takes, after integra-
tion and transformations, the form

�c = ��������� .
1 + K�ci� �0

S
v

�ci (11)

It is noteworthy that the growth rate coefficient of
seed crystals, K, in Eq. (11) has the dimensionality
m4 s�1 kg�1.

Fig. 1. Dependence of �c/�ci ratio on specific surface
area S/v of seed crystals in solution (theoretical curves).
�0 = 100 s. (1) n = 1, K = 1 � 10�4 m s�1; (2) n = 2, K =
1 � 10�4 m4 s�1 kg�1, �ci = 10 kg m�3.

Fig. 2. Influence of specific surface area S/v of seed
crystals in solution on scale growth rate VR [theoretical
curve according to Eq. (9)] K = 1 � 10�4 m s�1, kR = 1 �

10�4 m4 s�1 kg�1, n = m = 1, �ci = 10 kg m�3, �0 = 100 s.

Substitution of (11) in expression (4) gives (m = 2)

VR = ����������
1 + K�ci� �0v

S�
�
�

�
�
�
2
� .

kR�ci
2

(12)

(4) n = 2, m = 1. If n = 2, the solution supersatura-
tion is described by Eq. (11). Therefore, the expres-
sion for the scale growth rate has the form

VR = ��������� .
1 + K�ci� �0v

S

kR�ci
(13)

Theoretical curves describing the dependence of
the �c/�ci ratio on the specific surface area of seed
crystals in solution, S/v, in accordance with Eqs. (8)
and (11), are shown in Fig. 1. It is seen that, if K =
1�10�4 m s�1 for n = 1 or K = 1 � 10�4 m4 s�1 kg�1

for n = 2 (typical values), then the solution super-
saturation decreases dramatically with the specific
surface area of seed crystals increasing from 0 to
100�200 m2 m�3. Further increase in the specific sur-
face area of seed crystals to above 100�200 m2 m�3

does not lead to any significant additional decrease
in the ratio �c/�ci. A similar dependence takes place
for the scale growth rate (Fig. 2).
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Fig. 3. Experimental data of [4], plotted in the coordinates
of Eq. (16). T = 70�C. �ci (kg m�3): (1) 1.50, (2) 0.68,
(3) 1.09. Points, experimental data; lines, theoretical curves
[calculation by Eq. (16)].

It is of interest to compare the obtained theoretical
dependences with published data [4�6]. Formation of
scale in the form of calcium sulfate (sulfate scale) was
studied by Kaldaeva [4]. The effect of calcium sulfate
seed crystals on the scale growth was studied. It was
found that the growth rates of seed and scale crystals
are described by Eqs. (3) and (4) for n = m = 2.
The plot constructed on the basis of the data obtained
in [4] in Fig. 3 is similar to the curve in Fig. 2 of
the present study. The experimental data from Fig. 3
of [4] are listed in Table 1.

Table 1. Experimental data on the rate of sulfate scale
growth for various concentrations of seed crystals, cs, and
solution temperatures (from Fig. 3 of [4])
����������������������������������������

T, �C
� �ci � cs �

VR � 109, m s�1�����������������������
� kg m�3 �

����������������������������������������
50 � 0.95 � 0 � 2.40

� � 5 � 0.45
� � 5 � 0.37
� � 10 � 0.38
� � 10 � 0.32

70 � 0.68 � 0 � 1.68
� � 5 � 0.42
� � 5 � 0.24
� � 20 � 0.16
� 1.09 � 0 � 3.35
� � 10 � 0.42
� � 20 � 0.26
� 1.50 � 0 � 6.72
� � 5 � 2.40
� � 5 � 2.28
� � 10 � 0.84
� � 10 � 0.65
� � 20 � 0.47
� � 30 � 0.36
� � 30 � 0.23

����������������������������������������

To compare Kaldaeva’s experimental data [4] with
Eq. (12), we transform this equation to

�� = ���������� = ���� + ���� � + ���� � .
1

VR kR�ci
2

1 S
v
�
�

	



2K�0
kR�ci

(K�0)2

kR

S
v
�
�

	



21 + K�ci� �0v
S �

�
�
2

kR�ci
2

	



(14)

Assuming that seed crystals have a near-spherical
shape and taking into account that

� = �� cs = ������ cs = ���� cs ,S
v

Scr
mcr � �dcr �T

1
6

�dcr
2

dcr �T

6
3

(15)

where cs is the concentration of seed crystals in solu-
tion (kg m�3); dcr , the average diameter of seed
crystals (m); Scr = �dcr

2 , the average surface area of
a single seed crystal (m2); mcr = 1/6(�dcr

3 �T),
the average mass of a single seed crystal (kg), we fi-
nally obtain

�� = ���� = �������� cs + �������� cs .
1

VR kR�ci
2

1 12K�0
kR�ci dcr �T

36(K�0)2

kR(dcr �T)2
2 (16)

Equation (16) is a parabolic regression. Typical
dependencies obtained by processing the experimental
data of Table 1 are shown in Fig. 3 in the coordinates
of this equation. It is seen that Kaldaeva’s exper-
imental data [4] are satisfactorily approximated by
Eq. (16).

Data obtained with calcium carbonate seed crystals
used to prevent scale formation in geothermal power
engineering have been reported by Akhmetov [6].
The effect of seed crystals on the concentration of
Ca2+ ions in a solution passed through an apparatus
was studied. The experimental results of [6] are listed
in Tables 2 and 3. The data in the last column of
Table 2 suggest that the CaCO3 solubility in the solu-
tion under study was about 50 mg l�1.

To analyze Akhmetov’s experimental data [6], we
transform Eqs. (8) and (11). After substituting formula
(15), we obtain

= �ci exp ��K�0v
S�

�
�

�
�
��c = �ci exp �����K�0cs ,� �

dcr �T

6
� �
� �(17)

�c = ��������� = ���������� .
1 + K�ci� �0

S
v

�ci

1 + ���� �0cs

�ci
6K�ci
dcr �T

(18)

A verification of Eqs. (17) and (18) demonstrated
that the data of [6] are best described by expression
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Fig. 4. Experimental data of [6] in the coordinates of modified Eq. (17). (a) cs (kg m�3): (1) 6, (2) 12, and (3) 25. (b) �0 (s):
(1) 149 and (2) 249. (c) dcr � 106 (m): (1) 56, (2) 82, and (3) 150.

(17). Akhmetov’s experimental data [6] (Tables 2 and
3 of the present study) are shown in Figs. 4a�4c in
the coordinates of modified Eq. (17) (after taking log-
arithms). It is seen that all the experimental data well
fall on straight lines. This confirms the applicability
of expression (17) and indicates that the equation de-
scribing the seed crystal growth is first-order [for-
mula (8)]. The data in Fig. 4c can be used to esti-
mate the growth rate coefficient of seed crystals, K,
under the experimental conditions of [6], by using

Table 2. Concentration of Ca2+ ions, c, in solution as
a function of its residence time in an apparatus (Fig. 2
of [6]), T = 98�C
����������������������������������������

�0, s
� c � 10�3 (kg m�3) at cs , kg m�3

�����������������������������������
� 6 � 12 � 25

����������������������������������������
149 � 143 � 113 � 83
249 � 111 � 95 � 57
371 � 99 � 75 � 50
414 � 93 � 65 � 51
457 � 80 � 65 � 50
500 � 78 � 62 � 56
543 � 81 � 59 � 54
586 � 71 � 56 � 48

����������������������������������������

Table 3. Influence of average diameter of seed crystals on
the concentration c of Ca2+ ions in solution (Fig. 3 of [6]),
�0 = 586 s, T = 98�C
����������������������������������������

cs, kg m�3
� c � 10�3 (kg m�3) at dcr � 106, m
��������������������������������
� 56 � 82 � 150

����������������������������������������
3 � 96 � 118 � 140
6 � 70 � 87 � 111

12 � 55 � 65 � 79
16 � 51 � 55 � 80
25 � 52 � 58 � 65

����������������������������������������

formula (17). For example, calculation gives K =
7.75 � 10�6 m s�1 for dcr = 56 � 10�6 m, K = 8.94 �
10�6 m s�1 for dcr = 82 � 10�6 m, and K = 6.64 �
10�6 m s�1 for dcr = 150 � 10�6 m. Hence the average
K is 7.69 �10�6 m s�1.

Unfortunately, verification of other equations of
the present study seems to be impossible because of
the lack of required published experimental data.
Nevertheless, the results obtained can be used for car-
rying out approximate calculations in designing in-
dustrial apparatus and for choosing the optimal con-
centrations of seed crystals to prevent scale formation,
and also for controlling the mass-crystallization pro-
cesses.

To conclude, it should be noted that Eqs. (1)�(13)
were derived on the assumption that the total surface
area of seed crystals much exceeds the scale surface
area. Therefore, the mass of scale-forming salt de-
posited on the scale surface could be neglected.
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Abstract�The subsolidus region of ternary salt systems Na2MoO4�AMoO4�R2(MoO4)3 was studied. It was
established that phases Na1 � x A1 � x R1 + x (MoO4)3, 0 � x � 0.2�0.3 of variable composition with rhombo-
hedral lattice (R

�

3c) and ternary molybdates NaA3R(MoO4)5 of triclinic crystal system (P
�

1) are formed in
the system. The electrical characteristics of ternary molybdates and the effect of the cation nature on the
homogeneity region of the phases and type of conduction were studied.

The interest in oxygen-containing compounds of
molybdenum is caused by their wide application in
both new and traditional fields of science and engi-
neering. Matrixes for fixation of long-lived isotopes,
phosphors, laser materials, ferroelectrics, piezoelec-
trics, catalysts for organic synthesis, superionics, high-
temperature binders and other materials have been ob-
tained on the basis of composite oxides with various
cations and a tetrahedral anion [1�3]. In this context,
a physicochemical analysis of systems of this kind,
synthesis of new compounds, and a study of their
structure and properties, including electrical proper-
ties, are being carried out.

It is necessary to note that the rhombohedral phases
are of particular interest because they exhibit a crystal-
chemical similarity with compounds of the NASICON
type, which are characterized by superionic properties
[3�9], and the possibility of iso- and heterovalent
substitutions in the rhombohedral skeleton enables
smooth variation of properties of materials based on
them.

The aim of this study was to analyze phase rela-
tions in the systems Na2MoO4�AMoO4�R2(MoO4)3,
(A = Mg, Mn, Co, Ni; R = Cr, Fe) and the type of
conduction in ternary molybdates.

EXPERIMENTAL

Starting components for a study of the systems
were molybdates of double-charged metals, sodium,

iron(III), and chromium(III), synthesized by the solid-
phase technique, specifically, by sintering the oxide
of a corresponding metal, Na2CO3, Fe(NO3)3 � 9H2O,
and molybdenum trioxide, taken in stoichiometric ra-
tio. The compounds NaR(MoO4)2 (R = Cr, Fe) were
synthesized at 550�650�C in the course of 100�150 h.
All the starting compounds were preliminarily cal-
cined, for their full dehydration, at temperatures 100�
200�C lower than their melting points. The annealing
was carried out in the range 550�750�C. The duration
of calcination at each temperature was 100�200 h.
Nonequilibrium samples were annealed additionally.
To determine the homogeneity regions, ternary mo-
lybdates were obtained from preliminarily synthesized
neutral molybdates. The value of x was varied from
0 to 1.00 in steps of 0.1. The annealing was done in
the range 550�750�C, with intermediate grinding after
every 20�30 h. The duration of calcination at each
temperature was 150�250 h.

The phase composition was monitored, as equilib-
rium was attained, by means of X-ray diffraction ana-
lysis with a DRON-2.0 diffractometer and a chamber-
monochromator of the Guignet�de-Wolf type (CuK

�

radiation, Ge as internal standard). A differential ther-
mal analysis was carried out on an MOM OD-103
derivatograph (rate of temperature rise 10 deg min�1,
sample weight 0.3�0.4 g).

Electrical measurements in the range 200�600�C
were carried out in the heating�cooling mode, using
0.15�0.2-cm-thick dense ceramic discs sintered at
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Table 1. Crystallographic and thermal characteristics of Na1 � x Mg1 � x R1 + x (MoO4)3
������������������������������������������������������������������������������������

� a � c � � �
��������������������������� � �Compound � � V/Z, �3 � c/a � mp, �C
� � � � �

������������������������������������������������������������������������������������
NaMgCr(MoO4)3 � 9.353(2) � 23.102(3) � 291.7 � 2.470 � 865
Na0.7Mg0.7Cr1.3(MoO4)3 � 9.361(3) � 23.182(7) � 293.2 � 2.476 � 860
NaMgFe(MoO4)3 � 9.375(4) � 23.226(5) � 294.6 � 2.477 � 790
Na0.7Mg0.7Fe1.3(MoO4)3 � 9.391(2) � 23.292(3) � 296.5 � 2.498 � 790
������������������������������������������������������������������������������������

600�700�C, with platinum electrodes deposited onto
their surface. An E8-4 bridge was used for ac mea-
surements at a frequency of 10 kHz, with an R5025
capacitance box (accuracy �5%) which extended the
measurement range of the dielectric loss tangent.
A voltage of 60 mV was used in dc measurements.
The electronic and ionic transfer numbers were de-
termined by Vest and Tallan’s method [10].

The systems Na2MoO4�AMoO4 (A = Mg, Mn, Co,
Ni) and Na2MoO4�R2(MoO4)3 (R = Cr, Fe) were
studied in [11�15], and, therefore, were not analyzed
additionally here.

To study interactions in the system Na2MoO4�
MgMoO4�R2(MoO4)3, mixtures of neutral and bina-
ry molybdates were prepared in a specified stoichio-
metric ratio, including the compositions correspond-
ing to intersection points for all the sections exist-
ing in the system. The samples were annealing in
the range 300�700�C. An analysis of the data ob-
tained in studying the phase composition of the com-
pounds lying at the intersection points and at the
points located in the plane of the triangle Na2MoO4�
MgMoO4�R2(MoO4)3 demonstrated that the phase
relations in the subsolidus region for the iron-contain-
ing systems at 600�C and for the chromium-contain-
ing systems 650�C are characterized by the following
quasibinary sections: MgMoO4�NaMg3R(MoO4)5;
Na2 � 2x Mg2 + x (MoO4)3, 0.4 � x � 0.5�NaMg3R �
(MoO4)5; NaMg3R(MoO4)5�R2(MoO4)3; NaMg3R �
(MoO4)5�Na1 � x Mg1 � x R1 + x(MoO4)3, 0 � x � 0.3;
Na2 � 2x Mg2 + x (MoO4)3�Na1 � x Mg1 � x R1 + x (MoO4)3;
Na2 + 2x Mg1 � x (MoO4)2, 0 � x � 0.2�Na1 � x Mg1 �x �
R1 + x (MoO4)3; Na2MoO4�Na1 � x Mg1 � xR1 + x (MoO4)3;
NaR(MoO4)2�Na1 � x Mg1 � x R1 + x (MoO4)3; Na1 � x �
Mg1 � x R1 + x (MoO4)3�R2(MoO4)3 (Fig. 1).

According to the results of X-ray phase analys-
is, the ternary compounds NaMg3R(MoO4)5 and
NaMgR(MoO4)3 show no noticeable homogeneity re-
gion along the section NaR(MoO4)3�MgMoO4 (R =
Cr, Fe), whereas the homogeneity region in the plane

of the triangle along the section NaMgR(MoO4)3�
R2(MoO4)3 is 9.8 mol % wide.

Along the section NaMgR(MoO4)3�R2(MoO4)3,
phases of variable composition, Na1 � x Mg1 � x R1 + x �
(MoO4)3, 0 � x � 0.3, are formed. They are solid solu-
tions of subtraction, based on the ternary molybdate
NaMgR(MoO4)3. According to the X-ray data (posi-
tions of reflections and their relative intensities in
X-ray diffraction patterns), these solid solutions are
isostructural to the ternary sodium�zinc�scandium
molybdate [16] having a rhombohedral lattice (space
group R

�

3c, Z = 6) (Table 1).

Taking into account that the starting compounds
have the same formulas and structures, it would be ex-
pected that the phase relations in the systems contain-
ing manganese, cobalt, and nickel molybdates must be
similar to those in the system under study: Na2MoO4�
MgMoO4�R2(MoO4)3 (R = Cr, Fe). Therefore, the
study of phase formation in these ternary systems was
restricted to an analysis of samples whose composi-
tion corresponded to the intersection point of the lines
AMoO4�NaR(MoO4)2 and Na2 � 2x A2 + x (MoO4)3,
0.4 � x � 0.5�R2(MoO4)3; AMoO4�NaR (MoO4)2;
Na2 + 2x Mg1 � x (MoO4)2, 0 � x � 0.2�R2(MoO4)3.

Fig. 1. Phase relations in the systems Na2MoO4�MgMoO4�
R2(MoO4)3 (R = Cr, Fe). (T1) Na1 � x Mg1 � xR1 + x (MoO4)3
and (T2) NaMg3R(MoO4)5.
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Table 2. Crystallographic and thermal characteristics of NaA3R(MoO4)5
������������������������������������������������������������������������������������

� a � b � c � � � � � � �
V/Z,

�
�calc,

�
�calc,

�
mp,

������������������������������������������������� � � �Compound � � � � � �
� � � deg �

�3
�

g cm�3
�

g cm�3
�

�C

������������������������������������������������������������������������������������
NaNi3Cr(MoO4)5 � 6.936(2) �17.571(4)� 6.845(2) � 87.99(2) �101.47(3)� 92.25(2) � 408.4 � � � 880
NaMg3Cr(MoO4)5 � 6.948(3) �17.575(6)� 6.862(2) � 88.03(1) �101.39(2)� 92.16(2) � 410.3 � � � 950
NaCo3Cr(MoO4)5 � 6.964(2) �17.579(3)� 6.879(1) � 88.02(1) �101.36(3)� 92.12(3) � 412.4 � 4.232 � 4.21 � 840
NaMn3Fe(MoO4)5 � 6.965(2) �17.585(4)� 6.884(2) � 88.00(2) �101.35(1)� 92.14(2) � 412.9 � � � 860
NaNi3Fe(MoO4)5 � 6.938(2) �17.573(5)� 6.851(1) � 87.94(2) �101.46(3)� 92.29(2) � 408.8 � � � 820
NaMg3Fe(MoO4)5 � 6.951(1) �17.582(4)� 6.845(2) � 87.91(2) �101.43(2)� 92.23(1) � 410.9 � 3.844 � 3.82 � 890
NaCo3Fe(MoO4)5 � 6.966(1) �17.581(4)� 6.883(2) � 87.94(2) �101.34(3)� 92.19(2) � 412.8 � � � 870
NaMn3Fe(MoO4)5 � 6.964(3) �17.583(5)� 6.892(2) � 87.92(2) �101.25(2)� 92.12(2) � 413.4 � � � 850
������������������������������������������������������������������������������������

It was found that at 650�700�C the compounds
NaAR(MoO4)3 (A = Mn, Co, Ni; R � Cr, Fe) are
formed, together with phases of variable composition
on their base, with various homogeneity regions in
the series of both double- and triple-charged ele-
ments. In spite of the fact that all molybdates of dou-
blecharged elements A (Mg, Mn, Co, and Ni) have
the same symmetry (structural type of �-MnMoO4),
the homogeneity region depends on the nature of
an element. When small double-charged ions (Ni2+)
and highly polarizing cations (Co2+) are introduced
into the skeleton, the region of existence of rhombohe-
dral phases is narrowed down to x = 0.2. The phases
with A = Mg have the widest region of existence,
0 � x � 0.3. It is necessary to note that the individual
manganese-, cobalt-, and nickel-containing phases
at x = 0�0.1 could not be isolated by varying the
temperature and annealing time. Alongside with the
phases Na1 � x A1 � x R1 + x(MoO4)3, the binary molyb-

Fig. 2. Dependence of electrical conductivity � on tem-
perature T. (1) NaMg3Cr(MoO4)5, (2) NaMg3Fe(MoO4)5,
(3) NaMgCr(MoO4)3, (4) Na0.7Mg0.7Cr1.3(MoO4)3,
(5) NaMgFe(MoO4)3, and (6) Na0.7Mg0.7Fe1.3(MoO4)3.

date NaR(MoO4)2 is present in the annealed samples.
This structural type (skeleton) is the most favorable
for magnesium compounds.

It was found in [17] that the widest homogeneity
regions are observed in aluminum molybdates, in
which manganese and magnesium are double-charged
elements and x = 0.5. Introduction of such ions as Cr
and Fe, which are larger than Al, into the rhombo-
hedral skeleton makes the homogeneity region nar-
rower: x = 0.3.

According to the results of X-ray phase analysis,
the formation of ternary compounds in 3Co(Ni)MoO4�
NaR(MoO4)2 (R = Cr, Fe) mixtures begins at 600�
650�C, and in 3Mg(Mn)MoO4�NaR(MoO4)2 (R = Cr,
Fe), at 550�600�C. The ternary molybdates of 3 : 1
composition were obtained as single-phase products at
650�700�C and calcination time of 150�200 h.

The compounds NaA3R(MoO4)5 were synthesized
from neutral molybdates at 1 : 6 : 1 ratio of the start-
ing components, 700�750�C, and calcination time
of 200�300 h. Ternary molybdates are formed in syn-
thesis from neutral molybdates in a number of suc-
cessive stages. Binary molybdates NaR(MoO4)2 and
AMoO4 were revealed as intermediate products. The
results obtained suggest that, when a ternary molyb-
date is synthesized by the reaction of AMoO4 with
a binary molybdate of single- and three-charged ele-
ments, the equilibrium is attained faster, and at a low-
er temperature, as compared with reaction mixtures
of Na2MoO4, AMoO4, and R2(MoO4)3.

An X-ray study of the synthesized compounds
NaA3R(MoO4)5 (A = Mg, Mn, Co, Ni; R = Cr, Fe)
demonstrated that they are isostructural to each other
and crystallize in the triclinic crystal system (P

�

1, Z =
2), which places them in a new structural family [18]
(Table 2).
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Table 3. Electrical characteristics of NaA3R(MoO4)5
������������������������������������������������������������������������������������

� 300�C � 600�C �
�����������������������������������������������������Compound � � � E, eV
� 	, 
�1 cm�1 � te � 	, 
�1 cm�1 � te �

������������������������������������������������������������������������������������
NaMg3Fe(MoO4)5 � 1.82 � 10�8 � 0.28 � 1.20 � 10�5 � 0.62 � 6.07
NaMn3Fe(MoO4)5 � 1.39 � 10�8 � 0.25 � 1.40 � 10�5 � 0.64 � 5.97
NaMg3Cr(MoO4)5 � 1.13 � 10�8 � 0.35 � 1.10 � 10�5 � 0.67 � 6.18
������������������������������������������������������������������������������������

Table 4. Electrical characteristics of phases of variable composition, Na1 � x A1 � x R1 + x (MoO4)3, 0 � x � 0.3, R = Cr, Fe
������������������������������������������������������������������������������������

� 300�C � 600�C �
�����������������������������������������������������Compound � � � E, eV
� 	, 
�1 cm�1 � te � 	, 
�1 cm�1 � te �

������������������������������������������������������������������������������������
NaMgCr(MoO4)3 � 6.25 � 10�8 � 0.75 � 2.15 � 10�3 � 0.72 � 2.43
Na0.7Mg0.7Cr1.3(MoO4)3 � 1.62 � 10�8 � 0.80 � 1.01 � 10�2 � 0.79 � 2.33
NaMgFe(MoO4)3 � 9.09 � 10�8 � 0.78 � 8.26 � 10�3 � 0.75 � 2.26
Na0.7Mg0.7Fe1.3(MoO4)3 � 1.06 � 10�7 � 0.80 � 1.47 � 10�2 � 0.81 � 2.17
������������������������������������������������������������������������������������

It was found that the total conductivity of ternary
molybdates NaA3R(MoO4)5 varies within the limits
10�8�10�5 ��1 cm�1 as temperature increases from 200
to 600�C. There is only a single bend in the ln��1/T
curves (Fig. 2), which is associated with transition
from impurity conduction to that of the intrinsic type.
On the basis of temperature dependences of the elec-
trical conductivity and transfer numbers, a conclusion
was made that the ternary molybdates exhibit mixed
ionic-electronic conduction, with the ionic component
predominant up to 360�C (te = 0.25�0.35) and the
electronic component much exceeding it in the range
360�600�C (te = 0.62�0.67). The activation energies
E of the electronic conductivity of the compounds are
shown in Table 3. With increasing radii of double-
and triple- charged cations, the conductivity becomes
higher.

In all the cases, the dielectric constant and the di-
electric loss tangent grow exponentially without anom-
alies with increasing temperature.

With increasing temperature, the total conductivity
of rhombohedral phases Na1 � x A1 � x R1 + x (MoO4)3
varies within the limits 10�8�10�2 ��1 cm�1.

The predominantly ionic conduction (ti = 0.72�
0.81) is characteristic of the compounds obtained. It
was found that the conductivity grows in the series
of solid solutions with x increasing from 0 to 0.3 and
with increasing radius of triple-charged cation (Fig. 2
and Table 4), which is associated with the structural
features of NASICON-like phases, whose structure is
a three-dimensional porous skeleton composed of

apex-connected MoO4 tetrahedra and MO6 octahedra
of double- and triple-charged cations. The Na+ cations
are situated within the spacious voids of the skeleton,
which are combined into a system of communicating
channels [16]. Hetero-charge substitution Na+ + M2+ =
M3+ + | |
�
�

�
�in the series of solid solutions results

in the formation of additional vacancies in the sodium
sublattice, which affects the mobility of sodium cat-
ions, i.e., the possibility of their freer motion in the
voids along the conduction channels. With x increas-
ing from 0 to 0.3, the electrical conductivity grows
from 8.26 � 10�3 to 1.47 � 10�2 for iron-contain-
ing phases and from 2.15�10�3 to 0.01�10�2 ��1 cm�1

for chromium-containing phases. It was found that
the large sizes of both the octahedra and the tetra-
hedra lead to high ionic conductivity [3]. At
600�C, the electrical conductivity of NaMgCr(MoO4)3
(rCr3+ = 0.62 	) and NaMgFe(MoO4)3 (rFe3+ = 0.65 	)
is 2.15 � 10�3 and 8.26 � 10�3 ��1 cm�1, respectively.

The dielectric constant 
 and the dielectric loss
tangent tan� depend on temperature exponentially for
Na1 � x A1 � x R1 + x (MoO4)3. The absence of extrema
in the curves for the dielectric constant and dielectric
loss tangent indicates the absence of phase transitions
and ferroelectric properties in NASICON-like ternary
molybdates.

Comparison of the results obtained in this study
with the data of [19] shows that the highest conductiv-
ity among sodium and potassium ternary molybdates
MAR(MoO4)3 and phases of variable composition on
their base, M1 � x A1 � x R1 + x (MoO4)3, 0 � x � 0.6�0.2
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(A = Ni, Mg, Co, Mn; R = Al, In, Sc, Yb, Lu) is
observed for sodium-containing rhombohedral phases,
which makes them promising materials for solid elec-
trolytes.

CONCLUSIONS

(1) A study of phase relations in the subsolidus re-
gion of the systems Na2MoO4�AMoO4�R2(MoO4)3
(A = Mg, Mn, Co, Ni; R = Cr, Fe) demonstrated that
ternary molybdates NaA3R(MoO4)5 and NaAR(MoO4)3
and phases of variable composition on their base with
different homogeneity regions are formed.

(2) The electrical characteristics of NaA3R(MoO4)5
and Na1 � x A1 � x R1 + x (MoO4)3 were studied. It was
found that NaA3R(MoO4)5 have low conductivity
(10�8�10�5 ��1 cm�1) with predominant electronic
component. The rhombohedral phases of variable
composition have predominantly ionic conduction.
The conductivity in the homogeneity region grows
steadily with increasing concentration of vacancies
in the sodium sublattice and also with increasing size
of the triple-charged cation (Cr � Fe).
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Abstract�Structural and sorption characteristics of natural carbonaceous sorbents and thermally expanded
graphite were examined. Acid�base sites on the sorbent surface were characterized qualitatively and quantita-
tively. The performance of the materials in wastewater treatment to remove anionic surfactants was studied.

Search for, and characterization and practical ap-
plication of efficient and sufficiently cheap natural
sorbents for treatment of natural and waste water is
a topical problem [1, 2]. For this purpose, natural and
synthetic carbonaceous sorbents are widely used [3, 4].
The use of carbonaceous adsorbents from domestic
deposits or those modified by domestically developed
processes appears to be the most expedient from the
cost-effectiveness standpoint. Therefore, we started
studies of natural porous coal, natural graphite, and
thermally expanded (foamed) graphite (TEG) for water
treatment.

Natural porous coal is a young coal, precursor of
brown coal, whose deposits are found in the Donets
Basin (Ukraine). Natural graphite was taken from
the Zaval’e deposit (Kirovograd oblast, Ukraine).

TEG samples were prepared using the procedure
described in [5]. Chemically enriched natural graphite
of GAK-2 brand {GOST (State Standard) 0273�78
[6]} was treated with a mixture of concentrated sul-
furic acid and 30% hydrogen peroxide for 30 min.
Hydrolysis of the intercalate (graphite bisulfate) yields
oxidized graphite, which is subjected to thermal treat-
ment in a gas furnace at 627�C. Finally, TEG is treated
in a roasting apparatus at 427� under nitrogen for 30 s
to remove residual sulfur compounds.

As the first stage of the study, we analyzed the
structural and sorption characteristics of the above-
indicated materials, including the nature and amount
of functional groups on their surface and adsorption
capacity for some anionic surfactants.

EXPERIMENTAL

Low-temperature (77 K) static adsorption of nitro-
gen on the test sorbents was carried out on an ASAP
2000 M instrument (Micromeritics, the United States).
The sample pretreatment temperature was 393 K.
From the isotherms obtained using the ASAP soft-
ware, we determined the BET specific surface areas
SN 2

, total pore volume V
�
, volume of micropores

W0 , and pore size distribution.

To gain better insight into the structure of the car-
bonaceous materials and to estimate the hydrophilic-
ity of their surface, we measured the adsorption�de-
sorption isotherms of n-hexane and water vapor, using
a vacuum adsorption system with a McBain�Bakr
quartz spring balance at 298 K (temperature of pre-
liminary vacuum treatment of samples, 393 K). Using
the BET equation, we determined from the adsorption
isotherms the nominal monolayer capacity and the ef-
fective specific surface area of the sorbents. From
the hexane desorption isotherms obtained at relative
pressures P/Ps = 0.3�0.9, we estimated the pore size
distribution of the samples by the Kelvin�Thomson
equation.

Acidic and basic reactive groups on the sorbent
surface were determined by conductometric back ti-
tration [7]. Weighed portions (0.5 and 0.1 g) of the
sorbents were placed in 20 ml of CO2-free distilled
water and allowed to stand for 24 h at 293 K in flasks
with ground-glass stoppers, with intermittent stirring.
Then 1 ml of 0.1 M KOH or HCl was added, and
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Fig. 1. Isotherms of (1) sorption and (2) desorption of
nitrogen at 77 K: (a) natural coal, (b) natural graphite, and
(c) TEG. (a) Adsorption and (P/Ps) relative pressure;
the same for Figs. 2 and 3.

the suspensions were titrated with 0.1 M HCl or
KOH, respectively. The volumes of the standard solu-
tions were measured with a standardized 1-ml burette
equipped with a special microdoser. The electrical
conductivity of the suspensions was measured with
a P5021 ac bridge in a temperature-controlled con-
ductivity cell with flat Pt electrodes and a magnetic
stirrer. Contact with the atmosphere was enabled
through an absorption tube filled with soda lime.
From the conductometric titration curves, the amount
of acidic and basic centers (�g-equiv g�1) was esti-
mated as

nH+(OH
_

) = ������������ � 103,m

cHCl(KOH)V1
_ cKOH(HCl)V2

nH+(OH
_

) = ������������ � 103,m

cHCl(KOH)V1
_ cKOH(HCl)V2

where cHCl(KOH) is the acid or alkali concentra-
tion (M); V1, the volume (ml) of the acid or alkali
added to the suspension; V2, the volume (ml) of
the titrant consumed for titration of free acid or alkali;
m, the sorbent weight (g).

The amount of active centers was determined to
within 5%.

The nature and strength of the active sites on the
sorbent surface were determined by potentiometric
titration over the pH range 2.3�10.8, using the single-
portion method [8]. The portions were 0.5 g for nat-
ural coal and graphite samples and 0.1 g for TEG
samples. The total solution volume was 40 ml in each
case. As supporting electrolyte served 1 M KCl. All
solutions were prepared in CO2-free distilled water.
The contact time of the sorbents with 0.1 M KOH or
0.1 M HCl in 1 M KCl was 24 h at 273 K. For natural
coal in KOH, the contact time was 15 min because of
the instability of sorbents and ion exchangers based
on natural coal in alkaline solutions [9]. The pH in
the systems was measured on an EV-74 universal ion
meter with ESL-05G working glass electrode and
EVL-1MZ immersible saturated Ag/AgCl reference
electrode. The glass electrode was calibrated once
a week against three standard buffer solutions. The
measurements were conducted at 273 K in a hermet-
ically sealed temperature-controlled cell equipped
with a magnetic stirrer. Contact with the atmosphere
was enabled through an absorption tube packed with
soda lime. The potentiometric titration curves were
plotted in the coordinates pH�V, where V is the vol-
ume (ml) of the acid or alkali added to the system.
From the titration curves, we estimated at fixed pHs
(9.0 and 9.8) the exchange capacity of the sorbents
E (�g-equiv g�1) to within 5%.

We examined the performance of the adsorbents
under study in recovery of anionic surfactants. As
a typical anionic surfactant we selected Sulfonol
[sodium dodecylbenzenesulfonate C12H25C6H4SO3Na;
MW 348, CMC 420 mg l�1 (1.2 � 10�3 M)]. To obtain
Sulfonol adsorption isotherms on the carbonaceous
sorbents, we prepared 8�10 aqueous Sulfonol solu-
tions with concentrations of 2.5�100 mg l�1 (7.1 �
10�6�2.6 � 10�4 M). Weighed portions of dry sorbents
were placed in these solutions and equilibrated for
5 days. Then the solid phase was separated by cen-
trifugation at 6000 rpm, and the equilibrium Sulfonol
concentrations were determined spectrophotometrical-
ly at � = 227 nm (� = 44 � 103 cm�1) on a Specord
UV-VIS instrument.

The low-temperature nitrogen adsorption isotherms
of the sorbents studied are presented in Fig. 1. It fol-
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Table 1. Specific surface area S, total pore volume V
�

, micropore volume W0, nominal monolayer capacity am, and
effective pore radius ref of carbonaceous adsorbents
������������������������������������������������������������������������������������

Sorbents
� S, m2 g�1 � V

�
� W0 � am, mmol g�1 � ref, nm

������������������������������������������������������������������������
� N2 � n-C6H14 � H2O � ml g�1 � n-C6H14 � H2O � N2 � n-C6H14

������������������������������������������������������������������������������������
Natural coal � 4.7 � 3.0 � 127 � 0.007 � 0.0003 � 0.10 � 1.960 � 1.8; 2.0 � 1.8�3.0
Natural graphite � 2.0 � 3.0 � 4.0 � 0.010 � 0.0004 � 0.01 � 0.084 � 1.2; 2.0; 24.5 � �

TEG � 24.1 � 15.0 � 5.2 � 0.080 � 0.0052 � 0.05 � 0.096 � 1.3; 2.0; 22.5 � 1.0�2.3
������������������������������������������������������������������������������������

lows from the type of the isotherms that all the sor-
bents have a nonuniform porous structure. In particu-
lar, the sharp rise at P/Ps < 0.05 suggests the pres-
ence of micropores in the structure of carbonaceous
materials. However, the observed volume W0 of mi-
cropores is rather small (Table 1), suggesting that they
do not contribute significantly to the adsorption ca-
pacity of the sorbents. At relative pressures P/Ps of
0.20 to 0.98, a capillary�condensation hysteresis loop
is observed, caused by the presence of mesopores in
the sorbent structure. Indeed, the pore size distribu-
tion curves demonstrate domination of mesopores
with effective radii of about 1.2, 2.0, and 22.5�25 nm.
The platelike shape of particles of carbonaceous ma-
terials suggests a slotlike shape of the mesopores,
which is also supported by the shape of the hysteresis
loop of type B [10].

The adsorption�desorption isotherms of n-hexane
and water on the carbonaceous adsorbents studied
are similar to the corresponding isotherms obtained
for nitrogen. Initially (P/Ps < 0.1) all the isotherms
are convex toward the ordinate. Then, in the isotherms
of the initial and thermally expanded graphite, a hys-
teresis loop is observed, which closes at P/Ps � 0.02.
For natural coal, the hysteresis loop in the isotherms
of adsorption of hexane and water is considerably
broader than for the other sorbents, extending to
P/Ps = 0. This is associated with swelling of the sor-
bent texture (submicroscopic structure). The ability
of some sorts of bituminous coals and hard and soft
brown coals to swell was reported in [9]. For the same
reason, Lishtvan et al. [11] observed the adsorption
isotherms of water and hydrocarbon vapor on brown
coals and peat with an anomalous hysteresis loop.

We have demonstrated previously [12] that the
presence of a considerable amount of hydrophilic
centers on the surface of coal stacks is an important
factor responsible for significant adsorption of water.
The results showed that the limiting adsorption of
water on mesoporous coal exceeds that of hexane by

about a factor of 3, suggesting considerable amount
of hydrophilic centers on the sorbent surface.

The reverse was observed with the initial and ther-
mally expanded graphite: the amount of adsorbed
hexane is much higher than that of water (Figs. 2, 3),
which is a clear indication of highly hydrophobic sur-
face of both the graphite samples.

Fig. 2. (1) Adsorption and (2) desorption isotherms of
hexane vapor at 298 K: (a) TEG and (b) natural coal;
the same for Fig. 3.
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Fig. 3. (1) Adsorption and (2) desorption isotherms of
water vapor at 298 K.

Fig. 4. Potentiometric titration curves. (V ) Titrant volume.
(1) Blank experiment, (2) TEG, and (3) natural graphite.

It follows from the potentiometric titration curves
(Fig. 4) that all the carbonaceous adsorbents studied
are weakly acidic polyfunctional cation exchangers:
the titration curves demonstrate nearly the same

smooth slopes over a wide pH range and also weakly
pronounced inflections.

In the acidic range, the titration curve of the ini-
tial graphite runs slightly above the titration curves
obtained in the blank experiment and with TEG. In
the range from pH 3.5�3.7 to 9.0�9.5, pH increases
more sharply, which is probably due to gradual (as pH
increases) involvement in dissociation of surface car-
boxy and phenolic hydroxy groups [9, 13, 14]. From
comparison of the titration curves of the adsorbents
with the result of the blank experiment [15], we es-
timated their total exchange capacity E (�g-equiv g�1):
TEG 160�170 (pH 9.0) and initial graphite 60 (pH
9.5). These results are well consistent with the con-
ductometric data discussed below.

It should be noted that data on conductometric ti-
tration of the initial graphite revealed the presence
of some basic functional groups that are neutralized
with 0.1 HCl. It may be suggested that these are the
surface OH groups, which is supported by the con-
ductometric titration data on the concentrations of
acidic (cH +) and basic (cOH �) centers in the sorbents
studied. Natural coal contains acidic centers only
(cH + = 140 �g-equiv g�1); the initial graphite, both
acidic (cH + = 60 �g-equiv g�1) and basic centers
(cOH � = 20 �g-equiv g�1); and TEG, acidic centers
only (cH + = 160 �g-equiv g�1). As seen, only the ini-
tial graphite contains basic centers. Most likely, it
is this fact that is responsible for the above-mentioned
higher run of the acidic branch in the potentiometric
titration curve of the initial graphite relative to the
curve obtained in the blank experiment.

Water molecules, as known [16], interact with acids
and bases and, therefore, the adsorption method gives
the total amount of active centers.

Estimation of the concentration of active centers on
the sorbent surface from the specific surface area de-
termined from the hexane adsorption (Table 1) gives
2.8 � 1019, 1.6 � 1019, and 0.64 � 1019 m�2 for natural
coal, initial graphite, and TEG, respectively. As ex-
pected, the amount of active centers is the highest in
mesoporous coal, exceeding that in graphitized ther-
mal black [17].

The number of water molecules bound to an ac-
tive center was estimated from the nominal monolayer
capacity, determined by the BET equation (Table 1),
to be 14, 1.05, and 0.6 for the coal, initial graphite,
and TEG, respectively. Evidently, the high concentra-
tion of active centers in the mesoporous carbon en-
ables association of water molecules on its surface
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Table 2. Limiting adsorption, amax, and degree of Sulfonol recovery, �, from aqueous solutions with different con-
centrations c0
������������������������������������������������������������������������������������

Sorbent
�

amax, mg g�1
� �, %, at indicated c0, mg l�1

� ������������������������������������������������
� � 20 � 70

������������������������������������������������������������������������������������
Natural coal � 5.8 � 43 � 34
Natural graphite � 3.1 � 35 � 21
TEG � 31.0 � 99 � 84
������������������������������������������������������������������������������������

even at low P/Ps. The cluster mechanism of water
adsorption on hydrophilic centers of carbonaceous
sorbents is supported by data reported in [18].

The concentration of active sites strongly influ-
ences the adsorption of water, mainly at low cov-
erage of the sorbent surface [19]. It should be borne
in mind, however, that formation of clusters of water
molecules near active hydrophilic centers favors
swelling of the porous carbon texture under water
vapor and, as a result, influences the adsorption of
water at higher coverage.

It follows from the shape of the sorption�desorp-
tion isotherm of hexane on mesoporous coal (inflec-
tion in the adsorption branch at P/Ps � 0.5) and also
from the residual amount of hexane after a short-time
vacuum treatment of a sample (�2 � 10�2 ml g�1) that
this material swells under hexane vapor too, as a cap-
illary-condensation film of the hydrocarbon is formed
in its pore space. From the inflection point in the sorp-
tion branch, we estimated the minimum halfwidth of
slotlike mesopores. We obtained 2.5 and 2.9 nm for
natural coal and TEG, respectively, which is compa-
rable with the values obtained by the Kelvin�Thomson
equation (Table 1).

The isotherms of Sulfonol adsorption on the sor-
bents studied are shown in Fig. 5. All the isotherms
demonstrate a clearly pronounced convexity toward
the ordinate at low coverage.

Compared with the initial graphite and porous coal,
the adsorption on TEG is higher by an order of
magnitude (28.0 against 2.5�3.0 mg g�1 at cS =
40 mg l�1). In this case, adsorption is mainly con-
trolled by the dispersion interaction of the alkyl chain
of Sulfonol with the carbon surface.

From the results of the adsorption experiments,
we estimated the degree of Sulfonol recovery at two
Sulfonol concentrations (Table 2). The results obtained
show that the degree of Sulfonol recovery decreases
in the order TEG > natural coal > initial graphite.

It should be noted out that TEG ensures virtually
total recovery of Sulfonol at its concentration in water
of up to 20 mg l�1. At cS = 70 mg l�1, the degree of
recovery is 84% (Sulfonol MPC in discharged water
is 0.5 mg l�1).

CONCLUSIONS

(1) Natural carbonaceous sorbents have a nonuni-
form porous structure with predominance of slotlike
mesopores. The size of the slotlike mesopores was
determined.

(2) The sorbents studied are weakly acidic poly-
functional cation exchangers.

(3) The concentration of active hydrophilic sites on
the surface of natural carbonaceous sorbents is esti-
mated, and it is shown that adsorption of the water
molecules on the natural coal surface proceeds by
the cluster formation mechanism. Natural coal is
capable of swelling in water and n-hexane vapors.

(4) Thermally expanded graphite shows promise
as a sorbent for recovery of anionic surfactants from
wastewaters.
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Abstract�The mechanism of formation of a zinc�nickel alloy under the conditions of normal and anomalous
electrochemical codeposition (accompanied by enrichment of the deposit with nickel or zinc) were studied.
The manner in which the composition, structure, and properties of the zinc�nickel alloy vary with the elec-
trolyte composition (nature of ligands and molar ratio of codeposited metals) and deposition conditions
(potential and current density) was determined.

The increasing requirements to the functional prop-
erties of zinc coatings created a need for development
of processes for electrodeposition of zinc alloys [1�4].
One of promising ways to improve the corrosion re-
sistance of zinc coatings is their alloying with nickel,
which makes it possible to decrease the thickness
of a coating at its same protecting capacity, raise its
thermal resistance, and, in some cases, avoid use of
toxic cadmium. To solve numerous topical problems
concerning the deposition of functional coatings, it
is necessary to study the specific features of forma-
tion, structure, and properties of electrochemically de-
posited zinc�nickel coatings.

Despite the great number of studies concerned with
this problem, a number of issues are controversial
and insufficiently studied. For example, it is not
understood completely, in which cases there occurs
anomalous codeposition of Zn and Ni, which consists
in predominant deposition of the more electronegative
metal (Zn) into the alloy [5�13]. The available pub-
lished evidence and experimental data on the compo-
sition of zinc�nickel-plating electrolytes give no way
of elucidating properly the ways to control the chem-
ical and phase composition, microstructure, and prop-
erties of the alloy by varying the electrolyte com-
position and deposition conditions. Data on the con-
ditions under which phases of nonequilibrium com-
position are formed and on structural and phase trans-
formations occurring upon heat treatment of elec-
trolytic zinc�nickel coatings cannot be found in
the literature, either.

The aim of this study was to analyze the electro-
chemical deposition of Zn and Ni from both simple
and complex electrolytes, establish the effect of solu-

tion composition on the deposition rate, determine
the chemical and phase composition of a zinc�nickel
alloy, and reveal the relationship between the structure
and properties of zinc�nickel coatings.

EXPERIMENTAL

A zinc�nickel alloy was deposited onto a copper
or stainless steel support at 20�C from weakly acid
chloride solution (I) of composition (M): ZnCl2 0.09�
0.36, NiCl2 0.09�0.36, and NH4Cl 3.0, at pH 4.5 �
0.2, and from electrolyte (II) containing (M): ZnO
0.05�0.15, NiCl2 0.05�0.20, NH4Cl 3.0, and Na4P2O7
0.3, at pH 6.5 � 0.2. The Zn(II) and Ni(II) concentra-
tions in electrolyte (I) were varied within 0.09�0.36 M
at constant total concentration of the metal ions
(0.45 M) and Zn(II)/Ni(II) ratio of 0.25 to 4.0. The
Zn(II) and Ni(II) concentrations in electrolyte (II) were
varied from 0.05 to 0.15 M, with their total concen-
tration in the solution of 0.2 M and Zn(II)/Ni(II) ratio
in the range from 0.3 to 3.0. The current density was
varied within the range from 0.05 to 4.0 A dm�2.
The content of Zn and Ni in an alloy was determined
by atomic-emission spectroscopy on a SPECTRO
FLAME MODULA multiple-element emission spec-
trometer. The analysis error did not exceed 1%.

The rate of electrochemical deposition of the zinc�
nickel alloy was estimated gravimetrically. The polar-
ization dependences of the steady-state cathode cur-
rent on the electrode potential, used in studying
the deposition of a zinc�nickel coating, were meas-
ured with a P-5827M potentiostat. As working elec-
trode was used 1-cm2 copper plate degreased and
etched in a dilute (1 : 1) HCl solution; a silver chlo-
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Fig. 1. (a) Nickel content cNi in the alloy and (b) deposi-
tion rate V vs. Zn(II)/Ni(II) molar ratio for various elec-
trolytes. Electrolyte: (1) (I) and (2) (II).

ride electrode served as reference, and platinum elec-
trode, as auxiliary electrode.

The microstructure of the films was studied by
X-ray diffraction analysis (DRON-3 diffractometer,
CuK

�

-radiation). X-ray diffraction patterns were
measured at a scanning rate of 1 deg min�1 at angles
2� = 10��85�. The crystal lattice parameters and sizes
of coherent domains were determined by the method
of Cauchy’s approximating function. The structural
and phase transformations were studied on zinc�nickel
films heated for 1 h in a vacuum at temperatures of
200 to 800�C at a step of 200�C.

The corrosion resistance of the zinc�nickel coatings
(thickness 6.5 � 0.5 �m) was determined by measur-
ing the polarization curves of anodic dissolution of
a coating and cathodic evolution of hydrogen. The po-
larization curves were obtained with a PI-50-1.1 po-
tentiostat in the potentiodynamic mode at potential
sweep rate of 2 mV s�1, with fresh portions of a 3%
NaCl solution (50 ml) and a new working electrode
used. The potentials are given relative to a saturated
silver chloride reference electrode. The auxiliary elec-
trode was made of platinum; as working electrode
served a steel plate onto which zinc�nickel alloy of
varied chemical composition was electrodeposited.
The measurements were done at 20 � 1�C with natural
aeration (without stirring the solution). The results
were represented as E�log i plots. The linear portions
of the cathodic and anodic curves were extrapolated
to the stationary potentialof the metal to determine

the corrosion current density icor (�A cm�2) and
the dissolution potential Ed (V).

The dependences of the nickel content cNi in
the alloy and the deposition rate V on the Zn(II)/Ni(II)
ratio are shown in Figs. 1a and 1b for the electrolytes
studied. The curves consist of two portions: (I )
Zn(II)/Ni(II) = 0.25�1.0 and (II ) Zn(II)/Ni(II) = 1.0�
4.0. Each of these is characterized by a certain type
of variation of the nickel content and deposition rate.
For electrolyte (I), the Ni content in the forming alloy
decreases from 51.6 to 14.0 at.% and the deposition
rate increases from 11.2 to 15.9 �m h�1, as the
Zn(II)/Ni(II) ratio grows from 0.25 to 1.0 (portion I ).
With the Zn(II)/Ni(II) ratio increasing from 1.0 to 4.0,
the deposition rate remains virtually unchanged,
whereas the amount of codeposited nickel decreases
from 14.0 to 5.0 at.% (portion II ). It was established
that, for electrolyte (I), the ratio cNi /cZn of metal con-
centrations in the alloy is considerably lower than
the Ni(II)/Zn(II)ratio in solution. This indicates that
the codeposition of Zn and Ni from the solution
studied has anomalous character.

For electrolyte (II), the deposition rate increases
from 2.2 to 10.0 �m h�1 and the Ni content in
the coatings decreases from 76.4 to 30.2 at.% with
the Zn(II)/Ni(II) ratio growing from 0.3 to 1.0 (Fig. 1,
portion I ). As in the case of electrolyte (I), an increase
in the Zn(II)/Ni(II) ratio to 3.0 has no effect on the
deposition rate of the alloys, but, at the same time,
leads to further decrease (to 12.0 at.%) in the amount
of codeposited nickel in them (Fig. 1, portion II ).
It should be noted that, at comparatively low Zn con-
centration in the solution, when the Ni content in
the alloy becomes as high as 76.4 at.%, the zinc�nick-
el alloy is deposited at a very low rate (2.2 �m h�1).
Probably, despite that the hydrogen overvoltage on
the alloy of the given composition is nearly the same
as that on pure nickel, the potential of its deposition is
close to the deposition potential of pure Zn. As a re-
sult, the cathodic deposition of such an alloy is ac-
companied by more intense hydrogen evolution, com-
pared with that observed in a pure solution of nickel
salt, and it is this circumstance that leads to a decrease
in the deposition rate of the alloy.

To compare the processes in which zinc�nickel
alloys are formed from solutions (I) [at molar ratio
Zn(II)/Ni(II) = 0.5] and (II) [at molar ratio Zn(II)/
Ni(II) = 3.0], a potentiostatic study was carried out
in the potential range from 0 to �1.4 V. The chosen
Zn(II)/Ni(II) ratio ensured deposition of alloys of
the same chemical composition (�20 at.% Ni) under
the conventional electroplating conditions (at ic =
1 A dm�2).
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The potentiostatic cathodic polarization curves in
Fig. 2 show that the cathodic current density in de-
position of a zinc�nickel alloy from solution (I) starts
to grow even at �0.75 V (curve 1), whereas in
the case of solution (II), it starts to increase at a more
negative potential equal to �0.95 V (curve 2). It
should be noted that, in the case of solution (I), the po-
larization curve (Fig. 2, curve 1) shows an inflection
in the potential range �1.0��1.1 V, which, in all
probability, is due to a relatively low efficiency of
nickel(II) reduction from the given electrolyte. The re-
duction of zinc(II), which fills the working surface,
hinders nickel reduction.

The study of the effect of deposition potential on
the chemical composition of zinc�nickel coatings
formed demonstrated that the shift of the potential
to the cathodic region, from �0.75 to �1.3 V, leads to
a decrease in the Ni content from 75.3 to 14.6 at.% in
the coatings obtained from solution (I) (Fig. 3, cur-
ve 1). The deposition of zinc�nickel coatings from
solution (II) at �0.75 V was not performed, since, ac-
cording to the potentiostatic curves obtained, the cur-
rent density is virtually zero under these conditions,
and no zinc�nickel alloy is formed. Therefore, for
the initial deposition potential from a given solution
was taken the potential corresponding to the onset of
formation of a zinc�nickel alloy (E = �0.95V). With
potential varied from �0.95 to �1.3 V, the Ni content
in the coatings obtained from solution (II) decreased
from 89.2 to 21.2 at.% (Fig. 3, curve 2). The dashed
lines 1� [for solution (I)] and 2� [for solution (II)] in
Fig. 3 divide the alloy deposition process into two
regions of normal and anomalous codeposition. These
lines indicate that normal deposition (predominantly
Ni is deposited into the alloy) in the case of solu-
tion (II) (virtually the entire curve 2 lies above dashed
line 2�), and anomalous deposition (predominantly
zinc is included in the alloy), in the case of solu-
tion (I) (virtually the entire curve 1 lies below dashed
line 1�).

The influence of the current density on the chemical
composition of zinc�nickel coatings deposited from
the above two electrolytes was studied at Zn(II)/Ni(II) =
0.5 for electrolyte (I) and Zn(II)/Ni(II) = 3.0 for
electrolyte (II). Figure 3b shows that raising the cur-
rent density from 0.05 to 0.25 A dm�2 leads to a dra-
matic decrease in the Ni content in the coatings; with
the current density raised further, to 4.0 A dm�2,
a slight increase, from 17.7 to 22.3 at.%, in the nick-
el content was observed in the case of solution (II)
(Fig. 3b, curve 2) and a more considerable increase,
from 14.2 to 28.0 at.%, in the case of solution (I)
(Fig. 3b, curve 1).

Fig. 2. Potentiostatic cathodic polarization curves for
deposition of zinc�nickel alloy from (1) solution (I) and
(2) solution (II). ( i) Current density and (E ) deposition
potential. Zn(II)/Ni(II) molar ratio: (1) 0.5 and (2) 3.0;
the same for Figs. 3, 4.

Fig. 3. Nickel content cNi in the alloy vs. (a) deposition
potential E and (b) current density ic for (1) solution (I)
and (2) solution (II). The lines separating the regions of
normal and anomalous deposition of the zinc�nickel alloy:
(1�) for solution (I) and (2�) for solution (II).

Zinc-enriched coatings (with Ni content lower than
that in solution) can be obtained from solution (I)
over virtually the entire range of current densities
studied. At the same time, alloys with content of Ni
close to that in solution (region of normal deposi-
tion above dashed line 2�) and those with Ni con-
tent lower than that in solution (region of anomalous
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Table 1. Structure of Zn�Ni films deposited from electrolytes (I) and (II)
������������������������������������������������������������������������������������

� � � Coherent �Coating � cNi, at. % � Phase composition � � Lattice parameter, nm� � � domain, nm �
������������������������������������������������������������������������������������

Electrolyte (I)

Ni � 100 � Ni (crystalline) � 30 � a = 0.35238 [15]
Zn � 0 � Zn (crystalline) � 150 �a = b = 0.26648, c = 0.49456 [15]

Zn�Ni � 2 � � � 120 �a = b = 0.26648, c = 0.49450
� 5.0 � Zn (crystalline) � 100 � �
� � Ni5Zn21 (�-phase) � 25 �
� 14.0 � Ni5Zn21 (�-phase) � 20 � �
� � Zn (crystalline) � 30 �
� 20.7 � Ni5Zn21 (�-phase) � 25 � �
� � Ni (crystalline) � 25 �
� 51.6 � Solid solution of Ni in Ni5Zn21 � 20 � �
� � Ni (crystalline) � 20 �

Electrolyte (II)

Ni � 100 � Ni (crystalline) � 25 � a = 0.35238 [15]
Zn � 0 � Zn (crystalline) � 100 �a = b = 0.26648, c = 0.49456 [15]

Zn�Ni � 12.0 � Ni3Zn22 (�-phase) � 68 � �
� 19.0 � Ni5Zn21 (�-phase) � 30 � a = 0.89168 [16]
� 21.2 � Solid solution of Ni in Ni5Zn21 � 40 � a = 0.8915
� 33.4 � � � 40 � a = 0.8908
� 68.0 �Solid solution of Zn in Ni (�-phase)� 5 � a = 0.3576
� 76.4 � � � 5 � a = 0.3589

������������������������������������������������������������������������������������

deposition below 2� line) are deposited from solu-
tion (II).

It is not well understood, especially for solution (I),
why the Ni content grows with current density in-
creasing from 0.25 to 4.0 A dm�2 (Fig. 3b). The pos-
sible reason is the higher surface activity of zinc ions,
compared with nickel ions [7]. This results in a pre-
dominant discharge of zinc ions at the cathode at low
current densities (0.25 A dm�2), to which corresponds
a dramatic decrease in the Ni content in the alloys. As
the rate of zinc ion reduction increases, the concen-
trations of ions in the dense part of the double layer
are redistributed: the concentration of zinc ions de-
creases owing to diffusion hindrance, whereas that
of nickel ions increases. As a result, with current
density increasing to 4.0 A dm�2, the alloy is enriched
with nickel.

Thus, the anomalous deposition of the Zn�Ni alloys,
accompanied by their enrichment with zinc, occurs
under steady-state conditions of electrochemical de-
position (ic = 1.0 A dm�2) in the case of solution (I),
irrespective of the concentrations of ions of metals
being codeposited. At the same time, in the case of
solution (II), it occurs solely at Zn(II)/Ni(II) � 1. Ir-
respective of the composition of zinc- and nickel-
plating solutions, the mechanism of codeposition of

Zn and Ni can be changed from anomalous to normal
by varying the deposition conditions (potential or
current density). For example, under certain condi-
tions [at Zn(II)/Ni(II) = 0.3 in solution and ic =
1.0 A dm�2; or at Zn(II)/Ni(II) = 3.0 and E = �0.95�
�1.3 V or ic = 0.05�0.15 A dm�2], the codeposition
of Zn and Ni from solution (II) occurs by the normal
mechanism. Presumably, the codeposition from the
above electrolyte is favored by the lower difference
between the redox potentials of zinc(II) and nickel(II)
[14].

An X-ray diffraction study demonstrated that the
composition of an electroplating solution strongly
affects the structure of zinc�nickel films. The Zn�Ni
alloys obtained from solution (I) with low Ni content
(up to 2 at.%) are isostructural to crystalline Zn, with
the crystal lattice parameter in agreement with the pub-
lished value. The alloys containing 5.0 to 14.0 at.%
Ni consist of two phases: crystalline Zn and Ni5Zn21
intermetallic compound (	-phase), with the fraction
of crystalline Zn decreasing and that of the 	-phase
increasing when the content of Ni becomes higher.
With the nickel content in the films growing from
20.7 to 51.6 at.%, the phase of crystalline Ni appears,
along with the above intermetallic compound, and
the fraction of the 	-phase decreases, whereas the frac-
tion of crystalline Ni increases (Table 1).
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The zinc�nickel alloys deposited from solution (II)
containing 12.0 to 76.4 at.% Ni have homogeneous
structure (Table 1). In contrast to the case of solu-
tion (I), neither crystalline Zn, nor the 	-phase appear
in the alloy containing 12.0 at.% Ni, with only a
single 
-phase formed, Ni3Zn22 intermetallic com-
pound with composition corresponding to a Ni content
in the alloy equal to 12.0 at.%.

An increase in the content of Ni in the films to
19 at.% leads to formation of the Ni5Zn21 interme-
tallic compound with crystal lattice parameter corre-
sponding to the published value. At Ni content in
the films of up to 33.4 at.% Ni, a solid solution of Ni
in Ni5Zn21 is formed, and at higher Ni content (68.0
and 76.4 at.%), an equilibrium solid solution of Zn in
Ni (�-phase). An X-ray phase analysis demonstrated
that, with increasing Ni content in the films, the grain
size decreases from hundreds of nanometers (100�
150 nm for Zn) to several nanometers (2�5 nm for
zinc�nickel alloy containing 76.4�89.2 at.% Ni).

The data on how the composition of films changes
in the course of their growth from solutions (I) and
(II) demonstrated that the composition of a zinc�nick-
el film is inhomogeneous across its thickness (Fig. 4).
The content of Ni decreases with the thickness of
a deposited film increasing to 1 �m, with the com-
position remaining comparatively unchanged at thick-
nesses exceeding 1 �m. This is probably due to the
fact that, in the initial stage, mostly Ni is deposited
as a more inert metal. Then, the forming Ni mono-
layer can capture zinc adatoms, which results in pre-
phase deposition of Zn and its subsequent predom-
inant deposition into the alloy [8�13]. It was shown
that the change in the Ni content observed in the
course of film growth, is accompanied by a change
in the phase composition of the films. For example,
the films less than 0.3 �m thick consist of an X-ray-
amorphous solid solution of Zn in Ni and a minor
amount of finely crystalline Zn.

Fig. 4. Nickel content cNi in the alloy vs. coating thick-
ness d for (1) solution (I) and (2) solution (II).

It was found that, at low current densities (ic =
0.05 A dm�2) and low polarization potentials (E =
�0.75��1.15 V), X-ray-amorphous or poorly crystal-
lized solid solutions of Zn in Ni are formed. Pre-
sumably, this is due to the nonequilibrium conditions
of alloy electrocrystallization. Probably, the hydrogen
evolution, accelerated at higher content of Ni in the
alloy, also plays a certain role. A combination of the
processes of growth of the metallic phase and its hy-
drogenation impede the normal growth of crystallites.

A study of the structural and phase transformations
in the zinc�nickel films of varied composition, heat-
treated in a vacuum, demonstrated the complexity of
the occurring processes. On heating the initial samples
of Zn�Ni films at 200�800�C in a vacuum, there ap-
pear phases not revealed at room temperature: NiZn3
intermetallic compound and a solid solution of Ni
in Zn. On being heated at 400�800�C, the alloys are
enriched with Ni, which is probably due to the forma-
tion of the initial zinc�nickel films under nonequi-
librium conditions. As a result, evaporation of Zn
from intermetallic compounds of various composi-
tions (Ni5Zn21, NiZn, and Ni3Zn22) with the sub-
sequent formation and dissociation of nonstoichio-

Table 2. Effect of the chemical and phase composition of Zn�Ni coatings on their corrosion resistance
������������������������������������������������������������������������������������

Solution � cNi, at. % � Phase composition � Ep, V � icor , �A cm�2

������������������������������������������������������������������������������������
(I) � � � Zn (crystalline) � �1.00��1.02 � 12.0

� 5.0�14.0 � Zn (crystalline) � �0.98�0.96 � 5.0�5.5
� � Ni5Zn21 (�-phase) � �
� 20.7�51.6 � Ni (crystalline) � 0.88��0.85 � 2.0�2.5
� � Ni5Zn21 (�-phase) � �

(II) � 12.0 � Ni3Zn22 (�-phase) � �0.70 � 0.8�1.0
� 19.0 � Ni5Zn21 (�-phase) � �0.70 � 0.1�0.2
� 33.4 � Solid solution of Ni in Ni5Zn21 � �0.68 � 0.3�0.4
� 68.0�76.4 � Solid solution of Zn in Ni (�-phase) � �0.65��0.63 � 0.2�0.3

������������������������������������������������������������������������������������
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metric compounds, and also that from solid solutions,
occur at lower temperatures, compared with those in-
dicated by the phase diagram of a zinc�nickel metal-
lurgical alloy [15].

An electrochemical study demonstrated that, with
increasing Ni content in the alloy, the potentials of
the onset of dissolution of zinc�nickel coatings in
a 3% NaCl solution are shifted toward anodic poten-
tials, and the corrosion currents, as a rule, decrease
(Table 2).

It was established that the corrosion-electrochem-
ical behavior of zinc�nickel film coatings depends not
only on the chemical, but also on the phase composi-
tion. The lowest corrosion currents (0.1�0.2 �A cm�2)
are characteristic of single-phase films [composi-
tions with a single intermetallic compound Ni5Zn21
(	-phase) or Ni3Zn22 (
-phase), a solid solution of zinc
in nickel (�-phase), or a solid solution of nickel in
Ni5Zn21]. The heterogeneous phase composition of
a coating (crystalline Zn or Ni present along with
the 	-phase) leads to a decrease in its corrosion re-
sistance (Table 2).

CONCLUSIONS

(1) The conditions for occurrence of normal or
anomalous codeposition accompanied by enrichment
of the deposit with, respectively, nickel or zinc were
determined from the results obtained in a study of
the influence exerted by the solution composition
(nature of ligands and molar ratio of codeposited
metals) and deposition conditions (potential and cur-
rent density) on the chemical composition and deposi-
tion rate of Zn�Ni films. This opens up opportunities
for varying widely the Ni content in the coatings
(from less than 2 to 90 at.%).

(2) The influence exerted by the composition of
a solution for electrodeposition of zinc�nickel films
on their microstructure and phase composition were
studied [formation of films with homogeneous phase
composition (Ni5Zn21 and Ni3Zn22 intermetallic com-
pounds and solid solutions of Zn in Ni and Ni in
Ni5Zn21) from electrolyte (II) under varied deposition
conditions and formation of two-phase films (Ni5Zn21
in a mixture with crystalline Zn or Ni) from electro-
lyte (I)]. The conditions for formation of nonequilib-

rium X-ray-amorphous solid solutions of Zn in Ni at
low current densities (ic = 0.05 A dm�2), low polariza-
tion potentials (E = �0.75��1.15 V), or small film
thicknesses (less than 0.3 �m) were determined.

(3) It was shown that zinc�nickel alloy coatings
of homogeneous composition (Ni5Zn21 intermetallic
compound, solid solutions of Zn in Ni and Ni in
Ni5Zn21) exhibit enhanced corrosion resistance.
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Abstract�The possibility of depositing black cobalt coatings from fluoride-containing electrolytes based on
cobalt sulfate was studied.

Black cobalt coatings, which are not general-pur-
pose coatings [1], are, nevertheless, in sufficient de-
mand by various industries.

Black cobalt has light absorption coefficient of
92�96%, and, therefore, it is occasionally used in-
stead of black chromium coatings [2]. Owing to their
high corrosion resistance, cobalt oxide compounds
are used as protecting decorative coatings for iron [3].
In recent years, such compounds have received rath-
er wide acceptance as components of a nickel-based
cathode material [4�6] in chemical power sources
and also in solar cells [7]. In additiion, they are also
used as an effective and selective catalyst for a num-
ber of reactions [8].

Cobalt oxide compounds are conventionally ob-
tained by the thermal method [9] and also by electro-
chemical deposition from electrolytes based on cobalt
sulfate, acetate, chloride, or nitrate [10]. At the same
time, with electrolytes containing fluoride ions as
ligands, the technology for obtaining oxide com-
pounds of a number of transition metals can be sub-
stantially simplified through use, under these condi-
tions, of a bifunctional electrochemical system elec-
trode�film�electrolyte [11], whose central phase con-
tains low- or high-charged forms of a metal in ques-
tion. At the electrolyte�film interface, the film
itself is formed through electrolytic reduction of ions
of the discharging metal (or electrolytic oxidation of
the metal) to an intermediate oxidation state and dis-
solution of the film in the electrolyte. At the elec-
trode�film interface, the film substance is consumed
for its further reduction to metal or oxidation to the
highest oxidation state. As a result of these simulta-
neous processes, the film is permanently in the state
of dynamic equilibrium. As a rule, such oxide com-
pounds have reproducible composition; depending on

the process conditions, they can be obtained either
as compact film coatings, usually black, or as pow-
ders [12].

The aim of this study was to synthesize electro-
chemically cobalt compounds of oxide nature, to iden-
tify their composition, and to analyze their properties.

EXPERIMENTAL

Deposits of black cobalt were obtained on cathodes
made of 1Kh18N10T steel, in a 250-ml polyethylene
cell. The deposition rate (g A�1 h�1) was determined
from an increase in the precipitate weight during elec-
trolysis. In the experiments, solutions containing
chemically pure CoSO4 and (NH4)2SO4, and also var-
ious concentrations of special-purity hydrofluoric acid,
were used. A solution containing 1.0 M of chemically
pure Na2SO4 served as supporting electrolyte.

The deposits were obtained as powders and as thin
films adhering to a support. In the first case, the de-
posit was separated from the cathode (scraped off),
thoroughly washed with distilled water to remove
trace amounts of the electrolyte, and dried to constant
weight over phosphorus(V) oxide in a desiccator un-
der inert atmosphere. The dried deposit consisted of
a stable compound, which did not change its compos-
ition upon further storage in air. In the second case,
7�10-�m-thick compact films were obtained, which
ruled out any contact of the supporting electrolyte
with the cathode material, since the coating was non-
porous. The electrodes covered by black cobalt films
were washed with distilled water and then dried in
air to constant weight.

The composition of the electrochemically synthe-
sized cobalt oxide compounds was subjected to chem-
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Composition of black cobalt at various ligand concentra-
tions in the electrolyte
����������������������������������������
Concentra-� Content, wt %

��������������������������������tion of F��
ions, g l�1 �Cotot � Comet �O2 tot

* �OH-groups**�H2O**

����������������������������������������
0.05 � 80.0 � 47.0 � 21.0 � 5.0 � 7.0
0.1 � 81.0 � 50.0 � 20.0 � 4.0 � 6.5
0.2 � 82.0 � 52.0 � 19.0 � 3.0 � 6.5
0.4 � 83.0 � 54.0 � 17.0 � 2.5 � 6.0
0.6 � 83.5 � 55.0 � 16.0 � 2.0 � 5.8

����������������������������������������
* O2 tot is the total content of O2, determined from NAA data.

** According to DTG data.

ical phase analysis, which made it possible to deter-
mine the total amount of cobalt and its content in the
form of metal [13].

A thermogravimetric analysis was carried out on
an Orion derivatograph, with samples heated in air to
1000�C at a rate of 5 deg min�1.

The total content of oxygen (including that con-
tained in H2O molecules and OH� groups) was de-
termined by neutron activation analysis (NAA) [14].
The relative error of the method was 1.5%.

The porosity of the coatings was found by plac-
ing a filter paper impregnated with a mixture of
K3Fe(CN)6, KCl, and NH4Cl on their surface (in
this case, a black cobalt coating was deposited on
St.3 steel).

The microhardness of black cobalt coatings was
determined on a PMT-3 hardness gage with indenter
load of 20 g.

Chronovoltammograms were recorded using a PI-
50-1 pulsed potentiostat and a PDA1-004 laboratory
compensation X�Y recorder at a potential sweep rate
of 0.002�0.1 V s�1, with compensation of the I-R
error. In the experiments, a three-electrode glass cell

Fig. 1. Current efficiency (CE) by the composite product
vs. concentration c of hydrofluoric acid in the electrolyte.

was used, in which a platinum plate of area 4 cm2

served as auxiliary electrode. A plate of stainless steel,
with area of 0.5 cm2, pressed-in in Teflon was used
as working electrode. The current density was related
to the geometric surface area of the electrode. Before
a measurement, the working electrode was scraped
with fine emery paper, polished with filter paper, de-
greased with Vienna lime, and activated in diluted
HCl, which ensured good reproducibility of the re-
sults obtained. A saturated calomel electrode served as
reference. The potentials are given relative to a stan-
dard hydrogen electrode. All the experiments were
carried out at 20 � 0.1�C.

The optimal composition of the electrolyte and
optimal conditions of electrolysis were determined
in preliminary experiments. Electrolyte composition
(g l�1): CoSO4 � 7H2O (in terms of the metal) 10,
(NH4)2SO4 25, and HF (40%) 1.0. The cathode cur-
rent density was 40�60 A dm2, the electrolyte tem-
perature was 18�25�C. The duration of electrolysis
was determined by the necessity for obtaining either
a powder or a compact film.

Raising the current density and electrolysis dura-
tion favors deposition of a powder-like deposit. At
a current density of 40�60 A dm2, 7�10-�m-thick
compact films are electrodeposited within 5 minutes.
This electrolyte and these electrolysis conditions were
selected as basic experimental conditions.

The dependence of the current efficiency by the
composite deposit containing cobalt oxide compounds
on the concentration of hydrofluoric acid is shown
in Fig. 1. The amount of black cobalt, i.e., the cur-
rent efficiency by the product decreases almost line-
arly with increasing concentration of fluoride ions in
the electrolyte.

The composition of the compound is mainly deter-
mined by the concentration of fluoride ions. Raising
their concentration in the electrolyte results in an in-
crease in the content of both the total cobalt, Cotot,
and metallic cobalt, Comet, and, correspondingly, in
a decrease in the content of the oxide phase (see ta-
ble). It follows from these data that the composition
of the compound obtained can be rather easily con-
trolled by varying the concentration of fluoride ions,
which changes the amount of oxygen in the product
and thus determines the degree of deviation from its
stoichiometric composition.

The resulting films are black, being comparable
with black chromium coatings in their light absorp-
tion. At the same time, the microhardness of black
cobalt films varies within 250�300 MPa, which is
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much lower than that of black chromium films. It
is necessary to point out that, even at small coating
thickness not exceeding 4�6 �m, no pores are found
in the coating, i.e., the films are rather dense.

The chronovoltammogram characterizing the elec-
trolytic reduction of cobalt(II) ions, accompanied
by deposition of its oxide compounds, is shown in
Fig. 2. Raising the concentration of fluoride ions at
constant concentration of cobalt(II) ions and fixed
solution pH leads to a shift of the chronovoltammo-
grams in the negative direction along the potential
axis. In this case, the limiting current at potentials
of 1.25 to 0.5 V also decreases. A similar phenom-
enon has been observed in formation of complexes,
whose dissociation is strongly hindered kinetically
[15, 16], and also in partly complexed systems, which
arise when minor amounts of ligands forming com-
plexes with metal ions are added to a system [17].

As noted above, in this case, the content of metal-
lic cobalt in the deposits increases, and the amount
of the oxide phase decreases (see table); the color
of the deposit changes to dark gray. Black cobalt is
deposited in the range of electropositive potentials.

Raising the potential sweep rate leads to an in-
crease in the limiting currents of electrolytic reduc-
tion of cobalt(II) ions in the solution of optimal com-
position. The dependence of I on V1/2 is approximated
by straight lines (Fig. 3), which points to the diffu-
sion kinetics of the process characterized by this part
of the polarization curve. At constant rate of polari-
zation variation, �dE/d��, the limiting current in
the chronovoltammogram is proportional to the initial
concentration of cobalt(II) ions in the electrolyte,
which is attributable to direct discharge of the re-
acting species under diffusion limitation without any
preliminary chemical stages.

The contribution of diffusion and migration to the
total mass transfer of electrically active species was
estimated by measuring the polarization of an elec-
trode in solutions containing or not containing a sup-
porting electrolyte. When the supporting electrolyte
was added to the solution, the limiting currents in
the electrolytes with various concentrations of fluoride
ions decreased to virtually the same value (Fig. 2).
This suggests that a substantial contribution to the
mass transfer in electrolytic reduction of cobalt(II)
ions is made by the migration component, whose
presence predetermines the comparatively high lim-
iting current densities in the electrolyte in electrolytic
reduction of cobalt(II) ions from the fluoride-contain-
ing electrolyte.

Fig. 2. Chronovoltammograms of electrolytic reduction
of Co(II) ions at potential sweep rate of 5 mV s�1.
(I ) current and (E ) potential. Concentration of hydrofluoric
acid in the electrolyte (g l�1): (1) 0.05, (2) 0.1, (3) 0.2,
(4) 0.4, (1��4�) the same in the presence of a supporting
electrolyte.

Fig. 3. Limiting current I in the chronovoltammogram of
the solutions containing 0.05 g l�1 of hydrofluoric acid
(1) in the absence and (2) in the presence of a supporting
electrolyte vs. the potential sweep rate V1/2.

CONCLUSIONS

(1) Conditions for obtaining black cobalt (com-
posed of cobalt oxide compounds) in the form of
compact films or powder were developed.

(2) It was established that the current efficiency
and the composition of black cobalt are determined
by the concentration of fluoride ions in an electrolyte.

(3) It was found that the electrodeposition of black
cobalt occurs at positive potentials and is controlled
by diffusion and migration processes.
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Abstract�Electrorecovery of cadmium(II) on filtering carbon-graphite electrodes from washing cyanide
solutions formed in cadmium-plating of articles in a cyanide electrolyte was studied. The effect of the dilu-
tion factor of the supporting electrolyte on the run of cathodic polarization curves, pH value, and solution
resistivity was analyzed. The influence exerted by the efficiency of cadmium(II) recovery on the carbon-
graphite electrodes was studied in relation to current density, solution flow rate, cadmium(II) concentration
in solution, dilution factor of the supporting electrolyte, and material of the carbon-graphite electrode.
The possibility of dissolution of cadmium deposited onto a filtering carbon-graphite electrode via anodic
dissolution or because of the operation of a short-circuited electrochemical system constituted by the carbon-
graphite electrode, cadmium, and cyanide solution was considered.

Cadmium coatings are used in various industries
(machine-building, electronic, radio, etc.). Despite
the attempts to replace these coatings, they remain
irreplaceable in some cases because of their special
properties [1]. The necessity for substituting cadmi-
um-plating electrolytes is due to the high toxicity
of cadmium compounds. The best performance, es-
pecially in deposition of coatings on articles of com-
plex configuration, is exhibited by cyanide cadmi-
umplating electrolytes. The fact that complex Cd(II)
compounds are rather stable leads to difficulties in
selecting methods for detoxication of washing solu-
tions, wastewater, and spent electrolytes. In most -
cases, the methods used in industry and recommended
for implementation fail to ensure high degree of solu-
tion purification and recycling of recovered cadmium
[2, 3]. It should be noted that cadmium is a rare metal
and its cost is rather high. Therefore, it is necessary
to develop, together with methods for detoxication of
cadmium-containing solutions, also techniques ensur-
ing recycling of cadmium. Of indubitable interest in
this context are electrochemical methods and, in par-
ticular, electrolysis with filtering carbon-graphite elec-
trodes, which make it possible to detoxicate solutions
and obtain compact pure metal reusable in fabrica-
tion of soluble anodes for electroplating baths or
in electrolyte preparation [4, 5]. The present com-
munication reports on a study of electrorecovery of

Cd(II) from cyanide solutions that model washing
water in relation to solution composition, electrolysis
conditions, and type of a carbon filtering cathode.

EXPERIMENTAL

An industrial cadmium-plating electrolyte of com-
position (g l�1): CdO 50, NaCN 90, Na2SO4 30,
NaOH 5, NiSO4 1, dextrin 1, was chosen for study.
The supporting electrolyte contained all the above
components except cadmium. To obtain a necessary
concentration of Cd(II), the supporting electrolyte was
diluted by a factor of n and a certain amount of the in-
dustrial cadmium-plating electrolyte of the above com-
position was added. The electrolytic cell employed
and the installation for electrochemical studies with
filtering carbon-graphite electrodes (FCE) were de-
scribed in [5]. The cathode was made of an NTM-100
material, its overall surface area was 30 cm2; as anode
served a grid made of platinum-plated titanium, as
anolyte was used a 2% solution of Na2SO4. The elec-
trode spaces were separated by an ion-exchange mem-
brane of the MK-40 type.

The electrical conductivity of solutions was mea-
sured with a VM-503 ac bridge, and the pH value,
with an OR-265/1 pH-meter. Polarization curves were
measured on a cadmium microelectrode 1 mm in di-
ameter with surface freshened in the electrolyte so-



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 10 2003

1594 VARENTSOV

Fig. 1. Effect of the dilution factor n of the supporting
electrolyte on (1) pH value, and (2) electrical resistivity
� of solution. Initial Cd(II) concentration in solution
100 mg l�1; the same for Fig. 2.

Fig. 2. Effect of the dilution factor n of the supporting
electrolyte on the polarization characteristic of the process
of cadmium(II) reduction. (i) Current density and (E)
electrode potential. Supporting electrolyte dilution factor
(times): (1) 2, (2) 5, (3) 10, (4) 20, and (5) 100.

lution, using the procedure and setup described in [6]
and an RA-2 polarograph, with potential sweep rate
of 120 mV min�1.

The efficiency of Cd(II) electrorecovery was eval-
uated by the following parameters: degree of recovery
� = (c0 � c

�
)/c0 and current efficiency by cadmium

CE = [(c0 � c
�
)V � 26.8]/(I�Meq),

where c0 and c
�

are the initial and final concentrations
of cadmium in solution (g l�1); V, the solution vol-
ume; I, the current at which electrolysis is carried out
(A); �, the experiment duration (h); 26.8 A h mol�1,
the Faraday constant; Meq, the molar mass of the met-
al equivalent.

The influence exerted by the solution composition
and the solution flow rate on the electrolytic recovery
of Cd(II) was studied in the direct-flow mode. The so-
lution from which Cd(II) was recovered was passed
a single time through a cell with a carbon-graphite
cathode and sampled at the outlet of this cell. The
samples were analyzed for the content of Cd(II) by
the atomic-absorption method.

In accordance with the previously suggested ap-
proach, which was used in the development of meth-
ods for recovery of metals from washing solutions
formed in electrodeposition processes [4], polarization
studies were carried out and the effect of dilution
of the supporting cadmium-plating electrolyte on its
electrical conductivity and pH value was studied, in
order to assess the feasibility of Cd(II) electrorecov-
ery. Investigations of this kind were necessitated by
the fact that articles are washed in a non-flow-through
bath. This leads to gradual accumulation of metal
ions and components of the supporting electrolyte in
the washing solution. If a working electrolyzer is con-
nected to the washing bath, there will occur perma-
nent recovery of Cd(II) introduced with the articles,
with the result that components of the cadmium-plat-
ing electrolyte accumulate in the washing bath.

It is known that the efficiency of electrorecovery of
metals on FCE is determined not only by the current
mode, but also by the ratio of electrical conductivities
of the electrolyte (�) and the carbon filtering electrode
(�FCE), by potentials of metal deposition and hy-
drogen evolution, and by the length of the plateau of
the limiting diffusion current of metal deposition.

It can be seen from Fig. 1 that, with the support-
ing electrolyte diluted, the electrical resistivity of
the solution decreases and the pH value varies within
unit range (from 12 to 11 upon 100-fold dilution of
the supporting electrolyte). The polarization curves in
Fig. 2 demonstrate that, with the solution diluted, the
stationary zero-current potential shifts in the positive
direction and the plateau of the limiting current of
Cd(II) electrodeposition becomes longer. Analysis of
the data in Figs. 1 and 2 indicates that cadmium(II)
can be electrolytically recovered from washing solu-
tions formed in cadmium-plating of articles in a cya-
nide electrolyte.

The dependences of the degree of recovery and
current efficiency by cadmium on the dilution factor
of the supporting electrolyte at constant initial con-
centration of cadmium(II), shown in Fig. 3, indicate
that the solution composition strongly affects the ef-
ficiency of cadmium electrodeposition. The best pro-
cess parameters are obtained at supporting electrolyte
dilutions by a factor of 5 to 15. Making this param-
eter greater or smaller leads to a decrease in the de-
gree of Cd(II) recovery and current efficiency by
Cd(II). With the dilution factor changing from 22 to
100 the process parameters decrease only slightly.

The plot describing the dependence of the degree
of Cd(II) recovery on current density (Fig. 3b) shows
that Cd(II) recovery grows with the current density
increasing to 500�1000 A m�2. With the current den-
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sity increasing further (to 5000 A m�2), the degree of
Cd(II) recovery not only fails to increase, but even
decreases somewhat, whereas the current efficiency
falls dramatically. For example, the current efficiency
is approximately 36% at 1000 A m�2, and only about
4% at 5000 A m�2. Under these conditions, the main
amount of electricity is apparently consumed for hy-
drogen evolution. Therefore, it is appropriate to per-
form electrolytic recovery of Cd(II) at current densi-
ties not exceeding 1000 A m�2.

Figure 3c shows the results characterizing the ef-
fect of Cd(II) accumulation in the washing solution
on the parameters of the process of Cd(II) electrore-
covery. It is of interest that the degree of Cd(II) re-
covery is the highest under the chosen process condi-
tions at Cd(II) concentrations of about 100 mg l�1.
Apparently, the fraction of current consumed for con-
current processes, the main of which is reduction of
hydrogen ions, is higher at lower initial concentrations
of Cd(II), which is confirmed by a decrease in the cur-
rent efficiency by cadmium. At Cd(II) concentrations
exceeding 100 mg l�1, the decrease in the degree of
cadmium(II) recovery is presumably due to a shift of
the place at which cadmium is deposited on the FCE
to the front side of the electrode. As a result, the frac-
tion of the electrode surface onto which cadmium is
deposited decreases.

The parameters of Cd(II) electrorecovery largely
depend on the rate at which the solution flows through
the electrode (Fig. 3d). Making the solution flow rate
lower, which is equivalent to longer residence time
of the solution within the electrode, leads to a signif-
icant increase in the degree of Cd(II) recovery. For
example, the degree of Cd(II) recovery is as high as
95% at a solution flow rate of 0.01 ml s�1 and a sin-
gle pass of the solution through the electrode volume.
With the solution flow rate increasing to 0.4 ml s�1,
the degree of recovery falls to 5%.

The possibility of using various nonwoven fibrous
carbon materials (FCM) for recovery of Cd(II) was
studied. The results obtained are listed in the table,
whence follows that all the materials considered can
be used in electrorecovery of Cd(II) from cyanide so-
lutions. Preferable materials are Mtilon and VVP-66-
95 wad. The characteristics of the materials repres-
ented in the table were described in [5].

The maximum amount of cadmium, which can be
precipitated without impairing the output capacity of
the process was 10�15 kg kg�1 of the material. In
order to assess the possibility of recycling of the re-
covered cadmium (to be used as the material of a sol-
uble anode in a cadmium-plating bath) and FCM re-
generation, cadmium deposited onto FCE was dis-

Fig. 3. (1) Degree of recovery, �, and (2) current efficiency
CE by cadmium vs. (a) current density i, (b) dilution fac-
tor n of the supporting electrolyte, (c) initial Cd(II) con-
centration in solution, and (d) solution flow rate �. Initial
Cd(II) concentration in solution 100 mg l�1, cathode cur-
rent density 500 A m�2, solution flow rate 0.2 ml s�1.

solved in a cyanide electrolyte. The dissolution was
done at anode current density of 0.5 A m�2, with cad-
mium dissolved without any difficulties.

In addition, it was established that effective dis-
solution of cadmium in flowing electrolyte is pos-
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Effect of the material of the carbon cathode on the Cd(II)
recovery from cyanide solution (initial Cd(II) concentra-
tion 100 mg l�1, current density 1000 A m�2, solution flow
rate 0.2 ml s�1)
����������������������������������������

FCM �
�, % � CE, % � Output capacity,

� � � m3 kg�1 FCM/day
����������������������������������������
NTM-200 � 52 � 5.5 � 42.4
NTM-100 � 69 � 8.1 � 53.4
Mtilon � 89 � 11.2 � 66.2
VVP-66-95 � 74 � 8.3 � 57.4
KNM � 68 � 7.8 � 63.3
����������������������������������������

sible without applying any external voltage because
of the operation of a short-circuited electrochemical
system constituted by cadmium, electrolyte solution,
and FCM. The possibility of cadmium dissolution
through operation of this short-circuited system is
ensured by the substantial difference in standard po-
tential between the cadmium and carbon-graphite elec-
trodes, which varies within the range 0.8�1.1 V (de-
pending on the electrolyte composition).

In both cases, cadmium deposited on an FCM dis-
solves both in the cadmium-plating electrolyte and
in the supporting electrolyte containing no Cd(II),
to give a cadmium-plating electrolyte. In all cases,
the carbon electrode can be reused without impair-
ing the characteristics of the Cd(II) electrorecovery
process.

In order to verify the results obtained, an experi-
ment modeling the electrorecovery of Cd(II) in the
case of an automated cadmium-plating line was car-
ried out. The operation parameters of the automated
line, washing procedure, and the main galvanic pro-
cess were taken from industry. Into a solution cir-
culated between the electrolyzer and the tank at a rate
of 0.2 ml s�1 were introduced, at regular intervals of
time (20 min), portions of the cadmium-plating elec-
trolyte of composition mentioned above. The electro-
recovery of Cd(II) was carried out at current densities
in the range 500�1000 A m�2, the rise in the Cd(II)
concentration in solution, modeling a single washing
of articles, was varied from 42 to 115 mg l�1. The
suggested process modes ensure that the concentration
of Cd(II) in solutions in the catching bath is main-
tained constant at 20�40 mg l�1. This indicates that
the whole amount of Cd(II) introduced with articles
into the washing bath is recovered between successive
article washings.

On the basis of the results obtained, tests were
performed at a machine-building plant. The electro-
lytic recovery of Cd(II) was done from the solution
of a catching bath. The suggested modes ensured

a more than 99% recovery of Cd(II), which makes it
possible to recommend the process of electrolytic
recovery of Cd(II) from washing cyanide solutions
onto filtering carbon electrodes for industrial use.

CONCLUSIONS

(1) A study of the effect of dilution of the sup-
porting cadmium-plating cyanide electrolyte on the
cathodic polarization curve, pH value, and electrical
resistivity of the solution led to a conclusion that
effective recovery of Cd(II) from washing solutions
formed in cadmium-plating of articles in a cyanide
electrolyte is possible.

(2) It was shown that the efficiency of Cd(II) elec-
trorecovery, characterized by the degree of Cd(II) re-
covery and current efficiency, from solutions model-
ing washing cyanide solutions depends on current
density, solution flow rate, dilution factor of the sup-
porting electrolyte, initial concentration of cadmi-
um(II) in solution, and the type of a FCM used.

(3) By varying the parameters mentioned above,
a high degree of Cd(II) recovery can be achieved; the
amount of cadmium deposited onto a carbon-graphite
electrode without impairing the efficiency of its re-
covery is 10�15 g g�1 of fibrous carbon material.

(4) Dissolution of cadmium deposited onto a fil-
tering carbon-graphite electrode, caused by anodic
polarization and by operation of a short-circuited
electrochemical system in the cadmium-plating or
supporting electrolyte, enables recycling of cadmium
and multiple use of the fibrous carbon material.
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Abstract�The influence exerted by addition of manganese(II) acetate or potassium permanganate to an elec-
trolyte with Na2H[PW12O40] on the content of manganese in tungsten-containing anodic-spark layers on
aluminum alloy was studied.

The method of anodic-spark deposition makes it
possible to form on the surface of rectifying metals
a coating based on the components of a metal (alloy)
being treated and of the electrolyte. One of ways to
obtain anodic-spark layers of complex composition is
to use electrolytes with complex anions, e.g., isopoly-
oxoanions (IPA) and heteropolyoxoanions (HPA) or
to create conditions for their formation in solution
[1�3].

It is known [4�6] that polyoxoanions can react
both with a metal being anodized, so that it passes
into solution, and with cations and anions of the elec-
trolyte. Incorporated into negatively charged com-
plexes, all the components mentioned can be delivered
to the anode surface. High-temperature interactions of
the components of the anodic film and electrolyte,
including thermolysis of compounds at the anode,
are possible in the vicinity of spark and microarc dis-
charges. The coatings contain conversion products in-
soluble in a given electrolyte: salts, oxides, or glasses
on their base.

In [7], formation of coatings on an AMtsM alloy
in an electrolyte with Na2H[PW12O40]

1 was studied,
and anodic layers containing crystalline WO2.9 were
obtained.

The aim of the present study was to analyze specif-
ic features of manganese incorporation into coatings
formed in the Na2H[PW12O40] electrolyte and to de-
termine how presence of manganese in the cation or
anion of a salt being added affects the coating com-
position.
����������
1 In [7], the salt composition was erroneously indicated as

N2H[PW12O42].

Anodic layers on samples of AMtsM aluminum al-
loy (97% Al, 1�1.6% Mn) were formed galvanostati-
cally at a current density of 1�10 A dm�2 in the course
of 10 min. Sample preparation, electrochemical cell
design, systems for cooling and stirring the electro-
lyte, thyristor unipolar power source, and methods
for determining the phase and elemental composition
have been described previously [7, 8]. The electro-
lytes were prepared from distilled water and the re-
agents Na2H[PW12O40] � 9H2O (chemically pure),
Mn(CH3COO)2 � 4H2O (analytically pure), and KMnO4
of pure grade. All the electrolytes were prepared
by pouring solutions together at room temperature.
The base electrolyte no. 1 contained 83 � 10�3 M of
Na2H[PW12O40], which corresponds to overall con-
centration of tungsten in solution equal to 0.1 M. Into
electrolyte nos. 2 and 3, 8.3 � 10�3 M of, respectively,
Mn(CH3COO)2 and KMnO4 were introduced.

The parameters of the electrolytes (pH value and
resistivity �) before and after their use for anodic-
spark treatment of aluminum alloy, and also the phase
and elemental composition of the coatings formed, are
listed in the table. It should be noted that, according
to microprobe analysis, a chemically polished sample
prepared for anodic-spark treatment contains (wt %):
98 Al and 1.22 Mn, and the X-ray diffraction pattern
of the sample contains, in addition to aluminum peaks,
low-intensity peaks of Al(OH)3.

Introduction of manganese compounds changes the
color of the initial electrolytes (no. 1 colorless, no. 2
yellow, no. 3 red-violet) but does not affect signifi-
cantly the pH of the electrolytes. At the same time,
permanganate ions (electrolyte no. 3) are unstable in
an acid medium. When the electrolyte is allowed to
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Effect of addition of manganese salts on parameters of electrolytes and on elemental and phase composition of coatings
based on AMtsM aluminum alloy Phase composition of WO2.9 coating
������������������������������������������������������������������������������������

Electrolyte

� �

�,

�

i,

� Characteristics of anodic layers
� � � ���������������������������������������������������
� pH � � �

color
� Average content,* wt %

� � � � ������������������������������������������
no.

� �

S cm�1

�

A dm�2

� � Al � W � P � Mn � Na � K
������������������������������������������������������������������������������������

� 2.0** � 4.5** � � � � � � � �
1 � �� � �� � 1�10 � Black � 6.7 � 46.8 � 0.64 � 0.18 � 0.18 � �

� 1.8 � 4.8 � � � � � � � �
� � � 3�10 � Green � 0.11 � 56.9 � 0.26 � 0.04 � 0.12 � �

� 1.9 � 5.4 � � � � � � � �
2 � �� � �� � 1�10 � Beige � 0.34 � 54.3 � 0.39 � 1.35 � 0.03 �

� 2.0 � 4.3 � � � � � � � �
� 1.8 � 4.7 � � � � � � � �

3 � �� � �� � 1�10 � � � 0.15 � 53.5 � 0.33 � 1.30 � 0.06 � 0.07
� 2.1 � 3.4 � � � � � � � �

������������������������������������������������������������������������������������
* Content of elements in coatings determined by electron-beam X-ray fluorescence microanalysis.

** Numerator, pH value and � for the initial electrolyte; denominator, the same after anodizing.

stand, a bulky white precipitate, turning brown in
air, is formed. After an anodic-spark treatment of the
AMtsM alloy, X-ray phase analysis of the precipitate
formed in electrolyte no. 3 shows the presence of
�-Na0.7MnO2, Na2W4O13, and WO2.9.

As follows from the table, introduction of manga-
nese compounds in a cationic or anionic form has no
effect on the phase composition of coatings formed
on the AMtsM alloy. In both cases, the X-ray diffrac-
tion pattern shows peaks corresponding to the WO2.9
phase. At the same time, a change is observed in
the outward appearance and color of the coatings,
the latter being the same in electrolyte nos. 2 and 3
(see figure). In electrolyte no. 1, mat black layers
are formed, with green point-like areas chaotically
scattered over them. At the same time, in electrolyte
nos. 2 and 3, beige coatings are formed on the surface

of a shining and transparentprimary (prespark) anodic
oxide film. In all probability, the change of colora-
tion from green to beige is due to incorporation of
manganese into the tungsten oxide lattice. Green and
beige areas are formed in all the three electrolytes by
the island mechanism, similarly to the case of anodic-
spark deposition of coatings in a vanadate-phosphate
electrolyte [1, 9]. First, nuclei of the new phase ap-
pear, and then they gradually expand to fill the in-
creasing fraction of the surface area. In the process,
the sparking is concentrated on the periphery of
a growing area of the new phase.

The elemental composition of green and beige coat-
ings is independent of the current density. The differ-
ence of beige coatings from green ones consists in an
increase in the content of manganese to 0.8�1.7 wt %
(table lists average values for coatings obtained in

Outward appearance of coatings formed on aluminum alloy in electrolyte nos. 1�3. Current density (A dm�2): (a) 1, (b) 2, (c) 10.
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the current density range under study). The fact that
introduction of manganese compounds into the base
electrolyte leads to an increase in the concentration
of the transition metal in anodic-spark layers indicates
that the metal is incorporated into the coatings from
the electrolyte, rather than from the substrate.

The incorporation of manganese is presumably due
to thermolysis of compound manganese-containing
HPA or colloid particles at the electric breakdown
channels. The latter is possible for the KMnO4-con-
taining electrolyte, in which a precipitate is formed.

The approach considered can also be presumably
applied to modification of tungsten-containing coat-
ings with other transition metals, which is promising
for obtaining functional coatings, e.g., catalytically
active structures, on the support surface.

CONCLUSIONS

(1) Anodic films formed on an AMtsM aluminum
alloy in an electrolyte with Na2H[PW12O40] (8.3 �

10�3 M) contain crystalline WO2.9. Addition of 8.3 �
10�3 M of Mn(CH3COO)2 or KMnO4 to the elec-
trolyte has no effect on the phase composition, but
leads to incorporation of up to 1.7 wt % Mn into
the coatings and to a change in the coating coloration
from green to beige. The latter points to the presence
of manganese in the tungsten oxide lattice.

(2) The layer containing tungsten oxides, both
with and without manganese inclusions, is formed on
the anode surface by the island mechanism: areas of
new phase appear on the film surface, expand, and
merge to give a new layer.
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Abstract�Fundamental aspects of formation of aluminum and zirconium hydroxides in their coprecipitation
under the action of products of electrode reactions in a membrane electrolyzer were studied. The influence
exerted by precipitation conditions (temperature and pH value) on the phase composition and porous structure
of coprecipitated systems was analyzed.

Coprecipitated aluminozirconium hydroxides (AZH)
and oxides are used as supports for high-efficiency
catalysts for important catalytic processes, such as
isomerization, reforming, etc. The use of zirconium
dioxide is due to its ability to create stable systems
with developed surface.

Previously, the structure and acid-base properties
of aluminum hydroxides and oxides synthesized in
a membrane electrolyzer have been studied. It has
been found that aluminum hydroxides precipitated in
the anode chamber of the electrolyzer differ signifi-
cantly from those obtained by the conventional tech-
nologies both in phase composition and porous struc-
ture and in distribution of acid-base centers over their
surface [1�4].

The formation of a heterogeneous phase in precipi-
tation of poorly soluble compounds is a complex pro-
cess including stages of salt hydrolysis to give low-
molecular forms of hydroxo complexes, their poly-
condensation, and subsequent precipitation of a hy-
droxide, first as primary particles and then as disor-
dered aggregates and the crystalline phase [5].

The processes of formation of binary hydroxides
in coprecipitation are more complex and may lead to
crystallization in two directions: to give individual
phases or heteronuclear spinel structures. In the case
of precipitation in an electrochemical cell, the forma-
tion of the hydroxide structure is complicated by the
effect of electric field on dispersed systems, which
leads to quite a number of nonequilibrium electric
surface phenomena changing fundamentally the char-

acteristics of the heterogeneous phase. Polynuclear
particles formed under real conditions determine
the structure and surface characteristics of the result-
ing systems based on poorly soluble hydroxides. In
this context, it seemed a topical task to study the fun-
damental aspects of formation of binary systems in
their precipitation in a membrane electrolyzer.

The aim of this study was to analyze the influence
exerted by conditions of coprecipitation by products
formed in electrode reactions on the composition and
structure of aluminozirconium hydroxides.

EXPERIMENTAL

The precipitation was performed in the anode cham-
ber of a membrane electrolyzer [1] by continuous in-
troduction of sodium aluminate into a ZrO(NO3)2 so-
lution. Platinum served as anode, and Kh18N9T steel,
as cathode. The anode and cathode spaces were sep-
arated by an MK-40 cation-selective membrane. The
precipitation was done at pH ranging from 6 to 10
at temperatures of 303�343 K. The suspension ob-
tained upon precipitation was subjected to electro-
chemical purification to remove sodium ions and aged
in mother liquor for 48 h. The ZrO2 : Al2O3 molar ra-
tio in the hydroxides synthesized varied from 1 : 0.73
to 1 : 1.85.

The content of sodium and aluminum ions was de-
termined by flame photometry and complexometry.
Analysis for zirconium(IV) was carried out by X-ray
fluorescence method on a VRA-20 instrument. A sam-
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Table 1. Preparation conditions and characteristics of AZH synthesized
������������������������������������������������������������������������������������

Sam-
� Precipitation conditions �

Bulk
� M* � M** �

Calcination�������������������������������������������������� �������������
ple �

T, K
�

pH/pHfin

� �, min � density, �
g

� loss,
� � ������������������������������������ � �no.
� � � precipitation � finishing treatment � � �

g cm�3

� �
%

������������������������������������������������������������������������������������
1 � 303 � 6/4.5 � 140 � 10 � 155 � 0.954 � 27.2 � 16.3 � 40.15
2 � 303 � 6/4.5 � 395 � 5 � 400 � 0.806 � 55.3 � 34.0 � 38.53
3 � 303 � 8/4.5 � 390 � 25 � 415 � 0.843 � 52.7 � 33.0 � 37.44
4 � 303 � 9/4.0 � 380 � 35 � 415 � 0.807 � 60.5 � 36.4 � 39.79
5 � 303 � 10/4.5 � 230 � 20 � 250 � 0.756 � 41.4 � 27.7 � 33.05
6 � 323 � 6/4.5 � 270 � 30 � 300 � 0.789 � 43.2 � 29.3 � 32.21
7 � 323 � 8/3.0 � 115 � 25 � 140 � 0.972 � 43.5 � 29.7 � 31.81
8 � 323 � 9/4.5 � 175 � 15 � 190 � 0.737 � 43.2 � 29.8 � 31.13
9 � 323 � 10/4.5 � 220 � 35 � 255 � 0.788 � 42.8 � 28.8 � 32.69

10 � 343 � 6/4.5 � 290 � 7 � 297 � 0.964 � 36.5 � 26.0 � 28.72
11 � 343 � 8/4.0 � 125 � 30 � 155 � 0.774 � 32.0 � 21.5 � 32.70
12 � 343 � 9/4.5 � 300 � 20 � 320 � 1.112 � 36.0 � 24.1 � 33.19
13 � 343 � 10/4.5 � 160 � 60 � 220 � 0.929 � 37.2 � 25.4 � 31.85

������������������������������������������������������������������������������������
* Precipitate mass after drying at 403 K. ** Precipitate mass after calcination at 1123 K.

ple was preliminarily mixed with an inert substrate
in 1 : 15 ratio and pelletized. As inert substrate served
boric acid of chemically pure grade. Reference sam-
ples with known content of zirconium(IV) were pre-
pared in a similar way using zirconium dioxide of
special-purity grade. The content of water in the sam-
ples was found from calcination loss at 1123 K.

The crystal structures were studied on a DRON-3M
diffractometer with FeK

�

radiation and graphite
monochromator in the secondary beam. As reference
were used structures represented in the Inorganic
Crystal Structure Database (ICSD for WWW).

The pore structure was determined by the method
of low-temperature adsorption of nitrogen. The ad-
sorption measurements for determining the specific
surface area, pore volume, and pore diameter distribu-
tion were carried out on Micrometrics ASAP-2400
instrument. For analysis, a 0.8�1.0-g portion of a pre-
liminarily powdered catalyst was taken and placed in
the ampule of the analyzer. The sample was heated
to 523 K and kept under vacuum with residual pres-
sure of 0.1 mm Hg for 4 h, the ampule was filled
with helium and weighed, and adsorption�desorption
of nitrogen was carried out. The adsorption�desorp-
tion isotherms were measured at 77 K, with degassing
to residual pressure of 0.03 mm Hg. In calculations,
the density of nitrogen in normal liquid state was
taken to be 0.808 g cm�3, and the molecular cross
section for nitrogen, 0.1620 nm2. The measurement
accuracy of pore volume and pore size distribution
was �13%, and that of specific surface area, �3%.

Thermochemical studies were carried out with
a Perkin�Elmer TGS-2 thermogravimetric analyzer
and SETARAM DCK 111 differential scanning cal-
orimeter.

As can be seen from Table 1, the rate of precipi-
tation of aluminozirconium hydroxides at 303 K with
electrochemically generated protons depends on the
acidity of the medium only slightly in the pH range
6�9. In a more alkaline medium (pH 10), an excess
content of hydroxide ions accelerates the hydrolysis
process, with the result that precipitation is faster by
a factor of 1.8.

Raising the temperature also makes the precipita-
tion rate higher because of the increasing mobility of
reacting particles. However, this leads to a strong ef-
fect of the pH value on the rate of AZH precipitation,
which manifests itself in the appearance of a maxi-
mum at pH 8. The anomalously high precipitation rate
under these conditions is probably due to formation
of particles of a heterogeneous phase, which have un-
charged surface (point of zero charge, p.z.c.), with the
result that fast coagulation of the precipitate occurs.

As shown in [6], the point of zero charge strongly
depends on the anionic composition of a solution and
lies at pH 8.8�9.3 for zirconogels obtained from
ZrO(NO3)2. The true state of the neutrality of hetero-
geneous particles is determined by the distribution of
hydroxonium and hydroxy ions between the charged
gel surface and electrolyte solution. In the presence
of a directed electric field, a certain contribution is
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Table 2. Composition of AZH synthesized
������������������������������������������������������������������������������������

Sample
� Composition, mol g�1

� 103 �
ZrO2 : Al2O3 : H2O

�
MOp : H2O��������������������������������������������� �

no. � ZrO2 � Al2O3 � Na2O � H2O � �
������������������������������������������������������������������������������������

1 � 2.97 � 2.18 � 0.18 � 22.3 � 1 : 0.73 : 7.51 � 1 : 4.18
2 � 2.18 � 3.33 � 0.11 � 21.4 � 1 : 1.53 : 9.81 � 1 : 3.81
3 � 2.45 � 2.88 � 0.50 � 20.8 � 1 : 1.18 : 8.49 � 1 : 3.57
4 � 2.14 � 3.28 � 0.07 � 22.1 � 1 : 1.53 : 10.3 � 1 : 4.03
5 � 2.29 � 3.62 � 0.29 � 18.4 � 1 : 1.58 : 8.03 � 1 : 2.97
6 � 2.12 � 3.93 � 0.26 � 17.9 � 1 : 1.85 : 8.44 � 1 : 2.84
7 � 2.63 � 3.45 � 0.09 � 17.7 � 1 : 1.31 : 6.73 � 1 : 2.87
8 � 2.31 � 3.72 � 0.40 � 19.2 � 1 : 1.61 : 8.31 � 1 : 2.99
9 � 2.37 � 3.59 � 0.25 � 18.2 � 1 : 1.52 : 7.68 � 1 : 2.93

10 � 2.70 � 3.53 � 0.34 � 16.0 � 1 : 1.31 : 5.93 � 1 : 2.44
11 � 2.47 � 3.58 � 0.05 � 18.2 � 1 : 1.45 : 7.37 � 1 : 2.98
12 � 2.58 � 3.24 � 0.33 � 18.4 � 1 : 1.26 : 7.13 � 1 : 2.99
13 � 2.50 � 3.52 � 0.24 � 17.7 � 1 : 1.41 : 7.08 � 1 : 2.83

������������������������������������������������������������������������������������

also made by particle orientation along the external
field vector and by polarization coagulation, which, in
the end, determine the real pHp.z.c. and, correspond-
ingly, the rate of formation of the heterogeneous
phase. A lower pHp.z.c. is observed for gels susceptible
to polymerization [6], and, therefore, it may be
stated that electrical-surface phenomena occurring in
electrochemical precipitation favor formation of po-
lymer particles.

It can be seen from Table 2 that the composition
of hydroxides obtained in the anode chamber of the
membrane electrolyzer also depends on precipitation
conditions. The loss upon calcination of the hydrox-
ides at 1123 K is 28�40%, which corresponds to
2.44�4.18 mol of water per 1 mol of metal oxide.
It should be noted that the ratio MxOy : H2O = 1 : �4
is only observed at 303 K in the pH range 6�9. With
increasing precipitation temperature, this ratio tends
to 1 : 3.

It is significant that the content of water in the sam-
ples synthesized grows with increasing mole fraction
of zirconium dioxide. For example, with the ZrO2 :
Al2O3 changing from 1 : 1.53 to 1 : 0.73, the amount
of water per 1 mol of oxide increases from 3.81 to
4.18 mol. Virtually in the whole range of temperatures
studied, the dependence of the molar content of water
in AZH on the precipitation pH shows extremal be-
havior with a weak maximum at pH 8�9.

It should be noted that the precipitation tempera-
ture affects the AZH composition. For example, for
the hydroxides obtained at pH 6, the content of water
in their composition decreases rather substantially,

from 3.81 to 2.44 mol, with the precipitation temper-
ature increasing from 303 to 343 K. At the same time,
performing the precipitation process at pH 8�9 leads
to a pronounced decrease in the amount of water only
with temperature increasing from 303 to 323 K, with
further rise in temperature virtually not affecting the
AZH composition. For the hydroxides obtained at
pH 10, the mole fraction of water in their composition
decreases somewhat with increasing precipitation tem-
perature.

Analysis of published data [6�8] shows that the
amount of water molecules in zirconogels obtained in
precipitation with chemical reagents mainly depends
on the precipitation pH, being equal to 0.7�1.8 mol
per molecule of zirconium dioxide. The authors of [8]
synthesized aluminozirconium hydroxides of compo-
sition (ZrO2 + Al2O3) : H2O = 1 : 1.6, which are sim-
ilar to the samples used in the present study, by treat-
ing oxo zirconium and aluminum nitrate solutions
with a 3 N ammonia solution. The content of water
in individual aluminum hydroxides prepared in elec-
trochemical precipitation [2] varied with temperature
and precipitation pH in the range 1.29�1.6 mol mol�1

Al2O3. The experimental results obtained (Table 2)
show that binary aluminozirconium hydroxides syn-
thesized under the action of electrochemically gener-
ated protons are distinguished by higher content of
water, compared with individual and complex hydrox-
ides obtained in chemical precipitation.

Thermogravimetry and differential scanning calo-
rimetry (DSC) were used to study thermal decomposi-
tion of the samples synthesized. It can be seen from
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the derivatograms obtained (Fig. 1) that the mass
loss by AZH samples occurs stepwise in two or three
stages and is accompanied by endothermic effects at
400, 590�600, and 700 K. Thermal decomposition be-
low 400 K results in removal of water from the xero-
gel of zirconium hydroxide, and that at 553�603 K,
probably, leads to decomposition of aluminum hy-
droxide of bayerite modification, with release of struc-
tural water. Intermicellar moisture is first removed
from broad pores, and then from fine pores within
secondary crystals. At 688�700 K, finely crystalline
pseudoboehmite decomposes. The DSC curves ob-
tained for AZH samples are mainly characterized by
two peaks (Fig. 2). The peak at temperatures of the
first endothermic effect has complex broadened struc-
ture, and the peak in the range of temperatures of
the second endothermic effect shows a clearly pro-
nounced narrow dip. For some of the samples, a third
low-intensity broadened endothermic peak is observed.
The thermogravimetric and DSC data obtained were
used to calculate the corresponding heat effects to
be 45�107 kJ mol�1.

The electrical-surface phenomena occurring in
the process of formation of a heterogeneous phase in
an electric field determine the structure and compo-
sition of the resulting systems and, in particular,
the content of counter ions, whose role is played by
sodium ions in coprecipitation of AZH. As shown pre-
viously [4], immediately after precipitation the re-
sidual content of Na2O in electrochemically synthe-
sized individual aluminum hydroxides grows with in-
creasing pH and precipitation temperature, being equal
to 0.66�5.5%. One of advantages of the electrochem-
ical method for synthesis of hydroxides is the pos-
sibility of purification of the systems obtained to
eliminate simultaneously the undesirable impurity
ions, which are removed, already in the process of
synthesis, from the precipitation chamber into the op-
posite chamber of the membrane electrolyzer through
electromigration. To purify the hydroxides complete-
ly, it is suggested to subject the suspension to an ad-
ditional �finishing� treatment consisting in that the
electrolysis process is continued after the precipitation
is complete. As the criterion of completeness of the
purification process serves a decrease in the current
density to a constant value, with the pH value in
the anode chamber becoming 4�4.5. It has been
shown previously that carrying out a finishing treat-
ment of aluminum hydroxides makes the content of
Na2O as low as 0.01�0.08 wt %.

It can be seen from Table 2 that the residual con-
tent of sodium ions in precipitation of binary alumi-
nozirconium hydroxides depends on electrolysis con-

Fig. 1. Derivatograms of AZH samples. (�m) Change in
mass and (T ) temperature. Sample: (a) no. 2 and (b) no. 3;
the same for Fig. 2.

Fig. 2. DSC curves for AZH samples. Tsc = 293.2�773.2 K,
sensitivity 1 mV, heating rate 20 deg min�1, recorder chart
motion velocity 5 mm min�1.
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Fig. 3. Adsorption isotherms of sample nos. (1) 4, (2) 8,
(3) 10, (4) 12, and (5) 130. (V ) Micropore volume and
(P/P0) relative pressure.

ditions and varies within the range 0.34�3.12 wt %.
However, in contrast to the case of individual alumi-
num hydroxides, the content of Na2O in AZH samples
changes stepwise with increasing temperature and pH
value. Similar dependences are observed for sam-
ples synthesized at 323 and 343 K: the hydroxides
obtained at pH 8 contain the minimum amount (0.56
and 0.34 wt %), and those synthesized at pH 9, the
maximum (2.51 and 2.04 wt %) amounts of Na2O.
These dependences are in conformity with the concept
of the point of zero charge of the surface, which favors
formation of a heterogeneous phase with minimum
sorption capacity for ions (Na+ in the case in question).

A reverse dependence is observed at 303 K: AZH syn-
thesized at pH 8 contain the maximum amount, and
those obtained at pH 9, the minimum amount of Na2O.
Probably, the point of zero charge of AZH-based sys-
tems is shifted to pH 9 at not-too-high temperatures.

It should be noted that, depending on temperature,
the content of sodium impurity ions in precipitates
obtained at one and the same pH value varies differ-
ently. For example, the content of sodium ions grows
with increasing precipitation temperature at pH 6,
and, by contrast, decreases steeply with temperature
increasing from 303 to 323 K at pH 8. For AZH ob-
tained at pH 10, the precipitation temperature affects
the content of sodium ions only slightly, whereas for
samples synthesized at pH 9, the temperature depen-
dence of this content shows a maximum at 323 K.
Comparison of the experimental data obtained with
the results of previous studies [1�4] shows that
the pattern of mass transfer of sodium ions into the
cathode chamber from a suspension of binary hydrox-
ides is more complex than that in the case of similar
suspensions of individual hydroxides.

A study of the samples by the method of low-tem-
perature nitrogen adsorption demonstrated that the
AZH synthesized are characterized by microporous
structure with pore diameter of about 10 � and meso-
pores with a maximum in the pore volume distribu-
tion over pore radii at 38 �. At room temperature,
the pore structure of the precipitate is mainly repre-
sented by micropores, which is indicated by isotherms
of nitrogen adsorption, characterized by high adsorp-
tion at low relative pressures and nearly horizontal
plateau up to P/P0 = 0.9 (Fig. 3).

The micropore volumes calculated using the Du-
binin�Radushkevich method for samples obtained
under varied conditions were 0.15 to 0.12 cm3 g�1.
Raising the precipitation temperature leads to a certain
decrease in the fraction of micropores (by approxi-
mately 15%) and to a simultaneous increase in the
mesopore volume by nearly a factor of 2. The change
in the pore structure results in a significant transfor-
mation of the adsorption isotherm: the slope of the
curve at P/P0 = 0.2�0.9 increases and the hysteresis
loop becomes much wider.

It should be noted that the most developed porous
structure is formed in precipitation at low pH values,
with the samples obtained containing a great number
of both meso- and micropores. In this case, broad
bands appear in the curve of pore volume distribution
over effective diameters in the form of bends at 50 and
78 �, which points to the formation of larger-diam-
eter pores of varied nature. These samples have the
greatest specific surface area calculated by the BET
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method. For example, Ssp is 317 m2 g�1 for a sample
synthesized at pH 6 and temperature of 343 K, where-
as for AZH obtained at pH 9�10 and 343�363 K, the
specific surface area is in the range 250�277 m2 g�1,
with the pore volume varying within 0.2�0.4 cm3 g�1.

The X-ray diffraction patterns of the hydroxides
obtained show reflections corresponding to aluminum
hydroxides of the bayerite and pseudoboehmite mod-
ifications. After calcination of the samples at 873 K,
the �-Al2O3 phase is revealed by X-ray diffraction
analysis, the ZrO2 phase being X-ray-amorphous un-
der these conditions. Studies of the thermal decom-
position of the systems obtained also confirm this
phase composition. Comparison of the structural pa-
rameters of the AZH synthesized with those of indi-
vidual hydroxides obtained under similar conditions
indicates that the processes in which the structure of
individual and coprecipitated hydroxides is formed
are different.

CONCLUSION

The experimental study demonstrated that the con-
ditions of precipitation in synthesis of aluminum and
zirconium hydroxides with electrochemically gener-
ated reagents make it possible to vary widely both
the composition and the porous structure of the sys-
tems obtained, which opens up new opportunities for
development of supports and catalysts with prescribed
structural characteristics.
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Abstract�The dependence of capacity and service life of a nickel�zinc battery on the mechanism of zinc
transfer and the rate of zinc intercalation into nickel oxide electrodes differing in the conductivities of the ac-
tive paste and porous structures was studied.

The problem of raising the service life of nickel�
zinc (NZ) batteries, which permanently attracts atten-
tion, is mostly solved by using various methods for
making lower the solubility of zinc at the negative
electrode. It is a common practice to use for this pur-
pose electrolytes with as low KOH concentration as
possible and F� and CO3

2� ions added to the electro-
lyte and Ca(OH)2, Sr(OH)2, and other additives to
the active paste of the zinc electrode. These additives
form with zinc oxide, complex compounds sparingly
soluble in alkaline solutions [1�3]. This makes it pos-
sible to slow down the processes leading to intraelec-
trode transfer of zinc in the negative electrode and to
�loss of its shape,� a factor limiting the service life
of NZ batteries.

It can be seen from [1�5] that, presently, the ser-
vice life of NZ batteries is 300�400 cycles, and
the Evercell company achieved a service life of 600
cycles [3].

So far, all attempts to raise further the service life
of NZ batteries have failed, which is still attributed
to the necessity for improving the negative electrode.
At the same time, it was determined in [6] that the de-
crease in the capacity of NZ batteries after 300�400
cycles is due to impaired working capacity of the nick-
el oxide electrode (NOE) on a metal-ceramic (MC)
support. The authors failed to reveal the reason for
its degradation, since the assumption that the structure
of the active paste degrades was not confirmed.

A decrease in the capacity of a NZ battery, associ-
ated with deteriorated chargeability of an NOE on
an MC support after 250 cycles, was also noted in [7].

The observed dramatic rise in the potential in anodic
polarization and increase in oxygen evolution were
accounted for by nonuniform distribution of current
over the NOE surface, which results in an unbalance
in the degree of charging of different areas on the sur-
face of the positive and negative electrodes, and, as
consequence, in the loss of shape by the zinc electrode
and in its local passivation.

Data indicating that processes occurring on NOE
can strongly affect the working capacity of the zinc
electrode and limit the service life of an NZ battery
have been obtained recently using a compacted NOE
made of spherical nickel hydroxide containing cobalt
hydroxide as additive on a foamed-nickel (FN) sup-
port [8]. In a battery with NOE on an FN support,
the intraelectrode mass transfer in the zinc electrode
is strongly decelerated, and its shape is retained af-
ter up to 200�250 cycles. This is accounted for by
the increased conductivity of active paste [spherical
Ni(OH)2], which affects the uniformity of the current
distribution both within the active paste and over
the surface of the zinc electrode.

It was also revealed that accumulation of zinc in
an FN-supported NOE as a result of interelectrode
mass transfer, occurs in the course of direct incorpo-
ration of zinc into the structure of Ni(OH)2, with
the stages of its deposition within pores in the form
of Zn(OH)2 or ZnO bypassed.

The results obtained suggest that incorporation of
zinc also occurs in an MC-supported NOE, but is not
manifested clearly, being preceded by deposition of
ZnO within the porous space of the electrode.
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EXPERIMENTAL

This study considers processes associated with
zinc incorporation and their influence on the effi-
ciency of NOE and the service life of an NZ battery
for the case of NTs-25 batteries with positive elec-
trodes on FN and MC supports. The batteries differed
only in the positive electrodes. All other elements
and the design were the same.

It is of interest to study simultaneously the inter-
calation processes on two types of electrodes in view
of the fundamental difference in their structural pa-
rameters and active paste conductivities. The electrode
with an MC support contains the active paste in the
form of a Ni(OH)2 layer covering the surface of deep
pores of the support. At low active paste conductivity,
the anodic and cathodic processes on the electrode
occur in the inner-diffusion mode and are accompa-
nied by a considerable change in the concentration
of hydroxide ions and by decomposition of hydroxo
zincate ions present in the electrolyte.

By contrast, the active paste of NOE on an FN
support is composed of densely compacted Ni(OH)2
particles with radius of 10 to 30 �m. The closed
pores have the same size. Therefore, their contribution
to current transport in the electrolyte is insignificant.

The active paste of NOE on an FN support con-
tains cobalt hydroxide as an additive (5�6%), which
is transformed in the course of battery forming into
the compound Ni1 � xCoxOOH exhibiting electronic
conduction [9]. Owing to these features, the electro-
chemical processes in the electrode mainly occur on
its outer surface, with the current flowing within the
electrode, predominantly in the solid phase. Also,
Zn is introduced in amount of 2�4%, i.e., an amount
not affecting adversely the working capacity of the
electrode [10], into spherical Ni(OH) to preclude for-
mation of the �-phase.

The basic parameters of the batteries studied are
listed in Table 1.

In all the batteries, the same sets of separators and
the same amounts of the electrolyte containing (M):
7 KOH + 1 LiOH, were used. This made it possible
to determine the characteristics of interest under the
comparable conditions.

The batteries with MC-supported NOE were formed
in two cycles, with a charging capacity C equal to
1.0Ctheor imparted in each cycle. The batteries with
NOE on an FN support were also formed in two cy-
cles, with capacities 1.0Ctheor and 1.4Ctheor imparted
in the first and second cycle, respectively. The cycling

Table 1. Basic parameters of NTs-25 batteries with NOE
of different types (thickness 0.9�1.0 mm, electrolyte
volume 105 ml)
����������������������������������������

� Theoretical capacity � Theoretical
NOE � of NOE (+) for � capacity ratio of

support � Ni2+% �
� Ni3+ � electrodes (�)/(+)

� transition, A h � in battery
����������������������������������������

FN � 50 � 2.0/1
MC � 33 � 3/1

����������������������������������������

was done in the following mode: a two-or-three stage
charging with decreasing current to a voltage not ex-
ceeding 1.98 V in each stage, and discharge with
a 5 A current to a voltage of 1.2 V.

In the course of cycling, the charging and dis-
charge capacities, KOH and Zn(OH)4

2� concentrations
in the electrolyte, content of zinc in the active paste
of both types of electrodes, and cobalt content in
the NOE on an FN support were monitored.

In some tests, the solubility of zinc present in
the NOE was determined. This made it possible to
determine the amount of zinc incorporated, since, ac-
cording to the data of [11], the solubility of zinc in-
corporated into the NOE structure in KOH solutions
is two orders of magnitude lower than that of ZnO.
For dissolution, a 5 M KOH solution was used, with
concentration close to that established in the elec-
trolyte of the battery. The electrolyte volume exceeded
by about a factor of 10 that necessary for zinc disso-
lution. The dissolution time was, in accordance with
the data of [11], 7 days.

In battery cycling, the primary attention was given
to elucidating the dynamics of zinc incorporation into
the active paste of the electrodes studied. Because
approximately the same charging capacities were im-
parted to both types of batteries in cycling, the ac-
cumulation was estimated in grams per cycle (Fig. 1)
and then recalculated to percentage content in the ac-
tive paste of the NOE studied.

It was established that the accumulation of zinc in
the Ni(OH)2 electrode on an FN support occurs at
a rather high rate in the initial cycles, is decelerated
by approximately a factor of 2 after 60�70 cycles, and
then continues at a constant rate (Fig. 1). By the 200th
cycle, 18 g of zinc was accumulated in the positive
electrodes of the battery, and then the process virtu-
ally terminated. Analyses showed that the main part
of the accumulated zinc (85�87%) is not dissolved
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Fig. 1. Variation of the amount M of zinc in NOE on
(1) NF and (2, 3) MC support in the course of cycling of
NTs-25 batteries. (N ) Number of cycles; the same for
Figs. 2�4. (1, 2) amount of intercalated zinc, and (3) total
amount of zinc intercalated and accumulated in the form
of ZnO.

Fig. 2. Variation of the content m of zinc intercalated into
NOE on (1, 1� ) FN and (2) MC support in cycling of
NTs-25 batteries. (1� ) Total amount of zinc, including that
in the starting material (3.2%).

Fig. 3. Variation of the KOH concentration in the electro-
lyte in cycling of NTs-25 batteries with NOE on (1, 1�) FN
and (2, 2�) MC support. (1, 2) Charged battery; (1�, 2�) dis-
charged battery; the same for Fig. 4.

Fig. 4. Variation of the zincate ion concentration c in the
electrolyte of NTs-25 batteries with NOE on (1, 1�) FN and
(2, 2�) MC support.

in KOH, i.e., the accumulated zinc is incorporated
into Ni(OH)2.

The incorporation of zinc into the structure of
Ni(OH)2 in MC electrodes is accompanied by deposi-
tion of ZnO within the electrode pores in charging.
In the course of discharges, when the concentration
of hydroxide ions in the pores increases dramatically,
zinc partly dissolves again [12]. In the process, part
of zinc from the zincate complex formed is incorpo-
rated into the structure of Ni(OH)2 (Fig. 1, curve 2),
and another part returns into the electrolyte. Since
the forming zincate ions are present directly in the re-
action zone, the incorporation of zinc into Ni(OH)2
occurs at a higher rate than that into the FN-supported
electrode, being complete after 60�70 cycles, i.e., si-
multaneously with the termination of ZnO deposition.
At more intense incorporation of zinc into the NOE
on an MC support, the amount of zinc accumulated,
in the end, in this electrode is smaller than that in
the NOE on an FN support. The total amount of zinc
incorporated into the MC-supported electrode and
accumulated in its pores in the form of ZnO is repre-
sented by curve 3 in Fig. 1.

In both the electrodes, the intercalation slows
down as 10�12% zinc is accumulated (Fig. 2), i.e.,
an amount which can be incorporated into �-Ni(OH)2
before the onset of its destruction through transforma-
tion into the �-form [10]. The variation of the zinc
content (%) in the FN-supported NOE is represented
by curves 1 and 1� in Fig. 2. Curve 1 shows the con-
tent of zinc accumulated in the electrodes of the bat-
tery in the course of cycling, and curve 1�, the total
amount of zinc, including that contained initially in
the initial paste (3.2%). With this correction, the max-
imum percentage content of zinc in both types of elec-
trodes is virtually the same.

The difference in the dynamics of zinc incorpora-
tion into the active paste of the electrodes considered
does not affect the manner in which the KOH concen-
tration in the electrolyte varies (Fig. 3). A consider-
able initial decrease in the concentration of OH� ions
is mainly due to transfer of carbonate ions from the
electrodes into the electrolyte [13]. After this process
is complete, the concentration of KOH in charged and
discharged batteries stabilizes at about the same level.
It is noteworthy that the decrease in the KOH concen-
tration to the steady-state value occurs in parallel
with a decrease in the rate of zinc incorporation into
the FN-supported NOE.

However, the specific features of processes occur-
ring in the FN-supported NOE studied are clearly
manifested in the variation of the concentration of
zincate ions (Fig. 4). After a battery is formed, the
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Table 2. Variation of the amount of zinc intercalated into an NOE on FN and MC supports in cycling and its influence
on the service life of NZ battery
������������������������������������������������������������������������������������

� � � Amount of � � Number of cycles
� � � � ����������������������������NOE � � cKOH, � intercalated zinc �Amount of zinc�
� � ����������������������� � �support � Cycles � M � � deposited in � before the start � at a capacity
� � � g � % relative to active � a cycle, g � of a decrease in � decreased to
� � � � paste of NOE � � capacity from Cnom� 0.6Cnom

������������������������������������������������������������������������������������
FN � 1 � 7.0 � � � � � � � �

� Up to 60 � 4.2 � 8.6 � 5 � 0.14 � �
� 60�200 � 3.9 � 18 � 10.6 � 0.06 � 200 � 300�400

� 200�300 � 3.7 � 18 � 10.8 � �0 � �
� � � � � � �MC � 1 � 7.0 � � � � � � � �
� Up to 60 � 4.0 � 12.6 � 12.0 � 0.21 � 60�100 � 150�300
� 60�200 � 3.7 � 12.6 � 12.1 � �0 � �

������������������������������������������������������������������������������������

zinc(II) concentration in the electrolyte of the charged
battery is 40 g l�1. Further cycling of the battery to
60th cycle is accompanied by a decrease in the con-
centration to a virtually zero value (2�3 g l�1) at a rate
of 0.6 g per cycle, with 0.14 g of Zn incorporated.
After 200 cycles, 18 g of Zn is incorporated into the
FN-supported NOE, i.e., approximately 0.09 g Zn
per cycle, which corresponds to an average loss of
zinc(II) of 0.9 g l�1 from the electrolyte (the electro-
lyte volume in the battery is 0.1 l, Table 2).

The deficit is compensated for by the diffusion
flow from the zinc electrode into the NOE. With in-
creasing number of cycles, the diffusion flux becomes
greater owing to an increase in difference between
the zincate ion concentrations in the zone of zinc elec-
trode and in the zone of NOE. As a result, the average
concentration of zinc in the electrolyte decreases.

After 60 cycles, when the Zn(II) concentration in
the electrolyte of a charged battery decreases to the
minimum value, a quasi-equilibrium state is attained
at a constant diffusion flux. With the difference in
the zincate ion concentrations in the zones of the neg-
ative and positive electrodes increased to the maximal
value, the loss of zincate ions (in electrolyte volume),
which disturbs equilibrium in the system operating in
the reversible mode, is compensated for by the zinc
electrode. In the process, the intercalation of zinc
proceeds at a constant rate (about 0.06 g per cycle)
during a long period (200 cycles) till termination of
the process (Table 2).

The concentration of zincate ions in batteries with
positive MC electrodes is higher than that in batteries
with FN electrodes. Being controlled in the absence
of diffusion by the very event of electrochemical in-
tercalation, the concentration decreases in the initial
cycles because of the deposition of zinc oxide within

NOE in charging and only its partial return into the
electrolyte in discharge (Fig. 4). For the same reason,
the steady-state concentration in further cycling is
higher than that in a battery with an NOE on an FN
support. Part of zinc from Zn(OH)4

2� ions formed in
pores of MC electrodes is incorporated into the NOE
structure at a rate exceeding that of incorporation into
an NOE on an FN support by, on the average, a factor
of 2 (Table 2).

The correlation between the beginning of decrease
in the charging capacity of an NZ battery and incor-
poration of 10�12% Zn into an NOE on an FN sup-
port is illustrated by Fig. 5. As noted in [8], this
hinders the anode process at NOE and leads to a de-
crease in the charging capacity to the minimum value
of 0.6Cther in approximately 100 cycles [8].

In estimating the service life of the NZ battery un-
der consideration, having an FN-supported NOE, ac-
count is taken of the possibility of making it longer
(by about 50�100 cycles) by using an electrolyte

Fig. 5. Variation of (1) charge capacity C of NTs-25
battery and (2) the zinc amount in NOE with FN support
in cycling. (m) Content of zinc in the active paste of
NOE, including that in the initial Ni(OH)2, and (N ) num-
ber of cycles.
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with lower initial KOH concentration (Table 2). It is
also appropriate to use spherical Ni(OH)2 containing
the minimum amount of zinc, which can also prolong
the service life by 50�100 cycles.

Thus, the service life of the battery under study,
with an NOE on an FN support, may be as long as
400�500 cycles, provided that the influence of other
known negative factors (such as growth of zinc den-
drites and disintegration of separators) is suppressed
by the known methods.

CONCLUSIONS

(1) The service life of a nickel�zinc battery is lim-
ited by a decrease in its capacity, associated with
incorporation of zinc into the Ni(OH)2 structure in
amounts hindering the electrochemical processes in
the battery. The number of cycles ensured by a battery
without any decrease in capacity and the total service
life depend on the conditions of transfer of zincate
ions into the intercalation zone.

(2) In batteries with a nickel oxide electrode on
a metal-ceramic support, the incorporation of zinc is
facilitates by deposition of ZnO within the pores of
the electrode operating in the inner diffusion mode
and considerable changes in the KOH concentration
in the pores. Therefore, the incorporation occurs at
the maximum rate, which is limited solely by the elec-
trochemical process itself.

(3) In batteries with a nickel oxide electrode on
a foamed-nickel support, operating in the outer-dif-
fusion mode, the rate of zinc incorporation is twice
lower, since it is limited by transport of zincate ions
into the reaction zone.

(4) With a nickel oxide electrode on a foamed-
nickel support used instead of a metal-ceramic elec-
trode, the service life of a nickel zinc battery can be

prolonged from 150�300 cycles to 400�500 cycles,
with stable capacity ensured during 300 cycles.
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Abstract�A procedure for preparing new lithium salts with large organic anions, which can be used as ad-
ditives to nonaqueous electrolytes of high-capacity chemical power sources, was developed. The electro-
chemical properties of the salts were studied.

Solutions of inorganic lithium salts in pure aprotic
solvents or their mixtures are widely used as electro-
lytes in lithium power sources intended for different
purposes.

Recently researchers’ efforts have been focused on
development of procedures for preparing new, cheap,
nontoxic, moisture- and heat-resistant, and chemically
and electrochemically stable salts readily soluble in
aprotic solvents [1]. This is due to necessity for im-
provement of the performance of primary and, es-
pecially, secondary lithium-metal and lithium-ionic
batteries.

The physicochemical properties of lithium organic
salts depend on their chemical structure: the nature
of the atom to which lithium is bonded and the type
of this bond [2]; the nature and size of the anion;
the degree of delocalization of the negative charge,
which affects the stability of the salt anion [1].

The anion affects the properties of a nonaqueous
electrolyte and of lithium power sources for the follow-
ing reasons. In aprotic solvents, anions are solvated
by dipole�dipole interactions which depend on mutual
polarization of the anion and the solvent molecules.
As the size of the organic anion increases, the polari-
zation becomes stronger, thus enhancing the interac-
tion between the anion and the solvent molecule [3].

Among the known lithium organic salts, lithium salt
of bis(trifluoromethanesulfonyl)imide LiN(SO2CF3)2
is the most promising as electrolyte for lithium
power sources [4�15]. Liquid solutions of this salt
have high electrical conductivity and are electrochem-

ically stable up to 4.8 V (relative to lithium reference
electrode) [2].

The lithium salt of bis(trifluoromethanesulfonyl)-
imide and its structural analogues LiN(SO2CF2CF3)2,
LiN(SO2C4F9)2, LiN[(CF3SO2)(C4F9SO2)] are also
used for preparing polymeric electrolytes. The anion
size in these lithium organic salts can strongly affect
the structural and electrochemical properties of poly-
meric electrolytes derived from these salts [4].

Lithium salt of bis(trifluoromethanesulfonyl)imide
LiN(SO2CF3)2 was prepared from bis(trifluorometh-
anesulfonyl)imide, which is a relatively strong NH
acid forming a stable N-anion owing to the presence
of two electron-acceptor trifluoromethanesulfonyl
groups. Bis(trifluoromethanesulfonyl)imide is not read-
ily available, since substitution of chlorine atoms in
the trichloromethyl groups with fluorine [16] requires
special equipment and conditions that are difficult to
provide in a common chemical laboratory. Alternative
components of polymeric electrolytes are lithium salts
of aromatic bis(sulfonyl)imides and, in particular, bis-
( p-nitrobenzenesulfonyl)imide ( p-NO2C6H4SO2)2NH,
which is also a relatively strong acid, pKa 3.2 (aque-
ous solution) [17].

The structure and acid properties of N,N �- bisarene-
sulfonyl substituted imides of iminosulfinic acids are
similar to those of aromatic bis(sulfonyl)imides [18].
These compounds inhibit thermooxidative degradation
of polymers [19], which is important for electrolytes
derived from halogen-containing polymers (polyvinyl
chloride, polyvinylidene chloride, polyvinylidene fluo-
ride, etc.).
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In this study, we prepared lithium salts of N,N �-bis-
(benzenesulfonyl)pentanesulfinamidine and N,N �-bis-
( p-toluenesulfonyl)pentanesulfinamidine and analyzed
these salts as additives to liquid and polymeric elec-
trolytes of lithium power sources.

EXPERIMENTAL

N, N �-Bis(benzenesulfonyl)pentanesulfinamidine
and its lithium salt were prepared by the following
procedures.

N, N �-Bis(benzenesulfonyl)pentanesulfinamidine
(Ia). To a solution of dipentyldisulfide (0.001 mol) in
acetone (10 ml), sodium salt of N-chlorobenzenesul-
fonamide (0.0042 mol) was added. The mixture was
shaken for 30 min, allowed to stand for 12�15 h to
negative reaction for available chlorine, and filtered.
The solvent was evaporated, and the residue was
treated with 10% NaHCO3 (20 ml) and filtered. Com-
pound Ia (0.18 g, 43.9%) was isolated from acidified
filtrate. The product was identified by melting point
(mixing with an authentic sample) and by IR spec-
troscopy.

Compound Ib was prepared similarly in 45.4%
yield.

Lithium salt of N,N �-bis(benzenesulfonyl)pentane-
sulfinamidine (IIa). To a solution of Ia (0.001 mol)
in acetone (10 ml), equimolar amount of LiOH dis-
solved in a minimal volume of methanol or water was
added. The reaction mixture was shaken for several
minutes and filtered. The solvent was removed in air.
The residue was dried to constant weight in a desic-
cator over CaCl2. Compound IIa was obtained in
the form of a colorless powder decomposing at 88�
90�C.

Found (%): N 6.34

C17H21N2O4S3Li.

Calculated (%): N 6.66.

Salt IIb was prepared similarly in quantitative
yield in the form of a colorless powder decomposing
at 147�150�C.

Found (%): N 6.12

C19H25N2O4S3Li.

Calculated (%): N 6.25.

The IR spectra (KBr pellets) were recorded on
a UR-20 spectrophotometer.

The dissociation constant pKa of IIa in a 1% meth-
anol solution was determined by potentiometric titra-

tion at 24 � 2�C on a pH-121 millivoltmeter with
an automated titration unit. Glass ESP/41-G-04 elec-
trode served as working electrode, and a silver chlo-
ride electrode, as reference electrode. A 0.1 M solu-
tion of Ia was titrated with 0.1 M KOH.

The electrical conductivity of these salts in non-
aqueous electrolytes was measured and the range of
electrochemical stability of these solutions was de-
termined. The behavior of the modified electrolytes
in model secondary lithium power sources Li�MnO2
and Li�V6O13 was studied.

The electrical conductivity of solution of the lith-
ium salts in aprotic organic solvents was measured by
impedance spectroscopy in a temperature-controlled
glass electrochemical cell with parallel platinum elec-
trodes. The measurements were performed at a work-
ing frequency of 80 kHz and temperature of 24 � 2�C.
The electrolyte conductivity � (S cm�1) was calculated
by the equation

� = KG,

where G is the conductance of the electrolyte in
the cell (S), and K is the cell constant determined
using 0.01 M aqueous solution of KCl (cm�1).

The range of electrochemical stability of the lithi-
um salts was determined by cyclic voltammetry under
potentiodynamic conditions. The experiment was per-
formed under an argon atmosphere in a three-electrode
Teflon cell of disc design, containing working, refer-
ence, and auxiliary electrodes. The reference and aux-
iliary electrodes were made of metallic lithium. A plat-
inum plate with surface area of 8.0 �10�3 cm2 was
used as working electrode. The electrode potential was
set with a PI-50-1.1 potentiostat and a PR-8 program-
mer. The sweep rate was 20 mV s�1. The cyclovolt-
ammograms were recorded on a PDA-1 XY-recorder
in the potential range from 1.1 to 4.6 V.

Polymeric electrolytes (PEs) were prepared on glass
supports from THF solutions containing a polymer,
lithium salt, and additive (synthesized lithium salt with
organic cation). The PE films were dried for 24 h at
room temperature and for 48 h in a vacuum at 45�C.

Charging�discharge cycling of the model lithium
power sources with polymeric electrolytes containing
the synthesized lithium organic salts was performed in
the geometry of 2325 disc battery. The electrode struc-
ture was obtained by layer-by-layer application of
the polymeric electrolyte between lithium anode and
cathode. The thickness of the polymeric electrolyte
and the lithium anode was 0.03 and 0.8 mm, respec-
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tively. The cathode was prepared from a mixture of
chemically synthesized MnO2 or V6O13 (80 wt %),
carbon (5 wt %), graphite (5 wt %), and F-4D fluoro-
plastic binder (10 wt %).

N, N �-Bis(benzenesulfonyl)pentanesulfinamidines
were obtained using the known modified procedure
[20]. Dipentyl disulfide was oxidatively iminated
with sodium N-chloroarenesulfonamide in acetone
by the reaction

(C5H11S)2 + 4ArSO2NNaCl

Ia, Ib

�� C5H11�S�
�

NSO2�Ar

NHSO2�Ar
�

_4NaCl

Compounds Ia and Ib were indetified by melting
points (mixing with known samples), by determining
the neutralization equivalent, and by IR spectroscopy.
These compounds are relatively strong NH acids
(pKa of Ia is 2.91), which can be titrated with an al-
kali in alcoholic solution in the presence of Meth-
yl Red as indicator. The equivalent weight determined
by titration agrees with the calculated data. The IR
spectra of Ia and Ib contain the bands of stretching
vibrations of the SO2 (1160�1158 and 1310�
1335 cm�1) S=N (753�765 cm�1), CH3 (2925�
2950 cm�1), CH2 (2841�2850 cm�1), and CH (ar.)
(1485�1533 cm�1) groups. Two strong bands in the
range 3250�3360 cm�1 are assigned to N�H stretching
vibrations. This type of absorption by the N�H bonds
is due to prototropic tautomerism in the N�S�N triad,
which has been found previously in N,N �-bis(arene-
sulfonyl)sulfinamidines [18].

The lithium salts were prepared by neutralization
of appropriate pentanesulfinamidines with equimolar
amounts of LiOH in acetone�methanol�water mix-
ture [21]:

�� C5H11�S�

_H 2O
Ia, Ib + LiOH

�

NSO2�Ar
��
�

NSO2�Ar
�����

�	



�
�

IIa, IIb

Li+

where Ar = Ph (a), p-MeC6H4 (b).

The solvents were evaporated in air, and the residue
was dried in a desiccator over CaCl2. IIa and IIb
were obtained in the form of colorless hygroscopic
powders or oily substances decomposing in a wide
temperature range.

The composition and structure of salts IIa and IIb
was confirmed by elemental analysis and IR spectros-
copy. The IR spectra of these compounds contain the
bands of stretching vibrations of the SO2 (1160�1165

Fig. 1. Cyclic voltammogram of 0.5 M solution of lithium
salt IIa in PC. Sweep rate 20 mV s�1 (I ) Current and
(V ) voltage.

Fig. 2. Specific capacity C of Li/PE/MnO2 system in
a 2325 battery vs. the number of charging�discharge cycles.
PE composition: (a) c-PVC : PC : LiCF3SO3 = 19.2 : 75.1 :
5.7 and (b) c-PVC : PC : LiCF3SO3 : IIa = 18.1 : 72.5 :
3.1 : 6.3. (n) Cycle no. Icharge = Idischarge = 100 �A.

and 1310�1330 cm�1) and S=N (1030�1040 cm�1)
groups and bands of other groups. The NH bands are
absent.

Salts IIa and IIb are readily soluble in aprotic sol-
vents.

The conductivity of a 0.24 M solution of IIa in di-
methylformamide and 0.5 M solution of IIb in propyl-
ene carbonate (PC) is 6.0 � 10�3 and 5.2 � 10�4 S cm�1,
respectively.

Cyclic voltammograms of a 0.5 M solution of IIa
in PC, recorded on a platinum electrode under poten-
tiodynamic conditions, are shown in Fig. 1. As seen
from Fig. 1, this compound is stable under conditions
of repeated potential sweeping in the range 1.1�4.6 V.

Since this additive is electrochemically stable in
a wide potential range, it can be used in lithium power
sources with different discharge voltages: 3.8 (lithi-
um�ionic systems), 2.8 (lithium�metal secondary sys-
tems with oxide cathode), and 1.8 V (lithium�metallic
systems with sulfide cathode).

We used salt IIa as a modifying additive to PE
based on chlorinated polyvinyl chloride (c-PVC) or
vinylidene fluoride�hexafluoropropylene copolymer.
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Fig. 3. Discharge curve of the Li/PE/V6O13 system. Poly-
meric electrolyte based on microporous vinylidene fluoride�
hexafluoropropylene copolymer modified with lithium salt
IIa. Icharge = 120, Idischarge = 290 �A. (V ) Voltage, and
(C ) specific capacity. Digits at the curves correspond
to the cycle numbers.

Power sources with plasticized and microporous
PEs modified with lithium salt of N,N �-bis(benzene-
sulfonyl)pentanesulfinamidine IIa have good charg-
ing�discharge parameters and are stable under condi-
tions of repeated cycling of the Li�MnO2 (Figs. 2a,
2b) and Li�V6O13 (Fig. 3) systems. It should be noted
that addition of IIa makes longer the shelf life of
the Li-V6O13 system. The discharge curves of a mod-
el lithium power source with a V6O13 cathode, stored
for 1 month, are shown in Fig. 3.

CONCLUSIONS

(1) Lithium salts of N,N �-bis(benzenesulfonyl)pen-
tanesulfinamidine and N, N �-bis( p-tolyenesulfonyl)
pentanesulfinamidine were synthesized.

(2) The electrical conductivity of nonaqueous so-
lutions of these salts is relatively high even at low
salt concentration . The conductivity of a 0.24 M so-
lution of IIa in dimethylformamide and 0.5 M solu-
tion of IIb in propylene carbonate is 6.0 � 10�3 and
5.2 � 10�4 S cm�1, respectively.

(3) Solutions of the lithium salts in propylene car-
bonate are electrochemically stable at potentials of
1.1 to 4.6 V relative to lithium reference electrode.

(4) The lithium salt of N,N �-disubstitued penta-
nesulfinamidine can be used as additive to polymeric
electrolytes to stabilize the discharge properties and
decrease the self-discharge of lithium power
sources.
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Abstract�The influence of the sequence of Cu and Pd introduction into zeolite matrice when preparing Cu,
Pd-zeolite catalysts on their acidity and degree of metal reduction was studied. The mutual influence of Cu
and Pd on their reducibility was analyzed. The selectivity of Cu, Pd-zeolite catalysts in conversion of syn-
thesis gas to different products was elucidated.

Dimethoxymethane (DMM) is a promising additive
to diesel oil [1]. It is known [2] that this compound
can be prepared in high yield by condensation of
methanol with formaldehyde at 150-180�C and a pres-
sure of 1 MPa. Another promising route to this prod-
uct is the single-stage conversion of synthesis gas.
Thermodynamic calculations showed that this route
is feasible under fairly mild conditions (180�220�C,
pressure above 0.5 MPa). In this process, Pd, Cu-con-
taining zeolites can be used as catalysts. Under these
conditions, DMM can be prepared in a single stage
combining three reactions: hydrogenation of synthesis
gas to methanol, dehydrogenation of methanol to
formaldehyde, and DMM formation by condensation
of methanol with formaldehyde.

It is known [4, 5] that, in preparing supported cat-
alysts, the most uniform distribution of metals on
the support surface is achieved with ion-exchange sup-
ports by ion-exchange sorption of metals, e.g., from
aqueous solution of their ammine complexes [4, 5].
To obtain catalytically active surface, a metal-contain-
ing precursor is calcined and then reduced with hy-
drogen [6, 7]. In this treatment, the support surface is
dehydroxylated and deammonated, and the reduced
metals can be oxidized by reaction with the support.

A catalyst prepared by this technique is a polyfunc-
tional system containing catalytically active metallic
and free acid sites. Owing to the mutual influence
of these sites, the metal atoms can modify the acid

sites and, in turn, the acid sites can affect the valence
state of the metal [4]. For reduced catalysts containing
several metals, their chemical composition is control-
led not only by interaction of the metals with the sup-
port surface, but also by interactions between different
metals. Thus, the features of physicochemical pro-
cesses occurring during catalyst preparation are re-
sponsible for the state of the catalyst surface, and, ulti-
mately, for the activity of the catalytic sites. The mu-
tual influence of copper and palladium has been main-
ly studied for catalysts prepared by simultaneous ap-
plication of these metals on a support surface [8, 9].
In these studies, due attention was not given to the in-
fluence of the sequence of the metal application. How-
ever, it is known that this factor can affect substantial-
ly the catalyst properties [10].

In this study, we analyzed how the sequence of in-
troduction of Cu and Pd in a zeolite catalyst designed
for single-stage conversion of synthesis gas to di-
methoxymethane affects both the catalyst acidity and
the degree of reduction of the metals.

EXPERIMENTAL

When preparing Cu, Pd-zeolite catalysts, we used
Ps(60) and Ps(200) Pentasil zeolites as supports.
The Ps(60) and Ps(200) zeolites have the SiO2 : Al2O3
ratio of 60 an 200 and the cation-exchange capacity
(CEC) of 0.20 and 0.57 mg-equiv g�1, respectively.
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Fig. 1. Scheme of preparing Cu, Pd-containing Pentasils.

These Pentasils were converted to the NH4 form
and then modified with Pd and Cu by ion exchange
with aqueous Pd(NH3)4Cl2 and Cu(NH3)4Cl2. This
procedure was carried out in the course of 3 days,
which was followed by washing the metal-containing
Pentasil to remove Cl� and drying at 100�110�C for
6 h. The resulting catalyst precursor was reduced with
hydrogen at its flow rate of 50 ml min�1 and tempera-
ture of 300�C for 5 h.

Figure 1 shows the sequence of procedures in pre-
paring Cu, Pd-containing Pentasils. The catalyst des-
ignations used in this study reflect the sequence of
procedures used in their preparation. For example,
the designation Pd/Cu/Ps(200) means that the se-
quence of procedures was as follows: copper introduc-
tion, copper reduction, palladium introduction, and
palladium reduction. The designation (Pd,Cu)/Ps(200)
means that both metals were introduced simulta-

Fig. 2. Amount �m of ammonia sorbed on a sample of
the starting Pentasil Ps(200) vs. temperature T. Ranges
corresponding to acid centers: (�) low-temperature and
(�) high-temperature.

neously and then the Pd, Cu-containing Pentasil was
reduced with hydrogen. Along with bimetallic cat-
alysts, we also prepared those containing copper or
palladium only.

All the catalyst samples were prepared separately.
Because the procedure used does not ensure an ab-
solutely reproducible metal content, the catalyst sam-
ples were characterized by the degree of metal reduc-
tion [percentage of reduced metal relative to its total
content in the catalyst).

The acidity of the metal-containing catalysts based
on Pentasil was determined by ammonia sorption �m
(gNH3

/gcat ) at different temperatures [11]. The content
of acid centers in the catalysts was calculated assuming
that one acid center sorbs one ammonia molecule [12].

The metal content in the catalysts was determined
by the standard technique [13, 14]. The content of ox-
idized and reduced forms of metals was determined by
difference in their leaching with aqueous inorganic
acids. In order to elucidate where the metals are local-
ized in the zeolite matrice, we studied how introduc-
tion of the metal into the zeolite affects the distribu-
tion of the acid sites. To determine the total content of
the acid ion-exchange sites in the zeolite, the initial
Pentasil sample in the NH4

+ form was converted to its
acid form by heating at 500�C for 3 h. In these ex-
periments we used Pentasil Ps(200).

Our data on the total concentration of acid centers
and the concentration of low(�)- and high-tempera-
ture (�) centers are listed in Table 1. The temperature
ranges corresponding to these acid centers and the
concentrations of low (�)- and (�) high-temperature
centers were determined from the curves of NH3 ther-
mal desorption from H-Pentasil (Fig. 2). These curves
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Table 1. Acid characteristics of metal-containing zeolite catalysts based on Pentasil Ps(200)
������������������������������������������������������������������������������������

� Acid center concentration, n � 10�20 �
����������������������������������������������������������������Sample � � Td ,* �C
� c� (>50�C) � c� (50�150�C) � c� (>150�C) �

������������������������������������������������������������������������������������
H-Ps(200): � � � �

initial � 3.8 � 2.0 � 1.8 � 390
reduced � 3.8 � 2.3 � 1.5 � 410

Pd/Ps(200) � 3.9 � 2.6 � 1.3 � 285
Cu/Ps(200) � 3.3 � 2.3 � 1.0 � 262
Cu/Pd/Ps(200) � 3.2 � 2.1 � 1.1 � 190
Pd/Cu/Ps(200) � 3.5 � 2.7 � 0.8 � 220
(Pd,Cu)/Ps(200) � 3.4 � 3.0 � 0.4 � 200
������������������������������������������������������������������������������������
* (Td) Temperature of complete desorption of ammonia.

Table 2. Content and degree of reduction (�) of Pd and Cu in Pd, Cu-Pentasils
������������������������������������������������������������������������������������

Sample
� Pd content, % � Cu content, % � �, %
������������������������������������������������������������������������
� Pdn+ � Pd0 � Pd� � Cun+ � Cu0 � Cu� � Pd � Cu

������������������������������������������������������������������������������������
Pd/Ps(200) � 0.70 � 0.80 � 1.50 � � � � � � � 53.33 � �

Cu/Ps(200) � � � � � � � 0.30 � 0.02 � 0.32 � � � 6.25
Cu/Pd/Ps(200) � 0.32 � 0.17 � 0.49 � 0.38 � 0.08 � 0.46 � 34.69 � 17.39
Pd/Cu/Ps(200) � 0.39 � 0.24 � 0.63 � 0.36 � 0.06 � 0.42 � 38.10 � 14.29
(Pd,Cu)/Ps(200) � 0.55 � 0.22 � 0.77 � 0.70 � 0.09 � 0.79 � 28.57 � 11.39

� � � � � � � �Pd/Ps(60) � 0.30 � 0.70 � 1.00 � � � � � � � 70.00 � �

Cu/Ps(60) � � � � � � � 0.52 � 0.03 � 0.55 � � � 5.45
Cu/Pd/Ps(60) � 0.58 � 0.43 � 1.01 � 0.94 � 0.12 � 1.06 � 42.57 � 11.32
Pd/Cu/Ps(60) � 0.66 � 0.88 � 1.54 � 0.47 � 0.25 � 0.72 � 57.14 � 34.72
(Pd,Cu)/Ps(60) � 0.18 � 0.44 � 0.62 � 0.33 � 0.07 � 0.40 � 70.97 � 17.50
������������������������������������������������������������������������������������

have two separate temperature ranges 50�150 and
>150�C corresponding to desorption of ammonia from
two different types of acid centers.

Table 1 shows that introduction of metals into a
Pentasil, as a rule, decreases the total content of high-
temperature acid centers �. This data are consistent
with the known fact [15] that, in cation exchange,
cations are primarily sorbed on the strongest acid
centers. In our experiments, the prevailing sorption of
metals on strong acid centers is indicated by the fact
that the complete desorption of ammonia from metal-
containing zeolites (especially bimetallic catalysts)
occurs at lower temperature than desorption from
the starting H-Pentasil (Table 1).

We found that the content of the �-centers in the
metal-containing Pentasils exceeds that in the starting
H-Pentasil. We suggest that, in the course of ion ex-
change, the sorption of a metal on the �-centers gives
rise to new �-centers. This process is similar to the
known phenomenon of partial conversion of � centers
into � centers in thermal treatment of the starting

Pentasil in a hydrogen atmosphere (Table 1). The rel-
ative increase in the content of the �-centers on ther-
mal treatment is, however, less pronounced than that
upon introduction of metals.

The amount of reduced (M0) and oxidized (Mn+)
metals present in the reduced metal-containing cat-
alysts based on Ps(60) and Ps(200) was determined by
chemical analysis. This analysis showed that, in all
the cases, the degree of reduction of palladium ex-
ceeds that of copper (Table 2), and the degree of re-
duction of both metals grows with increasing alu-
minosilicate ratio of the catalyst. This trend is more
pronounced for palladium than for copper.

We found that the degree of metal reduction in
the catalysts decreases in the following order. For Pd:
Pd > Pd/Cu > Cu/Pd > (Pd,Cu) [Ps(200)], (Pd,Cu) �
Pd > Pd/Cu > Cu/Pd [Ps(60)], and for Cu: Cu/Pd >
Pd/Cu > (Pd,Cu) > Cu [Ps(200)]; Pd/Cu > (Pd,Cu) >
Cu/Pd > Cu [Ps(60)].

These series for both Pd and Cu are generally
similar, except for the position of the (Pd,Cu) cat-
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alyst for the Pd series and that of the Cu/Pd catalyst
for the Cu series. We found that the Cu content in
the (Pd,Cu) supported by Ps(200) and in the Cu/Pd
catalyst supported by Ps(60) is 112 and 115%, re-
spectively, of the IEC of the corresponding zeolites.
We believe that, under these conditions, zeolite is
completely coated with copper, which hinders the pal-
ladium reduction. These processes affect the rank-
ing of (Pd,Cu)/Ps(200) and Cu/PdPs(60) catalysts. If
the catalysts with superequivalent copper content are
disregarded, the metal reducibility must decrease (ir-
respective of the Pentasil type) in the following order.
For Pd: (Pd/Cu) � Pd > Pd/Cu > Cu/Pd and for Cu:
Cu/Pd > Pd/Cu > (Pd,Cu) > Cu.

These revised sequences reflect the mutual in-
fluence of palladium and copper on their reducibility
in preparing the bimetallic catalysts. It should be
noted that, in preparing catalysts containing only
palladium (Pd/Ps) or copper (Cu/Ps), palladium is
completely reduced whereas copper is reduced to
the minimun extent. For bimetallic catalysts, cop-
per binds palladium and palladium promotes the cop-
per reduction owing to the mutual influence of the
metals.

We believe that the mutual influence of palladium
and copper is associated with the difference in their
interaction with hydrogen. It is known that palladium
dissolves hydrogen by the mechanism of its atomiza-
tion and irreversible chemisorption of hydrogen atoms.
It is possible that activated hydrogen reduces copper
to metal in Pd, Cu catalysts. In contrast to palladium,
metallic copper sorbs hydrogen reversibly. It is known
[16] that introduction of copper into a Pd-containing
catalyst decreases its sorption power for hydrogen,
which, in turn, makes lower the degree of palladium
reduction. The data reported in [7] show that oxidized
forms of palladium and copper are stabilized by the
formation of a bimetallic compound in which bulkier
palladium atoms are incorporated into the copper crys-
tal lattice.

Our preliminary studies on catalytic features of Pd,
Cu-zeolite catalysts showed that all the catalytic sys-
tems under consideration actively catalyze conversion
of synthesis gas to methanol, dimethyl ether, dimeth-
oxymethane, and methyl formate under fairly mild
conditions (120�225�C, 1 MPa). The ratio between
different products is strongly dependent on the cat-
alyst type.

In conversion of synthesis gas, the primary prod-
uct is methanol [3]. We found that, with the use of
catalysts with high degree of palladium reduction
[Pd/Cu/Ps(200), Pd/Cu/Ps(60)], this process stops

after CO conversion to methanol, i.e., these catalysts
are selective for methanol synthesis (up to 90%).

At low temperatures (<160�180�C), methanol is
mainly converted to dimethyl ether. The selectivity of
the catalysts for this product increases with decreasing
degree of copper reduction, suggesting that, in this
case, oxidized copper is the catalytic species.

Dimethoxymethane is formed at 180�C and higher
temperatures along with methyl formate as a by-prod-
uct. The selectivity of catalysts for DMM synthesis
increases in the order Cu/Pd/Ps(60) < Pd/Cu/Ps(60) <
Pd/Cu/Ps(200), (Pd,Cu)Ps(200). The selectivity of
Pd/Cu/Ps(200) and (Pd/Cu)/Ps(200) catalysts is 12%.
The Cu/Pd/Ps(200) and (Pd,Cu)Ps(60) catalysts are
inert in DMM synthesis. Our experiments showed that
Pentasil (Ps200) modified with Pd and Cu by their
successive (first Cu, then Pd) or simultaneous intro-
duction into the zeolite matrice is the most promising
catalyst for single-stage production of DMM from
synthesis gas.

CONCLUSIONS

(1) When preparing Pd, Cu-containing zeolite cat-
alysts, their chemical composition, acidity, and cat-
alytic activity are mainly controlled by the sequence
of introducing the metals into the zeolite matrice.

(2) Introduction of Pd and Cu into the zeolite
matrice makes the concentration of strong acid cen-
ters lower and that of concentration of weak acid
centers higher. Simultaneous introduction of Pd and
Cu decreases the content of strong acid centers to
the greatest extent, as also does introduction of Cu
before Pd or introduction of Cu only.

(3) The valence state of Pd and Cu in Pd, Cu zeo-
lite catalysts is controlled by the mutual influence of
these metals; palladium is mainly converted to metal,
whereas Cu is predominantly preserved in the oxidized
form. For bimetallic catalysts, copper hinders pal-
ladium reduction, whereas palladium promotes copper
reduction.
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Abstract�Complexes of fullerene C60 with poly-N-vinylpyrrolidone were prepared by various procedures
in the presence of additional agents in solution (systems C60�poly-N-vinylpyrrolidone and ternary system
C60�tetraphenylporphyrin�poly-N-vinylpyrrolidone) and in the solid phase (C60�polyvinylpyrrolidone and
C60�KBr�poly-N-vinylpyrrolidone). Formation of a donor�acceptor bond in the system C60�poly-N-vinylpyr-
rolidone was studied by 13C NMR. The conditions under which the ternary complex C60�tetraphenylpor-
phyrin�poly-N-vinylpyrrolidone with fullerene content varied from 1 to 5 wt % can be obtained were found.

One of research lines in chemistry of fullerenes is
preparation of their water-soluble derivatives. This
problem has attracted deep interest after discovery of
the biological activity of C60 [1, 2]. However, these
studies are complicated by the fact that fullerene is
virtually insoluble in water.

Various methods for C60 conversion into the water-
soluble state, including covalent addition of hydro-
philic groups to its molecule, have been suggested
[3, 4]. It was found that, for efficient use of fullerene,
it is necessary to obtain its water-soluble derivatives
in which C60 occurs in the form of a monomer and
distortion of its structure is at a minimum. In fullerene
derivatives with covalent bonding, the structural dis-
tortion is too strong.

In this context, it is of interest to prepare such
water-soluble derivatives of C60 in which fullerene is
retained by nonvalent interactions. One way to pro-
duce water-soluble systems is complexation of C60
with poly-N-vinylpyrrolidone (PVP).

The interactions in this system are poorly under-
stood, and the content of fullerene in complexes with
PVP can be only varied in a narrow range (up to 1%).

The goal of this study was to prepare PVP-based
water-soluble fullerene-containing systems with var-
ied content of fullerene, optimize conditions for pre-
paring systems with various fullerene concentrations,
and examine the influence of the state of the polymer
and fullerene on the complex composition.

EXPERIMENTAL

We used fullerene C60 produced by the Fullerene
Technologies (Russia) with 99.5% content of the main
substance, meso-tetraphenylporphyrin produced by
Sigma (USA) with 99.5% purity, and commercial
PVP with molecular weights of 8000 and 12000, con-
taining no high-molecular-weight fractions.

Complexes C60�PVP were synthesized from a so-
lution by the procedure described in [6] and also by
a solid-phase reaction involving dispersion of pow-
dered C60 and PVP in a vacuum (10�6 mm Hg). For
solid-phase experiments, PVP was initially dried in
a vacuum at 140�C, and then fullerene was added
under the conditions of a vacuum system. In some
runs, KBr was also added simultaneously with C60.
To recover the water-soluble fraction, the product was
dissolved in water and a filtered solution was dried
lyophilically. Ternary water-soluble complexes C60�

tetraphenylporhyrin (TPP)�PVP were also prepared
by a two-stage procedure [7].

The content of fullerene and porphyrin in the wa-
ter-soluble product was determined from the elec-
tronic spectra of sample solutions in chloroform,
using the extinction coefficients of the absorption
bands of fullerene (� = 258 nm) and porphyrin (� =
419 nm).

The electronic spectra of the sample solutions were
recorded on a Specord M40 spectrophotometer. The
13C NMR spectra of aqueous solutions of complexes
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were recorded on a Bruker-500 spectrometer at room
temperature, and spectra of solid samples, on a Bruker
CXP-100 spectrometer operating at 25.18 MHz (rota-
tion rate of the samples, 3�4 KHz). Chemical shifts
were related to tetramethylsilane. Solutions of com-
plexes in D2O were preliminarily kept at 80�C for
1 h.

Homogeneous mixing of hydrophobic C60 molec-
ules with a hydrophilic polymer and preparation of
complexes with high content of C60 involve consider-
able difficulties caused by the absence of a common
solvent for the components. In particular, this process
is complicated by fullerene aggregation both in in-
dividual solvents and in a solvent-precipitant mixture
[8, 9], which apparently takes place in synthesis of
complexes (the complexes are synthesized by the pro-
cedure described in [6], by combining equal volumes
of solutions of C60 in benzene and PVP in chloroform,
the latter solvent being a bad solvent for fullerene).

With the aim to improve the quality of C60 retained
by the polymer in water, we used various procedures
for preparation of complexes. To decrease the degree
of fullerene aggregation in the initial solution, we
prepared complexes from a solution of the initial com-
ponents both in an individual solvent (benzene) and in
its mixture with the minimum amount of a precipitant
(chloroform) (Table 1). The resulting product contains
greater amount of C60 (1.7%) than the product pre-
pared by the traditional procedure (less than 1%), but
is significantly less soluble in water than the initial
polymer. It is apparent that true solutions of PVP in
benzene are not formed. Hence, fullerene reacts with
the aggregated polymer to give a stable complex of
several PVP macromolecules with fullerene.

It was found that the efficiency of the reaction of
fullerene with the polymer in solution increases when
interpolymer complexes are formed [10]. Apparently,
in this case, association of PVP in benzene in the ab-
sence of fullerene association is favorable for the re-
action with C60, but intermolecular complexes do not
form true solutions in water.

Another procedure decreasing the fraction of ag-
gregated fullerene in solution is synthesis of com-
plexes in the presence of a third agent, TPP, which
also forms water-soluble complexes with PVP. It has
been shown previously that this procedure allows pre-
paration of water-soluble complexes with higher ful-
lerene content than that in the binary system C60�PVP
[11]. In the first stage of synthesis, binary complex
C60�TPP is prepared by the procedure involving evap-
oration of benzene from a mixture of fullerene and
porphyrin solutions and thermal treatment of the re-

Table 1. Composition of C60�PVP complexes prepared
under various conditions
����������������������������������������
Com-� Reaction � � C60 content in
plex � � Solvent � the water-sol-
no.* � conditions � �uble fraction, %
����������������������������������������

1 � In solution � Toluene : chloro- � 0.8
� � form = 1 : 1 �

2 � � � Benzene : chloro- � 0.7
� � form = 1 : 1 �

3 � � � Benzene : chloro- � 0.7
� � form = 2 : 1 �

4 � � � Benzene � 1.7
5 �In solid phase� � � 2.1
6 � � � � � 2.3

����������������������������������������
* Initial substance: complex nos. 1�5, C60 and PVP; complex

no. 6, C60, PVP, and KBr.

sulting solid residue [7]. In cocrystallization from
organic solvents, fullerene and porphyrin form chain
structures or complexes in which fullerene molecules
are separated by porphyrin rings [12, 13]. The as-
sumption that this C60�TPP complex shows a weaker
tendency to aggregate in solution than the initial ful-
lerene is confirmed by comparative studies by the neu-
tron scattering method [7]. Fundamental distinctions
in the scattering patterns of C60 solutions and solu-
tions of C60�TPP complexes, suggesting the absence
of coarse aggregates in the latter case, were found. At
the same time, mixing of the TPP and C60 solutions
did not result in a decrease in the fullerene aggrega-
tion [7].

When three components, C60, TPP, and PVP, are
combined simultaneously, there is no increase in
the C60 content in the composition of the ternary com-
plex. As seen from Table 2, the polymer predomi-
nantly binds porphyrin, which is less hydrophobic
than C60. Based on these data, we prepared ternary
water-soluble complexes C60�TPP�PVP by a proce-
dure involving two stages: preliminary complexation
of C60 with TPP and further mixing of the resulting
product with the polymer.

The conditions of synthesis of the C60�TPP com-
plex, in particular, thermal treatment in a vacuum,
were optimized. NMR data suggest for solid samples
that the intensity and duration of thermal treatment of
the complex affect the extent to which the electron
density is shifted from TPP to fullerene. This is seen
from the chemical shifts of the corresponding nuclei
in the NMR spectra (Table 3). A higher heating tem-
perature promotes efficient reaction of the components.
At the same time, it was found that, above 200�C,
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Table 2. Synthesis of fullerene complexes with PVP and TPP
������������������������������������������������������������������������������������

� � � Composition of water-sol-
Complex � Synthesis conditions � Solvent � uble product, wt%

� � ���������������������no.
� � � C60 � TPP

������������������������������������������������������������������������������������
1 � Simultaneous mixing of components � Benzene : chloroform = 2 : 1 � 0.7 � 2.1
2 � Use of preliminarily prepared C60�TPP � Benzene � 1.3 � 0.7

� complex � � �
3 � The same � Benzene : chloroform = 2 : 1 � 3.2 � 1.7
4 � � � � � 3.7 � 1.7
5 � Under the conditions for complex � � � 5.7 � 2.1

� no. 2 at 100�C � � �
6 � The same, at 200�C � � � 6.4 � 2.2

������������������������������������������������������������������������������������

Table 3. 13C NMR chemical shifts for the complexes C60�TPP (solution in CS2�tetrahydrofuran�d8) and C60�TPP�PVP
(in solid phase)
������������������������������������������������������������������������������������

� Chemical shift �, ppm
��������������������������������������������������

Sample �
C60

�
TPP

� PVP
� � ��������������������
� � � C=O � H2C�N

������������������������������������������������������������������������������������
Initial substance � 143.35 � 142.69 � 135.09 � 175.47 � 43.24
C60�TPP complex synthesized at 100�C (I) � 143.21 � 142.51 � 134.89 � � � �

C60�TPP complex synthesized at 200�C (II) � 143.02 � 142.52 � 134.84 � � � �

PVP�C60�TPP synthesized from complex: � � � � �
I � 142.00 � 144.64 � � � 174.31 � 40.91
II � 140.23 � 148.75 � � � 173.14 � 40.91

������������������������������������������������������������������������������������

C60 reacts with TPP, presumably via the N�H groups
of the porphyrin ring. This is suggested by changes in
the electronic spectrum of the solution of the complex
in benzene: a decrease in the intensities of the char-
acteristic bands of fullerene and porphyrin and ap-
pearance of a new absorption band peaked at 360 nm.
Thus, we found that the optimum temperature of
thermal treatment of the solid C60�TPP complex pre-
pared in the first stage is 200�C.

As seen from Table 2, we synthesized from the
C60�TPP complex prepared at the optimal temperature
water-soluble systems with significant amount of
C60. It is possible that the state of components in
the ternary water-soluble complex C60�TPP�PVP is
governed by the composition and structure of binary
systems C60�TPP. This conclusion is in good agree-
ment with the results of NMR studies of ternary sys-
tems in solids state. In the spectra of the water-soluble
system C60�TPP�PVP, the C60 signal is shifted up-

field, and the signal assigned to the porphyrin ring,
downfield, i.e., the electron density in the complexes
is redistributed due to the interaction of the compo-
nents. In the NMR spectra of the ternary system based
on the C60�TPP complex (heating temperature 200�C),
the shift of the signals is more pronounced (Table 3).

It should be noted that, in this case (in the absence
of solvent, water), the signals of carbon atoms of
PVP, both carbonyl and methylene, adjacent to the ni-
trogen atom in the ring, are also shifted upfield.

The presence of a significant amount of water,
both sorbed and chemically bound [14], in the initial
polymer inhibits the reaction of C60 with PVP. As
shown previously [14], a water molecule in the com-
plex with PVP acts as an acceptor of the electron
density from the carbonyl groups of polymer. Thus,
water can compete with fullerene in complexation.
This is also suggested by comparative solid-state
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NMR studies of the initial (moist) PVP, PVP dehy-
drated by thermal treatment, and PVP�C60 system
prepared from thermally treated PVP (Table 4). The
presence of both water and C60 molecules in the sys-
tem results in a similar effect: downfield shift of
the 13C NMR signal of carbonyl group, i.e., shift of
the electron density, resulting in deshielding of the
carbon atom. Considering that water molecules inter-
act with virtually each carbonyl oxygen and the frac-
tion of PVP units interacting with C60 is no more than
5% of the total number of units, it is conceivable that
the acceptor power of fullerene is significantly higher.
Nevertheless, removal of adsorbed water must favor
interaction of C60 with PVP.

With the aim to eliminate the influence of water
contained in the polymer on the interaction of C60
with PVP, compounds C60�PVP were prepared in
the solid phase. The reaction in the absence of solvent
excludes formation of C60 solvates, i.e., competition
of solvent and PVP for the interaction with C60.

As a result of thermal treatment of the polymer in
a vacuum (at 140�C), not only adsorbed water, but
also a significant part of chemically bonded water
molecules are removed [14]. In this case, the electron-
donor power of carbonyl groups increases, which is
confirmed by the NMR studies: upfield shift of the car-
bonyl carbon signal upon thermal treatment (Table 3).

As the third component, we added KBr. It was
shown that the presence of a salt facilitates dispersion
of coarse fullerene crystallites [15]. We studied the in-
fluence of KBr on dispersion and found that the pres-
ence of KBr accelerates the complexation. In this case,
higher concentrations of fullerene are attained in
aqueous solutions than in binary systems C60�PVP
prepared by a similar procedure (Table 1). In the solid-
state NMR spectra of C60�PVP and C60�KBr�PVP
systems, we revealed no changes suggesting forma-
tion of donor�acceptor bonds between fullerene and
the polymer. Presumably, fullerene is not dispersed
to molecular species during mechanical treatment and
is retained in aqueous solution only by hydrophobic
interaction between the C60�KBr compound formed
and PVP. It is possible that the contact of C60 with
KBr prevents formation of donor�acceptor complexes
in the system C60�KBr�PVP.

It was of importance to compare the behavior of
solid-phase compounds and complexes prepared in
organic solvents. Comparative studies of aqueous so-
lutions of these samples were carried out by light scat-
tering and neutron scattering methods. It was found
that the characteristics of the aggregation observed

Table 4. 13C NMR chemical shifts (in solid) in the spectra
of PVP and systems PVP�H2O and C60�PVP
����������������������������������������

� Chemical shifts �, ppm
��������������������

Sample �
C60

� C=O � H2C�N
� ��������������
� � PVP

����������������������������������������
Initial PVP (contains H2O)� � � 175.47 � 43.24
Dehydrated PVP � � � 172.85 � 42.09
PVP�C60 �142.87� 174.90 � 42.38
����������������������������������������

(size and concentration of structured particles found in
concentrated solutions by neutron scattering and their
behavior upon dilution, studied by light scattering in
more dilute solutions) does not depend on the sample
preparation procedure and is governed only by the ful-
lerene content in these samples [15, 16]. Thus, the pro-
posed procedure for preparing C60�PVP compounds
in the solid phase offers advantages over the synthesis
in solutions, since it allows preparation of systems
similar in their behavior in aqueous solutions to com-
plexes with higher content of C60 less strongly bound
to the polymer.

13C NMR spectra of solid samples. (�) Chemical shift.
(1) Initial PVP; C60�PVP complex: (2) after lyophilic
drying and (3) prepared from organic solvents, before
lyophilic drying.
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Table 5. 13C NMR chemical shifts of C60�PVP complexes in D2O solutions
������������������������������������������������������������������������������������

Sample
� Chemical shift �, ppm, of PVP carbon atoms �

New signals�������������������������������������������������������
� C=O � C4 � C3 � C5 � C1 � C2 �

������������������������������������������������������������������������������������
Initial PVP � 180.30 � 48.35 � 45.06 � 36.31 � 33.70 � 20.18 � � � �

C60�PVP: � � � � � � � �
before heating � 180.40 � 48.35 � 44.90 � 36.31 � 33.91 � 20.18 � 32.59 � 22.57
after heating* � 184.00 � 47.28 � 44.89 � 36.31 � 33.87 � 20.14 � 32.57 � 23.00

������������������������������������������������������������������������������������
* Aqueous solutions of the samples were heated for 1 h at 80�C.

We studied complexation in the systems C60�PVP
prepared from organic solvents, by NMR in the sol-
id state and in solution.

In the system C60�PVP, an ESR signal was recorded
[17]. This signal was assigned to electron transfer from
the carbonyl group of PVP to the C60 molecule to give
a fullerene radical anion. This signal appeared in the
spectrum of the solid product after thorough removal
of solvents in a vacuum upon prolonged heating.

Solid-state NMR spectra of the system C60�PVP
prepared similarly after removal of organic solvents
show that fullerene occurs in the form of a solvate
with toluene (see figure). This is suggested by the sig-
nal of toluene bound to C60 (� 128 ppm). At the same
time, the C60 signal is broadened and split into several
peaks, which is caused by hindered rotation of the ful-
lerene molecule. During lyophilic drying of C60�PVP,
toluene is completely removed and the signal of C60
is shifted upfield (by approximately 0.5 ppm), which
suggests a shift of the electron density from the car-
bonyl group of the polymer to the C60 molecule in
complexation.

Data of NMR in solid state, obtained for C60�TPP�
PVP complexes (Table 3), also suggest that carbonyl
groups of the polymer are involved in interactions in
the ternary system and the interaction of the polymer
with fullerene is of donor�acceptor nature, as dis-
cussed above.

In the NMR spectra of the complexes in D2O solu-
tions, we found new signals of the polymer, assigned
to the carbonyl carbon atom and C2 and C5 atoms
(Table 5) according to their integral intensities:

N
��

��
(3) H2C C =O
����

(2) H2C���CH2 (1)

(�CH2�CH�)n

(5) (4)

The latter signals appear in the spectrum immedi-
ately after the dissolution of the sample. The new
signal of the carbonyl carbon atom appears in the
spectrum after heating of the solution. These data
suggest that, in the solution of the ternary complex,
fullerene initially interacts with the hydrophobic part
of the polymer molecule. After heating, carbonyl
groups additionally interact with the carbon atoms of
PVP carbon chain and C60 molecule to give a donor�
acceptor complex. This specific character of formation
of donor�acceptor bonds is apparently observed in
the porphyrin-free system, too.

The new signal in the 13C NMR spectrum of PVP
in the complex, assigned to the C5 atom, is shifted
upfield relative to the initial signal. This position
of the signal can be also accounted for by displace-
ment of water molecules because of the appearance
of hydrophobic fullerene�PVP bonds. Similar up-
field shifts were observed for ternary complexes
with TPP (Table 3) by the solid state NMR spectros-
copy.

The results obtained suggest that in dissolution of
fullerene-containing PVP in water, bonds between
components are finally formed. In this case, substitu-
tion of a large C60 molecule with more pronounced
acceptor power for water molecules results in a re-
distribution of the electron density in the PVP unit.
Although PVP, as a whole, is an electron donor with
respect to fullerene, C2 and C5 carbon atoms increase
somewhat the electron density in complexation with
fullerenes.

Thus, after passing into aqueous solution, addi-
tional bonds between polymer chains and fullerene
molecules, both donor�acceptor and hydrophobic, are
formed, which favors retention of C60 in water. In
this case, only small fraction of fullerene molecules
form donor�acceptor bonds with the polymer.
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CONCLUSIONS

(1) Water-soluble formulations C60�poly-N-vinyl-
pyrrolidone and C60�KBr�poly-N-vinylpyrrolidone
were prepared by solid-phase reaction in a vacuum.
Synthesis of the product in the presence of KBr re-
sults in increased content of C60 in its composition
as compared with the binary system C60�poly-N-vinyl-
pyrrolidone. In this case, C60 is less firmly bound to
the polymer. Removal of the hydrate shell of poly-N-
vinylpyrrolidone upon thermal treatment promotes
interaction of the components in the complex.

(2) Water-soluble complexes C60�poly-N-vinyl-
pyrrolidone were prepared in solution in the pres-
ence of tetraphenylporphyrin, an agent promoting mo-
lecular dispersion of C60 in the course of complexa-
tion. The optimal conditions of preparation of ternary
complexes with high content of fullerene were found.
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Abstract�Electrochemical synthesis of conducting polymeric Ni(II) complexes with N,N �-bis(salicylidene)-
ethylenediamine and N,N �-bis(salicylidene)-o-phenylenediamine was studied. The kinetic of this process was
examined. The possibility of preparing the polymeric films with a definite thickness ranging from 0.01 to
2 �m was assessed.

It is known that electrochemical oxidative poly-
merization of Ni(II) complexes with N,N �-bis(salicyl-
idene)ethylenediamine (Salen) and N,N �-bis(salicyl-
idene)-o-phenylenediamine (Salphen) and their deriv-
atives in weakly or moderately electron-donor sol-
vents gives thin conducting films [1�8].

Electrochemical synthesis of polymeric transition-
metal complexes with structurally different macro-
cyclic ligands, including those of the Salen type, has
been the subject of numerous recent studies [2, 9�15].
The resulting polymers with controllable thickness
have high redox conductivity; their reduced and (or)
partially oxidized forms exhibit photoelectric activity
[9�15].

Thus, a wide variety of conducting polymeric
Cu(II), Pt(II), Co(II), Pd(II), and Ni(II) complexes in-
soluble in water and organic solvents have been grown
on solid supports and studied. The parameters of the
electrochemical synthesis and the kinetics of polymer
formation have been analysed. The charge diffusion
coefficient Dct in the polymer bulk, which character-
izes the rate of charge transfer in the polymer in a so-
lution of a supporting electrolyte, has been calculated
[2, 9�12]. The suggested mechanism of polymer for-
mation is based on existence of a single resonance
structure of the initial monomers and transformation
of this structure into another structure with redistribu-
tion of the electron density in the macrocycle [16].

Although orangometallic polymers have been
studied extensively, optimization of their synthesis
and analysis of their structure, stability, and properties
remain a topical task.

In this study, we analyzed in detail the electro-
chemical (potentiostatic conditions) synthesis of po-
lymers derived from [NiSalen] and [NiSalphen] and
determined the kinetic parameters of this process.

EXPERIMENTAL

The complexes [NiSalen] and [NiSalphen] were
synthesized by the procedure in [17]

����...
HC�N �N�CH

���Ni...

��H2C�CH2

����...
HC�N �N�CH

���Ni...

�
����

[ NiSalphen][NiSalen]

����...
HC�N �N�CH

���Ni...

��H2C�CH2

����...
HC�N �N�CH

���Ni...

�
����

[ NiSalphen][NiSalen]

Electrochemical measurements were performed on
a PI-50-1 pulsed potentiostat in the potentiostatic and
potentiodynamic modes with linear potential sweep
at a rate of 0.01 to 0.5 V s�1, using a PR-8 program-
mer. We used an three-electrode electrochemical cell
with separated compartments. Platinum wire (99.99%
Pt) with surface area of 0.25 cm2, sealed in glass,
served as working electrode; a platinum gauze was
an auxiliary electrode. All potentials were measured
relative to a silver chloride electrode filled with
a saturated NaCl solution.

The monomer concentration in the working solution
was 1 mM. The supporting electrolyte was 0.1 M so-
lution of tetraethylammonium perchlorate (Et4NClO4)
in acetonitrile (CH3CN) dried by the procedure de-
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scribed in [18]. The solution was deaerated with high-
purity argon.

The film thickness was calculated by the procedure
described in [19].

The cyclic voltammogram measured by single po-
tential sweep in an acetonitrile solution of [NiSalen]
is shown in Fig. 1. Comparison of the peak current
with those measured in propylene carbonate C3H6CO3
in a single potential sweep cycle [2, 9] confirmed that
the deposition rate of the polymer in CH3CN is higher
than that in C3H6CO3. Probably, diffusion of
the monomer to the near-electrode space in more
viscous C3H6CO3 is slower.

As a rule, the intensity of anodic and cathodic
peaks grows with increasing the number of potential
sweep cycles in solutions of nickel(II) complexes.
The cathodic peak current in acetonitrile solution of
[NiSalen] increases during five cycles of potential
sweep from 0.0 to 1.6 V at a rate of 0.001 V s�1 and
then decreases rapidly [7]. However, this phenomenon
cannot be interpreted unambiguously. Vilas-Boas et al.
[7] suggest that the decrease in the peak current in
the course of polymerization may be due both to
�superoxidation� caused by irreversible oxidation of
the ligand at high potentials and to lowering of
the complex concentration near the working electrode.

Stable multilayer poly[NiSalen] films with thick-
ness ranging from 0.01 to 2 �m can be prepared
by potential sweep from 0.0 to +1.2 V at a rate of
0.05 V s�1.

As in our previous study [2], a dark yellow film
insoluble in water and organic solvents is deposited
on the electrode surface, which confirms the formation
of stable solid oxidation products of [NiSalen] in
the course of continuous potential sweep. A yellow-
brown conducting film of poly[NiSalphen] was pre-
pared similarly.

Polymeric [NiSalen] and [NiSalphen] were depos-
ited in the potentiostatic and potentiodynamic modes.
Potentiodynamic synthesis was performed by cyclic
sweeping of the potential of the working electrode in
a solution of the initial monomer in a certain range
for each complex: 0.0�1.2 V for [NiSalen] and 0.0�
1.3 V for [NiSalphen]. The potentiostatic synthesis is
performed at a constant accumulation potential de-
termined experimentally. The accumulation potential,
at which the deposition rate of the electrochemically
active polymer is the highest was considered to be
the optimal. The potentionstatic accumulation mode
has an advantage over, the potentiodynamic procedure
in that it allows rapid deposition of thick films. In this
study, [NiSalen] and [NiSalphen] were polymerized

Fig. 1. Cyclic voltammogram of anodic polymerization
of [NiSaen] in 0.1 M Et4NClO4 in CH3CN (first cycle).
ccomplex = 1 � 10�3 M, Vs = 0.05 V s�1. (I ) Current
and (E ) potential; the same for Fig. 2.

Fig. 2. Cyclic voltammograms illustrating solid-phase red-
ox processes in poly[NiSalen] films deposited in (1) 0.5,
(2) 1.0, (3) 2.0, (4) 5.0, (5) 7.0, (6) 10.0, (7) 17.0, and
(8) 43.0 min in the potentiostatic mode at Ea = 1.1 V.
CH3CN, Et4NClO4, Vs = 0.01 V s�1; the same for Figs. 3
and 4.

mainly in the potentiostatic mode at a potential of
1.1 � 0.05 V.

The electrodes coated with [NiSalen] and [NiSalphen]
were immersed in a solution of the supporting elec-
trolyte, and their potential was swept in the ranges
0.0�1.2 and 0.0�1.3 V, respectively. The cathodic and
anodic waves in the cyclic voltammograms character-
ize electron transfer in the bulk of the polymer. Cyclic
voltammograms recorded at the potential sweeping of
the electrode coated with poly [NiSalen] films of
varied thickness (sweep rate 0.01 V s�1) in a solution
of pure supporting electrolyte are shown in Fig. 2.
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Fig. 3. Thickness h of poly[NiSalen] films deposited
from solutions with monomer concentration of (1, 1�) 0.5,
(2, 2�) 0.75, (3, 3�) 1.0, (4, 4�) 1.5, and (5, 5�) 2 mM vs.
the accumulation time �acc. The film thickness was cal-
culated from the quantity of electricity spent for (1�5) ox-
idation and (1��5�) reduction of the polymer.

Fig. 4. Thickness h of poly[NiSalen] films grown for
(1, 1�) 3 and (2, 2�) 7 min vs. the monomer concentration
in the solution c. The film thickness was calculated from
the quantity of electricity spent for (1, 2) oxidation and
(1�, 2�) reduction of the polymer.

It can be seen that the anodic peak at Ea � 0.6 V
appears and is shifted to positive potentials with an in-
creasing deposition time and, hence, the film thick-
ness. The shift of the first oxidation potential at Ea �
0.6 V (sweep rate 0.01 V s�1) is the most pronounced
at the thickness of poly[NiSalen] film larger than
0.7-�m. This peak disappears upon further growth of
the film. In this case, the cyclic voltammogram con-
tains a single wave at Ea � 0.95 V (Fig. 2). We sug-
gest that the characteristics of redox processes in thick
polymer layers differ from those for thin films. Thus,
the shift and the subsequent disappearance of the first

anodic peak at Ea � 0.6 V in cyclic voltammograms
can be regarded as a quantitative characteristic of
the transition from thin to thick polymeric films,
which differ in structure and physicochemical prop-
erties.

There exist two forms of the polymeric substance:
yellow-brown oxidized, which turns dark brown with
increasing thickness of a polymeric film, and yellow
reduced. These forms determine the electrochromic
properties of a polymer. The oxidized form is de-
posited in the potentiostatic mode (0.5�60 min, E =
1.05 V) and can be rapidly converted to the reduced
form by potentiostatic reduction at E = 0.0 V in a so-
lution of pure supporting electrolyte. The reduction
time �red is equal to the time of oxidative polymeriza-
tion. The oxidized form is spontaneously reduced in
a solution of the supporting electrolyte within 30�
120 min (depending on the film thickness) after the
applied voltage is switched off. The thicker the film,
the slower its spontaneous reduction. It should be
noted that the cathodic potential never reaches 0.0 V
in the course of spontaneous reduction of the polymer.
Our experimental results show that the limiting, so-
called equilibrium potential of spontaneous reduction
is equal to the potential at which the anodic wave
in the cyclic voltammograms starts to grow, i.e., at
which the electrostimulated oxidation of the re-
duced form starts. Along with spontaneous reduction,
spontaneous oxidation of the polymer was observed.
The polymer reduced under potentiostatic conditions
at E = 0.0 V is oxidized in a pure supporting electro-
lyte after the applied voltage is switched off. The po-
tential of the electrode coated with the polymeric film
increases to a value equal to the potential recorded by
the end of the spontaneous reduction. Thus, the so-
called intermediate redox form is formed both by
spontaneous reduction and by spontaneous oxidation
of the polymer. The potential of this form depends on
the film thickens and the nature of a supporting elec-
trolyte.

Our experimental results show that polymer thick-
ness h is one of the most important parameters de-
termining the rate of charge transfer in the polymer.

To calculate the thickness h of a polymeric film,
we recorded cyclic voltammograms at slow potential
sweep (0.01 V s�1). Under these conditions, the film
is deposited by the adsorption mechanism ensuring
reduction or oxidation of all molecular fragments of
the polymeric chain. The dependence of h of poly-
[NiSalen] on the time of accumulation in the poten-
tiostatic mode at different concentrations of the com-
plex in solution is shown in Fig. 3. On the whole,
the polymer formation accelerates with increasing
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monomer concentration in solution. In the initial de-
position steps (up to 7 min), the dependence of h on
the monomer concentration at constant accumulation
time is linear (Fig. 4). Upon further electrode polar-
ization in a solution of the nickel complex (for more
than 15�20 min), polymerization decelerates and
the curve flattens out. When the films are deposited
from highly concentrated solutions, h passes through
a maximum and then decreases. At low monomer
concentration, the curve flattens out owing to a de-
crease in the monomer concentration near the elec-
trode. The influence of the concentration on the rate of
polymer growth is the most pronounced in going from
0.5 to 0.75 mM monomer solutions. At higher mono-
mer concentration (up to 2 mM), the dependence of
the thickness of polymeric film on the monomer con-
centration becomes less steep, being, on the whole,
nonlinear (Fig. 4).

It should be noted that the dependence of the thick-
ness of polymeric film grown from a solution with
monomer concentration of 2.0 mM on the accumula-
tion time passes through a maximum. Since the curves
measured in the first deposition steps are similar for
all monomer concentrations, we suggest that, in
20 min, the polymerization is decelerated and the curve
flattens out. However, it can be seen from Fig. 3 that
at the monomer concentration of 2 mM the curve has
ascending and descending portions, which reflects the
decrease in the electrical conductivity of the polymer.
At high monomer concentration in the working solu-
tion, the polymerization accelerates and a film with
a high content of structural defects grows [20], which
makes lower the redox conductivity of the polymer.

We calculated the polymer thickness from the area
under the cathodic (hc) and anodic (ha) portions
of the cyclic voltammograms (Fig. 3). As seen from
Fig. 3, the thicknesses of poly[NiSalen] films cal-
culated from the areas under the cathodic and anodic
portions become different when the thickness reaches
0.7 �m. The thicknesses of these films, calculated
from the anodic portion are higher than those cal-
culated from the cathodic portion. Thus, the calculated
thickness of the oxidized conducting polymeric film
grown at any monomer concentration is slightly larger
than that of the reduced film. The higher the monomer
concentration in the working solution, the greater
the difference between the currents of anodic and
cathodic portions of the cyclic voltammograms and
hence, the greater is the difference between ha and hc.
The decreased activity of the polymer films in reduc-
tion is due to the presence of residual oxidized frag-
ments in the polymer, which are electron traps or have
a �frozen� charge [21, 22].

Fig. 5. Thickness h of (1) poly[NiSalen] and (2) poly-
[NiSalphen] vs. the accumulation time �acc. CH3CN,
Et4NClO4, Ea = 1.1 V, continuous growth.

The dependences of the thickness of poly[NiSalen]
and poly[NiSalphen] films on the time of accumula-
tion on the electrode at the optimal potentials are
shown in Fig. 5 (curves 1, 2). It can be seen that the
poly[NiSalen] film is thicker than the poly[NiSalphen]
film grown under the same conditions. Probably, po-
lymerization of [NiSalphen] on the electrode sur-
face is sterically hindered owing to the presence of
the third phenyl ring in the ligand.

We examined the possibility of stepwise growth of
polymer films. An electrode coated with the polymer
for a definite time was immersed in a pure supporting
electrolyte and a cyclic voltammogram was recorded.
Then the electrode was placed in the monomer solu-
tion and the polymerization runs (up to 15 steps de-
pendening on the experimental conditions) were con-
tinued. We found that a polymeric film can be grown
stepwise. The thickness of the thus obtained poly-
meric film was close to that of the film grown in
a single step during the same time.

CONCLUSIONS

(1) Electrochemical synthesis of polymeric nick-
el(II) complexes in the potnetiostatic mode was
studied. The best accumulation potential providing
fastest growth of the electroactive layer is 1.1 �0.5 V.

(2) The redox conductivity of the polymer may de-
crease with increasing monomer concentration in
the working solution.

(3) The polymeric film can be grown by both con-
tinuous and stepwise deposition, which is of practical
importance.
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Abstract�New experimental data on physicochemical properties of polymeric nickel(II) complexes with
N,N �-bis(salicylidene)ethylenediamine and N,N �-bis(salicylidene)-o-phenylenediamine (including redox con-
ductivity, photoactivity in a solution of a supporting electrolyte, and electrochemical stability) were obtained.
The rate of charge transport in the polymeric matrix was studied as a function of the polymer film thickness.

Electrochemical synthesis and study of thin-layer
metal-containing polymers attracts much researchers’
attention [1]. The electrochemical synthesis allows
preparation of conducting polymers on solid supports
as solid and uniform films with controllable thickness.
Transition metal complexes with macrocyclic ligands
of various compositions and structures, which are
structural units in the synthesis of these polymers,
determine the variety of their properties [1�10], e.g.,
redox conductivity, photosensitivity, sensor and cat-
alytic properties.

It has been found previously [6, 11] that, when
immersed in a solution of a supporting electrolyte,
polymers based on transition metal complexes with
ligands of the N,N �-bis(salicylidene)ethylenediamine
(Salen) type in the reduced and (or) partially oxidized
state are photoelectroactive and can exhibit a positive
photovoltaic effect [6, 11]. The maximum positive
change in the potential of the electrode with the poly-
mer layer applied by electrochemical synthesis was
first found for poly[PdSalen] and amounted to 450 mV
[12]. The photoelectroactivity is the major property
required of polymers to be used in accumulation and
conversion of the energy of light.

Thus, these polymers are promising materials in
production of sensors, electro- and photocatalysts,
and solid-phase galvanic cells.

In the preceding publication [13], we considered
the optimal conditions of the synthesis and the kinet-
ic aspects of formation of polymers based on Ni(II)
complexes with N,N �-bis(salicylidene)ethylenediamine
(Salen) and N,N �-bis(salicylidene)-o-phenylenediamine
(Salphen). In this study, we analyzed the electro- and

photoinduced charge transfer in poly[NiSalen] and
poly[NiSalphen] and the electrochemical stability of
these polymers.

EXPERIMENTAL

The method of the electrochemical measurements
was described in [14].

The photoelectric measurements were performed on
a device including an irradiation source (DRSh-1000
lamp), a potentiometric recorder, and a photoelectro-
chemical cell. A cell with parallel-plate windows was
the working part of a two-electrode Pyrex glass cell.
The samples were irradiated with focused polychro-
matic light; the IR light was cut off by two water
filters. A silver chloride electrode filled with a satu-
rated NaCl solution was used as reference. A platinum
(99.99% Pt) wire with surface area of 0.25 cm2 sealed
in the glass served as indicator electrode. The elec-
trode was coated with a layer of the polymer studied,
which was deposited in the course of the electrochem-
ical synthesis. A 0.1 M solution of tetraethylammo-
nium perchlorate Et4NClO4 in acetonitrile CH3CN
was used as a supporting electrolyte.

The capability for reversible electroinduced charge
transfer is one of the major properties of Ni(II) poly-
mers studied and the related polymeric compounds.

Among conducting polymers, two main groups are
distinguished. To the first group belong polymers
with electrons delocalized over very extended poly-
conjugated systems. These are mainly organic poly-
mers containing no metal [9, 15�17]. The second
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Fig. 1. Charge diffusion coerfficient Dct vs. the thickness
h of (1, 2) poly[NiSalen] and (1, 3) poly[NiSalphen] films.
CH3CN, Et4NClO4, Eacc = 1.1 V.

group includes so-called redox polymers, in which
the electronic conductivity is due to electron hopping
between low-mobility redox centers incorporated into
a polymeric matrix with low electronic conductivity
[1, 18, 19]. Two types of redox polymers are distin-
guished. The first of them are redox polymers, which
can be prepared by electrochemical oxidation or re-
duction of individual coordination compounds of tran-
sition metals with organic ligands [1, 3]. The sec-
ond type includes the so-called composites consisting
of an organic polymeric matrix with metal ions (main-
ly of variable valence) and separate molecules of
metal complexes incorporated into its internal voids
by various procedures.

It is known that the conductivity of organic poly-
conjugated polymers is several orders of magnitude
higher than that of the redox polymers and is essen-
tially independent of the polymer chain length, but
is determined by conformation and morphology of
macromolecules, i.e., by the supramolecular structure
of a substance [15].

As a quantitative characteristic of the rate of charge
transfer in the polymer phase bulk, we used the charge
diffusion coefficient Dct (cm2 s�1) calculated by
Randles-Shevchik equation

Ip = (2.69 � 105)n3/2S(Dct)
1/2 Vp

1/2c0,

where Ip is the peak current (A); n, number of elec-
trons transferred in an elementary event; S, electrode
surface area (cm2); Vp, potential sweep rate (V s�1); c0,
concentration of the electrochemically active species
in the polymer film (mol cm�3) [20].

Depending on the nature of the limiting stage,
the Dct values characterize the electron self-exchange
between the heterocharged fragments or diffusion of

the supporting electrolyte ions in the polymer phase.
It is known [20] that Dct varies within the range
10�13�10�8 cm2 s�1 when the rate-determining stage
is the rate of the diffusion of the supporting electrolyte
ions and is higher than 10�7 cm2 s�1 when the rate
of charge transfer in the polymer phase is limited by
the rate of the electron exchange between the hetero-
charged fragments in the polymer chain.

We calculated the Dct values from cyclovoltam-
mograms (CVAs) recorded at high potential sweep
rates (�0.1 V s�1) under the conditions of incomplete
oxidation or reduction of the polymer film. In this
case, the redox reactions in the polymer phase proceed
in the semi-infinite diffusion mode, when the depen-
dence of currents of voltammogram peaks on Vp

1/2

is linear.

Vilas-Boas et al. [21] calculated, using several in-
dependent methods, the diffusion coefficient in the
polymer based on the Ni(II) complex with N,N �-bis-
(salicylidene)butane-2,3-diamine (Salt-Me) prepared by
potentiodynamic synthesis and found that Dct grows
with increasing polymer film thickness, especially
for thin films. The maximum thickness of films of
poly[NiSalt-Me] films deposited on the electrode in
[21] was attained after 50 potential sweep cycles and
was calculated to be 0.6 �m. In our experiments, a sim-
ilar thickness of poly[NiSalen] and poly[NiSalphen]
was attained within 3�7 min in the potentiostatic
mode (Eacc = 1.1 V, initial concentration of the metal
complex in the solution 1 mM).

We found that, for poly[NiSalen] and poly[NiSal-
phen], Dct is limited by the rate of motion of coun-
terions in the polymer bulk and grows with increas-
ing thickness of the conducting layer (Fig. 1). For
a 1.5�2.0 �m thick poly[NiSalen] film, Dct was rela-
tively high for complexes with ligands of this type:
10�9 cm2 s�1.

The Dct values corresponding to various thick-
nesses of the polymeric conducting substance, calcu-
lated both for highest peak of the anodic current in
CVAs at Ea � 0.95 and 1.05 V and for the correspond-
ing cathodic current at Ec � 0.85 and 0.92 V for poly-
[NiSalen] and poly[NiSalphen], respectively, are listed
in Table 1.

As seen, the Dct values characterizing the rates
of diffusion of counterions in polymer oxidation are
lower than the Dct values characterizing reduction.
For thin poly[NiSalphen] films, this difference reaches
100% and decreases with increasing film thickness.
The above difference for oxidation and reduction may
be due to the fact that the polymers in the reduced
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Table 1. Charge diffusion coefficients Dct calculated for anodic and cathodic peaks at various thicknesses of the polymer
film h
������������������������������������������������������������������������������������

Poly[NiSalen] � Poly[NiSalphen]
������������������������������������������������������������������������������������

h, �m
� Dct (cm2 s�1) of indicated peak �

h, �m
� Dct (cm2 s�1) of indicated peak

��������������������������������� ��������������������������������
� anodic � cathodic � � anodic � cathodic

���������	���������������	��������������������������	���������������	���������������
0.37 � 4.4 � 10�11 � 6.6 � 10�11 � 0.22 � 1.4 � 10�11 � 2.8 � 10�11

0.59 � 1.2 � 10�10 � 2.0 � 10�10 � 0.31 � 3.9 � 10�11 � 7.2 � 10�11

0.69 � 2.1 � 10�10 � 2.8 � 10�10 � 0.42 � 6.7 � 10�11 � 1.2 � 10�10

1.14 � 6.0 � 10�10 � 6.5 � 10�10 � 0.67 � 1.3 � 10�10 � 2.4 � 10�10

1.78 � 1.2 � 10�9 � 1.3 � 10�9 � 0.80 � 2.1 � 10�10 � 2.6 � 10�10

2.02 � 1.7 � 10�9 � 1.7 � 10�9 � 0.95 � 3.0 � 10�10 � 3.6 � 10�10

2.17 � 2.0 � 10�9 � 1.8 � 10�9 � 1.10 � 4.6 � 10�10 � 5.7 � 10�10

���������
���������������
��������������������������
���������������
���������������

state have a more compact structure. Direct measure-
ments of the polymer film thickness showed that the
oxidized polymer film is 60% thicker than the reduced
polymer film [22]. The IR and XPES data indicate
that ions of the supporting electrolyte and solvent
molecules are virtually absent in the bulk of the poly-
mer in the reduced state [23].

Thus, a decrease in the rate of penetration of ions
and solvent molecules into the polymer in the reduced
state in the course of its oxidation may be associated
with a decrease in the volume of the free space in
the bulk of the reduced form of the polymer in com-
parison with the oxidized form because of the denser
molecular packing. At the same time, the oxidized
form contains inner free space sufficient for exit of
molecules of the supporting electrolyte. As a result,
Dct increases for the reduction process. The obtained
experimental data on the effect of the polymer film
thickness on Dct are in agreement with data of [21].

As seen from Table 1, the Dct values for poly[Ni-
Saphlen] are somewhat lower than those for poly[Ni-
Salen] at the same thickness. The difference between
the Dct values for these polymers is greater in the case
of anodic processes, as compared with cathodic pro-
cesses. Presumably, owing to existence of an addi-
tional phenyl ring, poly[NiSalphen] has a smaller
volume of the free space than poly[NiSalen].

However, with increasing thickness of the conduct-
ing polymeric film to h = 2.0 �m (poly[NiSalen]) the
Dct values calculated from the anodic and cathodic
branches of CVAs become close. Nevertheless, the
subsequent increase in the time of the positive polar-
ization of the electrode gives another dependence.
Namely, for poly[NiSalen] (h = 2.17 �m), anodic Dct
exceeds cathodic Dct. With increasing thickness, less
compact films are probably formed, the volume of

the free space in the layers adjacent to the electro-
lyte�polymer phase boundary grows, and ions of the
supporting electrolyte and solvent molecules penetrate
into the film bulk with weaker hindrance than that in
thinner films of the polymer. However, in this case,
exit of counterions from deeper near-electrode layers
of the polymeric phase is complicated because of struc-
tural heterogeneities accumulating with film growth.

For poly[NiSalphen], the pattern of variation of Dct
for anodic and cathodic processes with increasing film
thickness is similar. However, we can assume that, even
in poly[NiSalphen] with relatively large h (�1 �m),
the volume of the free space is smaller than that in
the similar poly[NiSalen], since the Dct values remain
unequal, similar to those in the thin-layer samples.

It should be noted that the rise in the redox con-
ductivity of the polymeric supramolecules with in-
creasing film thickness is untypical of the known con-
ducting materials, although we have also noted in
previous studies that the redox activity of polymers
based on transition metal complexes with Salen type
ligands grows with increasing thickness of the con-
ducting polymer [11�14, 24, 25]. The effect of the
redox activity growth with increasing thickness of
polymeric copper aminophthalocyanines was noted
in [16]. Alpatova et al. [16] suggest that, with increas-
ing thickness of the polymer film, the system of con-
jugated � bonds develops, and, as a result, hopping
mechanism of the electron transport typical of redox
polymers transforms into the polaronic mechanism
characteristic of polymers with conjugated bonds.

The absence of conductivity in solvents with high
donor power is a characteristic feature of the metal-
free conducting organic polymers with developed �
system (e.g., in dimethyl sulfoxide and dimethylform-
amide with potential sweep within the range of pos-
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Fig. 2. Typical curve of variation of the potential �Eh�

of the electrode with applied poly[NiSalphen] layer under
the action of polychromatic light. hfilm = 0.29 �m, CH3CN,
Et4NClO4; source of light, DRSh-1000 lamp. (�) time.

itive values). It has been found [26�28] that solid-
phase redox reactions are also untypical of polymers
based on metal complexes with Salen type ligands,
immobilized on an electrode immersed in a solvent
with high donor power.

In Fig. 1, we can distinguish three linear sections
with different slopes. The first (straight line 1) with
small slope is independent of the ligand structure
and reflects the dependence of Dct on h in the initial
stages of film thickness growth, i.e., for relatively
thin layers of poly[NiSalen and poly[NiSalphen].
Straight line 2 reflects further increase in Dct with
h for poly[NiSalen], and straight line 3 for poly[Ni-
Salphen]; the more pronounced growth of Dct with
increasing thickness of the electroactive layer and,
hence, the greater slope is observed for poly[NiSalen].
It should be noted that the boundary thickness of
polymer films at which the slope of the curve changes
lies at about of 0.7 �m.

Thus, the observed rise in the rate of charge diffu-
sion in the polymer phase with increasing film thick-
ness is probably caused by the change in its morphol-
ogy and in the number of physicochemical character-
istics, including the porosity of the polymeric sub-
stance [15].

When discussing the influence of the polymer film
thickness on the character of the electroinduced charge
transfer, we should take into consideration that the si-
multaneous increase in the thickness of the conduct-
ing layer and in the potential rate results in electro-
chemical overvoltage associated with deceleration
of the redox reactions in the solid phase. As known,
this phenomenon is characterized by an increase in
the difference of the potentials corresponding to the
anodic and cathodic processes and, as a result, is
reflected in CVAs in that the anodic and cathodic

peaks are shifted and move away from each other.
For poly[NiSalen], the shift of the potential of the
cathodic peak is greater than that for the anodic
peak: from Ec � +0.92 V (accumulation time �a =
0.5 min) to Ec � +0.85 V (�a = 17 min) at sweep rate
of 0.01 V s�1. Similar changes in CVAs and shifts of
the anodic and cathodic peaks with increasing thick-
ness have been described previously for related poly-
meric systems [24, 25]. Probably, the overvoltage is
caused by a decrease in the rate of penetration and
exit of the supporting electrolyte ions in the course
of oxidation and reduction of thick polymer films
when relatively high potential sweep rates are used.
It is assumed that thick polymeric films contain large
amounts of structural defects, microheterogeneities,
and cross-links. In turn, this causes slower motion of
counterions in the free volume of the polymer.

Thus, the Dct values and differences of the poten-
tials of the anodic and cathodic processes are the basis
for a quantitative correlation between the thickness of
the polymer film formed on the electrode surface and
the degree of reversibility of the solid-phase redox
reactions.

It was established for the first time that, in the sup-
porting electrolyte solution under continuous irradia-
tion with polychromatic light, the change in the poten-
tial �Eh� (mV) of the electrode coated with a poly-
meric film of poly[NiSalen] or [NiSalphen] is positive
and reaches several tens of millivolts.

The maximum value of �Eh� amounted to 250 and
190 mV for [NiSalen] and [NiSalphen], respectively.
A typical curve of the potential change, recorded
when an electrode coated with electrochemically im-
mobilized poly[NiSalphen] is irradiated with poly-
chromatic light, is shown in Fig 2.

The photovoltaic effect was found only for the poly-
mer in the reduced or partially oxidized state. Thus,
only chain fragments that exist in the ground electron-
ic state and are characterized by the maximum aroma-
ticity of phenyl rings can be photodetectors [23]. Pre-
viously, Orlova [12] has assumed that photoexcitation
of the reduced form of the polymer is accompanied by
charge transport and accumulation of oxidized frag-
ments, similar to those proceeding under the action of
the electric potential. Hence, the presence of charge-
compensating ions in the polymer phase is the nec-
essary condition for maintaining the macroneutrality
of the polymer under photoexcitation.

Multiple alternation for each polymer of photoexci-
tation and dark phase, resulting in that the potential of
the electrode in the supporting electrolyte spontane-
ously returns to its initial value, showed that the max-
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Table 2. Potential �E h� of the electrode with polymeric layer under the action of polychromatic light at various
thicknesses h of the film (CH3CN, Et4NClO4)
������������������������������������������������������������������������������������

Poly[NiSalen] � Poly[NiSalphen]
������������������������������������������������������������������������������������

� �E h�, mV � � �E h�, mV
��������������������������������� ��������������������������������h, �m
� maximum � average �

h, �m
� maximum � average

����������	���������������	�������������������������	���������������	���������������
0.10 � 75 � 60 � 5 � 0.09 � 85 � 75 � 5
0.20 � 170 � 115 � 10 � 0.14 � 160 � 130 � 10
0.26 � 250 � 170 � 20 � 0.29 � 190 � 165 � 10
0.36 � 135 � 110 � 10 � 0.43 � 170 � 140 � 10

����������
���������������
�������������������������
���������������
���������������

Table 3. Electrochemical stability of poly[NiSalen] depending of the external factors
������������������������������������������������������������������������������������

� �H = 5 min � �H = 15 min
�������������������	������������������

Experimental conditions � hin � hfin � loss, � hin � hfin � loss,������
������ ������
������
� �m � % � �m � %

����������������������������������������������	�����������	������	�����������	������
Continuous potential sweep, in the range from 0.0 to +1.2 V � 0.49 � 0.3 � 40 � 0.85 � 0.48 � 45
(�sc = 30 min, Vp = 0.05 V s�1) � � � � � �
Exposure to a solution of the supporting electrolyte, min: � � � � � �

30 � 0.37 � 0.35 � 5 � 0.93 � 0.61 � 35
60 � 0.37 � 0.31 � 15 � 0.93 � 0.49 � 45

Exposure of the oxidized form to air, min: � � � � � �
30 � 0.41 � 0.27 � 30 � 1.13 � 0.64 � 45
60 � 0.41 � 0.19 � 50 � 1.13 � 0.3 � 75

Exposure of the reduced form to air, min: � � � � � �
30 � 0.45 � 0.45 � 0 � 0.75 � 0.75 � 0
60 � 0.45 � 0.45 � 0 � 0.75 � 0.75 � 0

����������������������������������������������
�����
�����
������
�����
�����
������

imum value of �Eh� is reached in the first irradiation
run. Later on, �Eh� decreases, and after 5�7 irradia-
tion runs it becomes constant (Table 2).

We experimentally found that �Eh� passes through
a maximum with increasing thickness of the polymer
film (Table 2) and is independent of the oxygen pres-
ence in the supporting electrolyte solution.

It was also found that the polymeric films are pho-
tostable and keep the initial thickness of the conduct-
ing substance after irradiation is terminated.

The stability (including electrochemical stability,
whose criterion is the ability of a polymeric system
to keep the redox conductivity under the action of
external factors) is the major property making organo-
metallic polymers promising as novel materials.

The results obtained in studying the polymer stab-
ility, estimated as preservation of the thickness of
the electroactive substance after continuous potential
sweep, prolonged exposure to the supporting electro-
lyte solution, and action of air, are listed in Table 3.

It can be seen that the most rapid and substantial
decrease in the thickness of the conducting polymer
films is caused by continuous potential sweep. When
the potential of an electrode coated with polymeric
film in the pure supporting electrolyte is varied rel-
atively slowly within the 0.05�0.01 V s�1 range, the
electrochemical degradation accelerates and the redox
conductivity of the polymeric substance decreases,
especially for thick films. In addition, the degrading
action of the solvent should be noted. This conclusion
follows from the decrease in the conductivity of the
polymer after prolonged exposure to a solution of
pure supporting electrolyte.

In air, the reduced form of the polymer is substan-
tially more stable as compared with the oxidized form.
The latter may contain chain fragments with unpaired
electrons. Their high chemical activity may favor re-
actions with air components, which, in turn, may re-
sult in irreversible structural distortions in the system
of the conjugated bonds responsible for conducting
properties of the polymeric substance.
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CONCLUSIONS

(1) The rate of charge transfer in poly[NiSalen]
and poly[NiSalphen] is determined by the mobility
of the supporting electrolyte ions and grows with in-
creasing thickness of the polymer film. In contrast to
thin films, the Dct value for thick films of the electro-
active substance (h > 0.7 �m) depends on the ligand
structure.

(2) Poly[NiSalen] and poly[NiSalphen] immobi-
lized on an electrode immersed in an electrolyte so-
lution are capable of photoinduced charge transfer.
The photovoltaic effect depends on the irradiation in-
tensity and film thickness and is independent of the
presence of oxygen in the supporting electrolyte solu-
tion. The maximum values of �Eh� for poly[NiSalen]
and poly[NiSalphen] are 250 and 190 mV, respec-
tively.

(3) The reduced forms of the polymers are sub-
stantially more stable in air as compared with oxi-
dized forms.
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Abstract�Electrooptical Kerr effect and dielectric polarization were studied for poly-N-vinylpyrrolidone
solutions in chloroform and in mixed chloroform�CCl4 solvent. The results were compared with those for
an analogue of the monomeric unit of poly-N-vinylpyrrolidone, low-molecular-weight compound N-methyl-
pyrrolidone.

Poly-N-vinylpyrrolidone (PVP) is one of the major
synthetic polymers used in medicine and pharmacol-
ogy; it exhibits extremely valuable properties. PVP
is biologically inert, fairly stable thermally and
chemically, nontoxic for living bodies, and capable
of complexing with diverse compounds in aqueous
media. This made PVP suitable for extensive use in
production of drugs, medical preparations, and cos-
metics [1].

�
N

C=O

��[�CH2�CH�]n

PVP
�

N

C=O

��[�CH2�CH�]n

PVP

Studies of the properties of biologically active
molecular complexes of PVP with fullerene C60 [2]
and PVP derivatives with covalently bound C60 [3]
revealed a very strong dependence of the electrooptical
properties of these compounds on their composition

and type of bonding between fullerene and PVP.
However, there are no published data on specific
features of the electrooptical behavior of PVP in so-
lutions. Therefore, we studied the Kerr effect of PVP
in nonaqueous media. The solvents were chosen so as
to eliminate the influence of aggregation phenomena
and enable correlation of the molecular structure of
PVP, which has been extensively studied by various
methods [1], with the electrooptical properties of PVP
and its derivatives.

In this study, we analyzed by the methods of elec-
trooptical Kerr effect and dielectric polarization two
PVP samples with different molecular weights (MWs)
(Table 1) in chloroform and mixed 1 : 1 (by volume)
chloroform�carbon tetrachloride (CCl4) solvent. The
PVP-1,2 samples were synthesized at the Institute of
Macromolecular Compounds, Russian Academy of
Sciences. The analogue of the monomeric unit of PVP,
N-methylpyrrolidone (MP) produced by Sigma S0760,
was studied by the Kerr effect method in chloroform

Table 1. Specific electrooptical Kerr constants K, specific dielectric polarizations �2/M for MP and PVP-1,2 in organic
solvents, and optical polarizability anisotropy �b for the PVP monomeric unit
������������������������������������������������������������������������������������

� � K � 1010, � K � 1010, � (�2/M) � 1036, �
Sample � M � cm5 g�1 (300 V)�2 � cm5 g�1 (300 V)�2 � D g�1 � �b � 1025,* cm3

� � in chloroform � in chloroform�CCl4 � in chloroform�CCl4 �
������������������������������������������������������������������������������������
MP � 99.1 � +1.75 � � � 0.167 � �
PVP-1 � 10000 � �0.80 � �0.2 � 0.022 � �10
PVP-2 � 38000 � �0.82 � �0.2 � 0.025 � �10
������������������������������������������������������������������������������������
* Determined in [4] by the birefringence method for the homologous series of samples and fractions of PVP in benzyl alcohol

solutions.
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Fig. 1. Variation of the birefringence �n with the squared
electric field intensity, E2, for PVP-1 sample in mixed
chloroform�CCl4 solvent at solution concentration, g cm�3,
of (2) 6.14 � 10�2 and (4) 3.85 � 10�2. Straight lines
(1) and (3) correspond to the solvent. Straight lines (3) and
(4) are shifted along the ordinate axis by 1.5 � 10�8.

Fig. 2. Variation of the birefringence �n of MP with
the squared electric field intensity E2 in chloroform at
concentration, g cm�3, of (1) 30.5 � 10�2, (2) 18.3 � 10�2,
(3) 17.3 �10�2, (4) 9.8 �10�2, (5) 4.6 � 10�2, and (6) 0.00.

Fig. 3. Concentration dependences of the specific Kerr
constant K for (1) PVP-1,2 samples in chloroform,
(2) PVP-1 sample in the mixed chloroform�CCl4 solvent,
and (3) MP in chloroform.

only. The solvents used had the following character-
istics: refractive index n0 = 1.4456 � 0.0005, dielec-
tric constant �0 = 4.813 � 0.001, and density �0 =
1.4891 � 0.0008 g cm�3 for chloroform and n0 =
1.4536 � 0.0004, �0 = 3.364 � 0.003, and �0 = 1.5358 �
0.0008 g cm�3 for the chloroform�CCl4 mixture.
The characteristics of the solvents were determined at
21�C by the standard methods; the Kerr effect and the
dielectric constant in polymer solutions were meas-
ured at 21�C as well.

The birefringence of solutions subjected to pulse
electric field [(Kerr effect), hereinafter, bire-fringence
in electric field, BE] was measured by the compensa-
tion method [5] at rectangular pulse duration of 1 ms.
The parameters of the setup and the measurement cell
corresponded to those described in [6]. The equi-
librium (i.e., independent of the frequency and dura-
tion of electric pulses) electrooptical properties of
the samples were characterized by the specific Kerr
constant K

K = lim (�n � �n0)/E2c.
c� 0
E� 0

(1)

Here, (�n � �n0 ) is the difference between the bi-
refringences of the solution of concentration c and of
the solvent, and E, the electric field intensity in the
measurement cell.

In the solvents used, PVP exhibited a minor neg-
ative intrinsic (minus the contribution from the sol-
vent) electrooptical effect proportional to the squared
electric field intensity, in accordance with the Kerr
law for molecular-dispersed media. Figure 1 shows
the plots of the optical birefringence �n against
the squared electric field intensity, E2, for PVP-1
sample. It is seen that the difference in �n between
the solution and solvent is small, though exceed-
ing the measurement error. Figure 2 shows the same
dependences for MP solutions in chloroform. Since
the electrooptical Kerr effect is positive for MP and
negative for chloroform, the sign of the electrooptical
effect of the solution changed with the MP concentra-
tion in chloroform (Fig. 2).

The specific Kerr constant of the samples was
determined, in accordance with Eq.(1), from the K =
f (c) plot (Fig. 3). Here, each K value is the slope
of the �n = f (E2 ) plot estimated at a certain concen-
tration of the solution. Thus, for PVP-1 sample we
obtained the Kerr constants K = �(0.80 � 0.07) �
10�10 g�1 cm5 (300 V)�2 in chloroform and K =
�(0.20 � 0.05) � 10�10 g�1 cm5 (300 V)�2 in the mixed
solvent. These constants were identical, within the
experimental error, to those of the second sample,
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PVP-2, which is typical of polymers in the Gaussian
region of properties [5]. The fourfold difference be-
tween the specific Kerr constants in chloroform and
the mixed solvent is due to the difference in the in-
ternal field factors for these solvents, which depend
on the dielectric constant and refractive index of the
medium subjected to electric field [5]. The results of
the electrooptical measurements are summarized in
Table 1.

The dielectric constant � of the PVP solutions
in the mixed solvent was measured in a cylindrical
titanium capacitor with intrinsic capacitance of
92.62 pF at 700 kHz. We used an E12-1 instrument
for capacitance measurements. The mixed solvent for
dielectric measurements was formulated specially for
decreasing the �0 parameter. The refractive indices of
the solutions n were determined on an IRF-23 re-
fractometer. The resulting increments of the dielectric
constant (� � �0 )/c and of the squared refractive in-
dex (n2 � n0

2 )/c for the solutions were used for
calculating the specific dielectric polarization �2/M of
the samples [7]:

(�2/M ) = 27kT [(� � �0 )/c � (n2
� n0

2 )/c] / [4�NA(�2
0 + 2)2 ].

(2)

Here, � is the dipole moment; M, molecular weight;
k, Boltzmann constant; T, absolute temperature; and
NA, Avogadro number.

Poly-N-vinylpyrrollidone belongs to carbon-chain
polymers whose polar properties are determined by
the pendant radical (for PVP, by polar pyrrolidone
ring) with the dipole moment not rigidly bound to the
backbone. A similar dipole structure is characteristic
of comb-shaped mesomorphic polyacrylates [8].

With poly(alkylphenoxycarbonylphenyl methac-
rylates) (PAPCPM) as examples, Tsvetkov et al. [9]
showed, for the first time, that, for interpreting the
dielectric and electrooptical properties of polymers
with polar �C=O group situated in close proximity of
the backbone, it is necessary to distinguish the con-
tributions from the dipole moment components of
the pendant groups that are parallel and perpendicular
to the chain propagation direction. The perpendicular
components for PAPCPM (Fig. 4) are not ordered
along the backbone (Fig. 4, vector h) and do not
contribute to the total dipole moment of the macro-
molecule.

A specific feature of polymers containing polar
pendant substituents is the difference (occasionally not
only in magnitude but also in sign) between the elec-
trooptical properties of the low-molecular-weight

(a)

��CH2�C��n( )
��
��

CH3

C�O��
O����C�O���CmH2n � 1
����O

(b)

Fig. 4. (a) Chemical and (b) dipole structures of PAPCPM
molecules.

structural analogue of the pendant substituent and the
polymer proper, measured in the same solvents [5, 8].
This is mainly due to long-range interaction of pen-
dant groups in the polymer chain, manifested in their
mutual orientation. Strongly interacting polar and
optically anisotropic groups in the pendant chain of
the PAPCPM molecule are responsible for intramo-
lecular ordering. As a result, the optical anisotropy
of polarizability of the PAPCPM monomeric unit in
the direction perpendicular to the chain propagation
direction exceeds that in the chain propagation direc-
tion. This is responsible, in turn, for a negative dy-
namooptical Maxwell effect (or flow birefringence)
in PAPCPM solutions [9], which is, essentially, bire-
fringence in solutions under shear forces of the flow.
The sign of the flow birefringence of a polymer in
solution is directly related to that of the anisotropy of
the optical polarizability of the repeating unit in
the chain [10].

Many of comb-shaped polymers characterized by
enhanced equilibrium (Kuhn segment length A �100 �
10�8 cm and over) and kinetic rigidity owing to
orientation interaction of the pendant groups exhibit
in the Gaussian MW range the Maxwell and electro-
optical Kerr effects with identical signs [6, 8]. This
is a common property of Gaussian chains for which,
on the average, the three main directions in the poly-
mer coil, namely, the directions of the greatest geo-
metric extension and of the orientation-axis and orien-
tation-polar ordering typically coincide. This suggests
that such properties of polymers as polarizability an-
isotropy and the total dipole moment should be anal-
yzed in axes related to the chain propagation direction
or, in accordance with the Gaussain statistics of poly-
mer chains, to the direction of the vector h connect-
ing the ends of the macromolecule (Fig. 4) [11].
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Table 2. Eigenvalues of the optical polarizability tensor, ai,
(i = 1, 2, 3) calculated by PM3 quantum-chemical method
and dipole moment projections �i onto the main optical
axes of MP molecule
����������������������������������������

Value of i � ai � 1025, cm3 � �i ,
* D

����������������������������������������
1 � 84.5 � 2.33
2 � 70.5 � 1.84
3 � 45.9 � �1.44

����������������������������������������
* � = (�2

1 + �2
2 + �3

2 )1/2 = 3.3 D is the total dipole

moment of the MP molecule.

The behavior of PVP, observed in studies of the bi-
refringence of its solutions in a flow and in electric
field suggests that the properties of PVP and PAPCPM
are identical, although these polymers substantially
differ in the structure of their pendant substituents and
PVP by no means belongs to polymers with enhanced
chain rigidity. The equilibrium rigidity of PVP was
estimated hydrodynamically [12] from the Kuhn seg-
ment length of (21 � 1) � 10�8 cm. This means that
correlation in the PVP chain can extend over approx-
imately seven monomeric units. The birefringence in
electric field, measured for PVP solutions in chloro-
form and mixed chloroform�CCl4 solvent, has neg-
ative sign. The polarizability anisotropy of the mono-
meric unit of PVP, as estimated by the birefringence
method (Table 1), is also negative. Also, similarly to
PAPCPM [9], the electrooptical specific Kerr con-
stants for PVP and its monomeric unit analogue, MP,
differ in magnitude and sign (Table 1). Our exper-
imental data allow a more detailed analysis of the cor-
relation between the dipole structure of PVP and its
electrooptical and dielectric properties. Let us consider
an analogue of the PVP monomer unit, low-molec-
ular-weight MP.

Measurements of the electrooptical Kerr effect
for MP solutions in chloroform showed that MP has

Fig. 5. Directions of the main axes of optical polarizability
and constant dipole moment in the MP molecule.

a positive specific Kerr constant of +(1.75 � 0.09) �
10�10 g�1 cm5 (300 V)�2. Theoretically, the specific
Kerr constant of a low-molecular-weight substance is
related to the anisotropy of optical polarizability, �a,
and the magnitude and direction of the constant dipole
moment � of its molecules by

2�NA(n0 + 2)2 (�0 + 2)2

1215 kT n0 M
�
�
	

�2

kT


�3cos2 � � 1 .


��
�
�

K = ������������������a 2�a + ��
2�NA(n0 + 2)2 (�0 + 2)2

1215 kT n0 M
�
�
	

�2

kT


�3cos2 � � 1 .


��
�
�

K = ������������������a 2�a + ��

(3)

Here, 	 is the angle between the greatest polari-
zability axis of the molecule and the � direction.

Based on the experimental value of K and value of
�a and �, it is possible to estimate the angle 	 and,
thus, to gain insight into the dipole geometry of MP.
The MP molecule is relatively small, and we calcu-
lated its optical polarizability tensor and dipole mo-
ment by the PM3 semi-empirical quantum-chemical
method [13], using the HyperChem software [14].
The results are summarized in Table 2.

Using the eigenvalues of the polarizabilty tensor,
a1, a2, a3, we calculated the anisotropy of optical
polarizability of MP, �a = [(a1 � a2)

2 + (a2 � a3)
2 +

(a3 � a1)
2 ]/2 = 33.9 � 10�10 cm3. Also, the calcula-

tions showed that MP has large constant dipole mo-
ment � = 3.3 D. Next, we calculated by formula (3)
the angle 	 between the directions of the greatest
optical polarizability of the MP molecule and of its
constant dipole moment. The resulting 	 = 45.7�, es-
timated from electrooptical measurements, agrees well
with the quantum-chemical data:

� = arccos(��1�/�) = 45.1�.

The dipole geometry of the MP molecule is char-
acterized by the main directions shown in Fig. 5.
The constant dipole moment is directed along the
�C=O bond of the pyrrolidone ring; a1 is directed
along the axis of the greatest optical polarizability of
the MP molecule, as predicted by the theoretical cal-
culation. Such a dipole geometry of MP is responsible
for the fact that, in the PVP chain, the dipole mo-
ment of each pyrrolidone ring in the polymer structure
is directed at a large angle to the backbone direction.

The angle 
 between the direction of the constant
dipole moment of the pyrrolidone ring and the PVP
backbone direction can be estimated using the theo-
retical expression for the Kerr constant K

�
of the po-

lymers in the Gaussian range of properties, where it is
independent of the molecular weight [8]:

(4)K
�

= 2B�b (�2
1 cos2�/M1 )s2.
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Here, B = �NA(n0
2 + 2)2(�0 + 2)2 / (1215n0 k2T 2 ) is

the optical coefficient; �b, the optical anisortopy of
the monomer unit; �1 and M1, the dipole moment and
molecular weight of the monomer unit of the polymer,
respectively; and s, the number of monomer units in
the statistical Kuhn segment of the polymer.

Using the experimental values K
�

= �0.8 �
10�10 g �1 cm5 (300 V)�2 for PVP-1 in chloroform,
�b = �10 � 10�25 cm3 [4], s = 7 [12], and the
�1

2/M1 value corresponding to the experimental value
for the MP analog of the PVP monomer unit (Table 1),
we can estimate 
 at 84.4�.

A similar calculation based on the data for the equi-
librium Kerr effect for PVP-1 in the mixed solvent
yielded 
 = 86.4�.

A close value was obtained using the experimental
specific dielectric polarizations �2/M of the PVP-1
and PVP-2 samples in the mixed solvent, listed in
Table 1. As known [11], the total dipole moment � of
the polymer molecule modeled by a Gaussian chain
varies with the number of the monomer units in
the statistical Kuhn segment, s, in the region of large
MWs as

�2/M = (�2
1 cos2�/M1 )s. (5)

Here, �1cos
 is the component of the constant di-
pole moment of the monomer unit of the polymer
in the backbone direction.

By substituting into formula (5) the experimental
value of �2/M for PVP-2 in the mixed solvent, the
value �2/M1 = 0.167 � 10�36 D2 g�1 corresponding
to the monomer, and s = 7, we obtain 
 = 82�.

Thus, the electrooptical properties and dielectric
polarization of the PVP solutions suggest that the
constant dipole moment of the pyrrolidone ring is
virtually perpendicular to the backbone. This, evi-
dently, results from steric hindrance to orientation of
bulky and strongly polar rings linked by weakly polar
flexible vinyl chain. Large constant dipole moments
of the pyrrolidone rings are perpendicular to the back-
bone and virtually cancel out in the bulk of the PVP
polymer coil in the equilibrium state. This decreases
the specific dielectric polarizations of PVP in solu-
tions by almost an order of magnitude relative to low-
molecular-weight MP and is responsible for small
and negative electrooptical effect in solutions of this
polar polymer. This is illustrated by Fig. 6 demon-
strating the structure of the PVP hexamer, optimized
by the PM3 quantum-chemical semiempirical method.
The arrows show the directions of the dipole moments
of the pyrrolidone rings. It is seen that the dipoles

Fig. 6. Structure of the PVP hexamer, optimized by PM3
quantum chemical method. The PVP backbone is shown
by a thick line; the hydrogen atoms are not indicated;
arrows show the directions of the constant dipole moments
of the pyrrolidone rings.

are not ordered along the PVP chain propagation
direction; they are oriented in the neighboring mono-
meric units toward one another and are predominantly
orthogonal to the vinyl chain.

CONCLUSIONS

(1) Dipole moments of polar pyrrolidone rings in
the polymer molecule are oriented, on the average,
at large angles of �82��87�, i.e., are virtually per-
pendicular, to the backbone.

(2) The orientation of the pyrrolidone rings is
weakly correlated with the chain propagation direc-
tion, and their dipole moments virtually cancel out
in the PVP bulk and do not contribute to the total
dipole moment of the macromolecule.

(3) The above-mentioned specific features of the
dipole structure are responsible for the fact that PVP,
in which each monomeric unit has a significant dipole
moment of �3.3 D, exhibits a weak electrooptical Kerr
effect which differs in sign and magnitude from that
in its monomeric unit analogue, MP. PVP is also
characterized by a small, relative to MP, specific di-
electric polarization in solutions.

The results of this study are suitable for further
analysis of the electrooptical and dielectric properties
of PVP, in particular, fullerene-containing derivatives
[2, 3].
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Abstract�The photostabilizing properties of nickel and platinum ethylenedithiolate complexes used as IR
absorbents in polymeric film light filters containing heterocyclic azo dyes were studied.

The majority of modern optical filters, along with
having the main spectral characteristic in the visible
range, also exhibit IR absorption bands suppressing
the �parasitic� transmission of the filter in the IR
range. Addition to dye formulations of IR-absorbing
substances may affect the properties of dyes and, in
particular, their lightfastness.

Among various classes of IR-absorbing substances,
nickel and platinum ethylenedithiolate complexes
form a particular group [1]; their solutions have
no pronounced absorption bands in the visible
range. Thus, these complexes do not affect notice-
ably the main spectral characteristics of the fil-

ters. One more advantage of transition metal eth-
ylenedithiolate complexes is their capability for
photostabilization of some polymeric compounds
[2].

In this study, we prepared five ethylenedithiolate
complexes I�V (Table 1) and examined their effect
on yellow-orange filter dyes VI�IX of the thiophene
and furan series (Table 2). These dyes are frequently
used in cutoff and band-pass polymeric light filters
on the cellulose acetobutyrate base. This polymer is
the most convenient as the film-forming component,
thanks to its high transparency, absence of shrinkage,
moisture resistance, etc. [3].

Table 1. Filter IR absorbents ��
�
�
�
�

S
M

S

SS�
R1

R2R2
�

R1

������������������������������������������������������������������������������������
Dye� Name � R1 � R2 � M ��max, nm
������������������������������������������������������������������������������������
I �Bis(1,2-dimethylethylenedithiolato)platinum � CH3 � CH3 � Pt � 740
II �Bis(1,2-dimethylethylenedithiolato)nickel � CH3 � CH3 � Ni � 770
III �Bis(1,2-diphenylethylenedithiolato)nickel � C6H5 � C6H5 � Ni � 850
IV �Bis[1,2-di(3�,4�-dimethoxy)phenylethylenedithiolato]nickel� 3,4-(OCH3)2C6H5 � 3,4-(OCH3)2C6H5 � Ni � 950
V �Bis[1-(4�-dimethylamino)phenyl-2-phenylethylenedi- � p-N(CH3)2C6H5 � C6H5 � Ni � 1070

�thiolato]nickel � � � �
������������������������������������������������������������������������������������

Table 2. Filter yellow-orange azo dyes of the thiphene and furan series ����X�
��������H5C6
	



��

N�N

OH R1 R

������������������������������������������������������������������������������������
Dye � Name � X � R1 � R � �max, nm
������������������������������������������������������������������������������������
VI �2-Phenyl-4-(2�-carboxy)phenylazo-5-hydroxyfuran � O � COOH � H � 440
VII �2-Phenyl-4-(2�,4�-dimethyl)phenylazo-5-hydroxyfuran � O � CH3 � CH3 � 440
VIII �2-Phenyl-4-(2�-carboxy)phenylazo-5-hydroxythiophene � S � COOH � H � 470
IX �2-Phenyl-4-(2�,4�-dimethyl)phenylazo-5-hydroxythiophene � S � CH3 � CH3 � 480
������������������������������������������������������������������������������������
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Table 3. Degree of photochemical degradation of monoazo
dyes VI�IX of the furan and thiophene series in films
in the absence and in the presence of ethylenedithiolate
complexes I�V (irradiation time 1 h)
����������������������������������������

Dye
� PD � �PD
������������������������
� %

����������������������������������������
VI � 11.96 �
VII � 56.68 �
VIII � 6.40 �
IX � 48.52 �

� I � 5.95 � +6.01

� II � 3.64 � +8.32
VI + � III � 7.02 � +4.94

� IV � 3.46 � +8.47
� V � 4.94 � +7.02

� I � 14.76 � +41.92

� II � 11.07 � +45.61
VII + � III � 7.69 � +48.89

� IV � 8.17 � +48.51
� V � 6.75 � +49.93

� I � 3.38 � +3.02

� II � 2.78 � +3.62
VIII + � III � 1.92 � +4.48

� IV � 1.44 � +4.96
� V � 0.67 � +5.73

� I � 12.64 � +35.88

� II � 15.26 � +33.26
IX + � III � 9.11 � +39.41

� IV � 5.52 � +43.00
� V � 5.54 � +42.98

����������������������������������������

The lightfastness of azo dyes VI�IX in the aceto-
butyrate matrix has been studied previously both with
individual dyes [4, 5] and with various dye mixtures
[6]; the necessity for photostabilization of the filter
dyes was revealed.

Fading curves of dye VII in an acetobutyrate film.
(PD) Degree of photochemical degradation and (�) time.
Second component: (1) none, (2) I, (3) II, (4) IV, (5) III,
and (6) V.

Photochemical degradation of ethylenedithiolate
complexes in cellulose acetobutyrate and the photo-
stabilizing properties of these complexes have not
been studied previously.

We prepared nine film samples with individual
dyes and 20 film samples with binary mixtures of
an azo dye with an IR absorbent.

The photochemical degradation of dyed films was
studied under conditions of accelerated photochemical
aging. Samples were irradiated with a xenon lamp
whose emission spectrum is similar to that of the Sun.

The rate of dye degradation in the polymeric matrix
was determined from the degrees of its photochemical
degradation (PD, %), measured at regular intervals
(15, 30, 45 min; 1, 2, 3, ..., 10 h):

PD = ���� 	 100.
D0

_ Di

D0
PD = ���� 	 100.

D0
_ Di

D0

Here D0 and Di are the optical densities of the dye
at the chosen wavelength, determined before irradiation
and after irradiation for a definite period, respectively.

To eliminate the possible contribution from photo-
chemical degradation of the polymer base, the elec-
tronic absorption spectra of films were measured
relative to a colorless acetobutyrate film irradiated
under the same conditions. The analytical wavelengths
corresponded to the absorption peaks of the dyes
(Tables 1, 2).

In the range of maximal absorption of IR dyes I�V,
heterocyclic azo dyes have no absorption; therefore,
calculation of the degree of photochemical degrada-
tion of I�V involved no problems. In the range 440�
480 nm, in which the azo dyes in hand have absorp-
tion peaks, the measured optical density is the sum of
the optical densities of the azo dyes and dithiolate com-
plexes, which also exhibit certain short-wavelength
absorption; the optical density of I�V in this range
should be taken into account in the calculations. It
was evaluated from data on photochemical degrada-
tion of individual nickel and platinum ethylenedithio-
late complexes in an acetobutyrate film irradiated
under the same conditions as those for the binary for-
mulations. The results are listed in Tables 3 and 4.

Using the data in Tables 3 and 4, we plotted the fad-
ing curves for each dye in the absence and in the pres-
ence of a second component; the curves for azo dye
VIII are shown as example in the figure.

To discuss the results, it is appropriate to use data
on photochemical degradation in 1 h, because longer
irradiation may cause accumulation of degradation prod-
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ucts in amounts in which they affect the optical density
in the short-wavelength part of the visible spectrum.

The degrees of photochemical degradation of the
dye in the film in the absence (PDind) and in the pres-
ence (PDm) of the second component were compared,
and their difference �PD was calculated:

�PD = PDind 
 PDm.

�PD is positive when the dye lightfastness is en-
hanced in the presence of the second component and
negative in the opposite case (Tables 3, 4).

These results show that, in cellulose acetobutyrate,
as in the previously described polymers, ethylenedi-
thiolate complexes I�V exhibit photostabilizing prop-
erties, strongly diminishing the photochemical degra-
dation of heterocyclic azo dyes (Table 3). This effect
is especially pronounced with the least lightfast dyes,
xylidine derivatives of furan (VII) and thiophene (IX).
These dyes, when used in combination with ethylene-
dithiolates, exhibit lightfastness comparable with that
in the best representatives of this class, anthranilic ac-
id derivatives VI and VIII stabilized with an intramo-
lecular hydrogen bond. The lightfastness of VI and
VIII is also enhanced appreciably in the presence of
ethylenedithiolates (Table 3). The lightfastness of I�V
is not affected noticeably by the presence of azo dyes
(Table 4).

The photostabilizing effect of nickel and platinum
ethylenedithiolate complexes is presumably due to
several factors: possible coordination of the azo dye
with the complex, aggregation of azo dyes under the
influence of the complexes, and ability of the com-
plexes to quench singlet oxygen [7].

EXPERIMENTAL

The procedure for laboratory preparation of poly-
meric film light filters was described in detail in [8].

The electronic absorption spectra were measured
on an SF-16 spectrophotometer. The solvent for the
dyes and polymer was a chloroform�ethanol mixture
(85 : 15 by weight).

Films were irradiated on a Standard Xenon Long-
Life Fade Meter XFL-1 installation for accelerated
photochemical aging. The first four irradiation runs
continued for 15 min, and the subsequent runs, for 1 h
each, until the total irradiation time reached 10 h.
After the irradiation was complete, the films were
stored in the dark at room temperature for no less than

Table 4. Degree of photochemical degradation of ethyl-
enedithiolate complexes I�V in films in the absence and
in the presence of azo dyes VI�IX (irradiation time 1 h)
����������������������������������������

Dye
� PD � �PD
������������������������
� %

����������������������������������������
I � 3.50 �
II � 7.53 �
III � 1.72 �
IV � 3.30 �
V � 1.06 �

� VI � 1.63 � +1.87
� VII � 5.37 � 
1.87

I + � VIII � 2.67 � +0.83
� � �
� IX � 2.25 � +1.25

� VI � 2.89 � +4.64
� VII � 7.03 � +0.50

II + � VIII � 2.89 � +4.64
� � �
� IX � 3.82 � +3.71

� VI � 4.28 � 
2.56
� VII � 1.84 � 
0.12

III + � VIII � 0.59 � +1.13
� � �
� IX � 1.49 � +0.23

� VI � 1.16 � +2.14
� VII � 2.87 � +0.43

IV + � VIII � 0.98 � +2.32
� � �
� IX � 0.78 � +2.52

� VI � 1.17 � 
0.11
� VII � 2.26 � 
1.20

V + � VIII � 0.34 � +0.72
� � �
� IX � 0.96 � +0.10

����������������������������������������

24 h, after which the electronic absorption spectrum
of the film was recorded, and the degree of photoc-
hemical degradation of each component, calculated.

The dyes were prepared by published procedures
[9, 10].

CONCLUSION

Nickel and platinum ethylenedithiolate complexes
are effective IR absorbents in polymeric film light
filters; they also exert a photostabilizing effect on
heterocyclic azo dyes in the polymeric matrix.
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Abstract�Copolymers of N-methacryloylaminodeoxyglucose with acrylic and methacrylic acids were pre-
pared by radical copolymerization. The reactions of these copolymers with p-nitrophenol, N-hydroxysuccin-
imide, and N-hydroxyphthalimide in the presence of N,N �-dicyclohexylcarbodiimide were studied.

Owing to their high reactivity, polymeric activated
esters show much promise for syntheses of graft and
block copolymers, preparation of cross-linked poly-
meric structures, and modification of various biologi-
cally active substances (BASs) [1]. Much researchers’
attention is attracted now by new polymeric carriers
for BASs, polyvinyl saccharides and, in particular,
by polymers of N-methacryloylaminodeoxyglucose
(MAG) [2�9].

Polyvinyl saccharides are biologically active; in
particular, they exhibit immunomodulating properties
[7, 8]. Furthermore, in vivo experiments showed that,
when administered to a living body, the polymers
containing carbohydrate fragments as target-recog-
nizing vectors, are selectively localized in definite
organs, i.e., these units ensure directed transport of
polymeric systems [10] and enhance their bioadhesion
[11]. To make polyvinyl saccharides suitable as poly-
meric carriers, it is necessary to introduce into them
highly reactive functional groups reacting with BASs
under mild conditions.

The goal of this study was to develop procedures
for introducing activated ester units into polyvinyl
saccharides.

We tested two procedures for introducing reactive
ester units into poly-MAG: (1) radical copolymeriza-
tion of MAG with activated esters of unsaturated
acids and (2) introduction of activated ester groups
into polymers by polymer-analogous transformations.

EXPERIMENTAL

N-Methacryloylaminodeoxyglucose was prepared
as described in [2]. Activated p-nitrophenyl (NPE)

and N-hydroxysuccinimide (HSIE) esters of unsatu-
rated acids (acrylic, AA; methacrylic, MAA) were
prepared as described in [12, 13]. Copolymerization of
MAG with unsaturated acids was performed at 60�C
for 24 h, and copolymerization with activated esters,
at 50�C for 1�2 h in dimethylformamide (DMF) in the
presence of a radical polymerization initiator, azobis-
(isobutyronitrile) (AIBN). The polymers were precipi-
tated by pouring their solutions into diethyl ether.

Reactions of MAG�unsaturated acid copolymers
with hydroxy compounds (p-nitrophenol, NP; N-hy-
droxysuccinimide, HSI; N-hydroxyphthalimide, HPI)
were performed in DMF in the presence of N,N �-dicy-
clohexylcarbodiimide (DCC) [12]. After a reaction was
complete, the dicyclohexylurea precipitate was filtered
off, and the polymer was isolated with diethyl ether.

The content of carboxy groups in MAG�acid co-
polymers was determined by potentiometric titration
with 0.1 N NaOH. The content of activated ester
(N-hydroxyphthalimide ester, HPIE; HSIE; NPE)
units in the copolymers was estimated spectrophoto-
metrically (SF-46 spectrophotometer) from the ab-
sorption of, respectively, AA HPIE units (�max =
295 nm, � = 2100 l mol�1 cm�1) [13], HSI anion
released in aminolysis of the copolymers with 0.1 N
NH4OH (�max = 260 nm, � = 8600 l mol�1 cm�1) [13],
and bound NP (�max = 274 nm, � = 9500 l mol�1 cm�1)
[14]. The intrinsic viscosities of copolymers were
determined with an Ubbelohde viscometer in 0.1 M
Na2SO4 at 25�C. The molecular weight of the MAG�

AA copolymer (8.0 mol % acid units) was calculated
using the same parameters of the Mark�Kuhn�Hou-
wink equation as for poly-MAG [4]:

[�] = 8.29 � 10�4 M 0.49.
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Table 1. Copolymerization of MAG (M1) with unsaturated
acids (M2): [M1 + M2] = 10 wt %, [AIBN] = 3% based
on [M1 + M2], DMF, 60�C, 24 h
����������������������������������������
Co- � Monomeric mixture � Copolymer

poly-� �������������������������������������
mer � M2

� [M2], � [M2], � [�]*, � M�no. � � mol % �mol %� dl g�1 �
����������������������������������������

1 � AA � 10 � 8.0 � 0.08 � 22000
2 � AA � 30 � 23.5 � 0.08 � Not de-

� � � � � termined
3 � AA � 40 � 41.0 � 0.07 �
4 � MAA � 36 � 27.4 � 0.07 � �

����������������������������������������

Aminolysis of a MAG copolymer containing NPE
units was monitored spectrophotometrically. A solu-
tion of the copolymer in DMF was placed in a tem-
perature-controlled (25�C) cell (d = 0.2 cm), and a so-
lution of an amine in DMF was added. The concen-
tration of NPE units was 0.6 � 10�3 M, and the mo-
lar ratio [amine] : [ester units] = 150 : 1. The reac-
tion course was monitored by a decrease with time of

the optical density at the wavelength corresponding
to the absorption peak of bound NP [14]. The time
from mixing the reactants to starting the measure-
ments did not exceed 10�15 s.

We failed to prepare the desired copolymers by
radical copolymerization of MAG with NPE or HSIE
of acrylic and methacrylic acids in the presence of
AIBN. In all the cases, the polymer obtained con-
tained no activated ester units. The MAG molecules
contain hydroxy groups, in particular, a primary OH
group. It is known that hydroxy compounds react with
activated esters, with the reaction rate growing with
temperature [15, 16]. Apparently, MAG reacts with
activated esters at 50�C (conditions of radical poly-
merization in the presence of AIBN).

Therefore, we tested another procedure for intro-
ducing reactive groups: polymer-analogous transfor-
mations. For this purpose, we first prepared by radical
copolymerization the copolymers of MAG with un-
saturated acids, AA and MAA. Then these copolymers
were treated with an appropriate hydroxy compound
in the presence of a dehydrating agent, DCC, to obtain
MAG copolymers containing activated ester (NPE,
HSIE, HPIE) units:

����������

CH2�C + CH2�C � �[�CH2�C�]n�[�CH2�C�]m� �� [�CH2�C�]n�[�CH2�C�]m�
����
��

C�O
��

C�O

R CH3

��
��
��

C�O

R

��
OH

��
�

������
� �

�

�
�HO

OH
NH

CH2OH
O
��� �
�

�
H, OH

OH

��
��

C�O

CH3

��
�

������
� �

�

�
�HO

OH
NH

CH2OH
O
��� �
�

�
H, OH

R�OH

DCC

��
��

C�O

R

��
O

��
��

C�O

CH3

��
�

������
� �

�

�
�HO

OH
NH

CH2OH
O
��� �
�

�
H, OH��R�

�N���O
O

where R = H, CH3; R� = 	��NO2; �N���O
O


����
�

, .

����������

Since one of the main requirements to polymeric
carriers for BASs is relatively low molecular weight
[17], MAG�acid copolymers were prepared at low
concentrations of the monomers (10 wt %) and high
concentration of the initiator (3 wt % based on the
sum of the monomers). The carboxyl-containing co-
polymers were prepared in 93�95% yield; their char-
acteristics are listed in Table 1. As seen from the
above data, the intrinsic viscosities of the copolymers
are relatively low: 0.07�0.08 dl g�1. The MAG�AA
copolymer containing 8 mol % acid units has M� =
22000, which meets the requirements to polymeric
carriers for BASs (Table 1, polymer no. 1).

Data on reactions of MAG�acid copolymers with
hydroxy compounds are listed in Table 2. In all the
cases, the copolymers prepared contained activated
ester units. However, the degree of esterification of
carboxy groups depended on the structure of the start-
ing copolymer. For example, the conversion of MAG�

MAA copolymer (27.7 mol % acid units) in the reac-
tion with NP (acid : NP : DCC ratio 1 : 1.2 : 1.2) is as
low as 5%, whereas the conversion of the MAG�AA
copolymer of similar composition (26.7 mol % acid
units) under the same conditions reaches 44%. The
amount of ester groups introduced into the copolymer
also depends on the reactant ratio. For example, at
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Table 2. Reactions of MAG	acid copolymers with hydroxy compounds (HCs)
������������������������������������������������������������������������������������

Co- � Starting copolymer � Reaction conditions � Reaction product
poly-

� � �
�����������������������������������������������������������������������������

mer � acid � [COOH], � [�], � HC � [COOH] : [HC] : [DCC], � [	O	R�], � 
, % � [�]*,
no. � � mol % � dl g�1 � � mol % � mol % � � dl g�1

������������������������������������������������������������������������������������
5 � AA � 23.5 � 0.08 � NP � 1 : 1.2 : 1.2 � 10.3 � 43.8 � 0.08
6 � AA � 23.5 � 0.08 � NP � 1 : 2 : 2 � 16.6 � 70.8 � 0.07
7 � AA � 23.5 � 0.08 � NP � 1 : 3.5 : 3.5 � 19.2 � 71.9 � Not determined
8 � AA � 23.5 � 0.08 � HPI � 1 : 1 : 1 � 13.7 � 58.4 � 0.07
9 � AA � 23.5 � 0.08 � HSI � 1 : 2 : 2 � 14.5 � 62.0 � 0.07

10 � MAA � 27.7 � 0.07 � HSI � 1 : 1.2 : 1.2 � 1.2 � 4.3 � Not determined
11 � MAA � 27.7 � 0.07 � HSI � 1 : 2 : 2 � 3.4 � 12.5 � �
12 � MAA � 27.7 � 0.07 � HSI � 1 : 3.5 : 3.5 � 3.6 � 13.2 � �

����������������������������������������������������������������������������������

the acid : NP : DCC ratio of 1 : 2 : 2, the conversions
� of the MAA and AA copolymers are 15 and 72%,
respectively. However, the conversion did not increase
further at larger relative amounts of NP and DCC.
A similar influence of the structure of acid units and
reactant ratio has been observed previously in reac-
tions of NP with copolymers of N-vinylpyrrolidone
(VP) with unsaturated acids [12].

Reactions of MAG�AA copolymers with HSI and
HPI also proceed to high (up to 60%) conversions
(Table 2). The resulting copolymers, containing ac-
tivated ester units, react with amines. For example,
copolymer no. 6 (MAG : AA : AA NPE = 76.5 :
6.9 : 16.6 mol %) reacts with n-butylamine by the
scheme
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with the release of free NP (�max = 320 nm), which is
accompanied by a decrease in the absorption of bound
NP (�max = 274 nm) [14] (see figure). The times of
20% and 50% conversion of the reactive ester groups
in the reaction with the amine are 3 and 24 min, re-
spectively, and the maximum attainable conversion
is 92%. In the absence of n-butylamine, the intensity
of the absorption band with �max = 274 nm did not
change noticeably in the course of several days (see
figure).

Interchain interaction of the copolymers synthe-
sized with VP copolymers containing primary amino
groups in pendant chains, e.g., with copolymers of VP
and vinylamine or allylamine at 5�10 wt % concen-
tration of the sum of the polymers, yields a gel owing
to the reaction of amino and activated ester groups,
as in the case of VP copolymers containing activated
ester units [18].

Optical density D (�max = 274 nm) of a solution of
copolymer no. 6 in DMF vs. time � (1) in the pres-
ence and (2) in the absence of n-butylamine. Concen-
trations, M: NPE units 0.6 � 10�3 and n-butylamine
0.09.
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CONCLUSION

Polymer-analogous transformations allow introduc-
tion into poly-N-methacryloylaminodeoxyglucose of
activated ester groups reactive toward amine-contain-
ing compounds, which makes these polymers promis-
ing as polymeric carriers for biologically active sub-
stances.
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Abstract�Coronoelectrets based on polystyrene and composites of polystyrene with Aerosil were studied.

The electret state is characteristic of virtually all
insulators [1]. In recent years, the field of application
of electrets, i.e., insulators producing strong electro-
static field in the surrounding space, has expanded
rapidly. Their applications range from home facilities
to special-purpose equipment; they include acoustic
converters, dosimeters, gas filters, systems for elec-
tron focusing, elements of friction units, gaskets, sys-
tems for corrosion protection, etc. [1�3]. New fields
of application of electrets have appeared recently in
medicine and biotechnology [4].

For the most part, electrets with stable external
electric field are produced from nonpolar polymers in
which the presence of deep levels trapping charge
carriers plays an important role. Impurity ions, inter-
faces between crystalline and amorphous phases, and
free volume of the polymer serve as energy traps.
However, highly stable electrets with good service
characteristics can be produced only from a limited
set of materials. Straight polymers as main material
for electrets do not have the mechanical, thermal, and
other characteristics required for their practical use.

To produce electret materials with prescribed char-
acteristics, it is appropriate to use formulations com-
posed of a polymeric binder and various fillers. How-
ever, the general pattern of variation of electret charac-
teristics of polymers upon filling was not determined.
As a result, progress in practical development of poly-
mer composite electrets is ahead of their theoretical
analysis. In this context, it is of interest to study the
features of polarization of various composites.

EXPERIMENTAL

We used polystyrene (PS) of the PSM 115 grade
[GOST (State Standard) 20282�86] with density of
1.06 g cm�1, viscosity-average molecular weight of
3 � 105, and electrical resistivity of 2 �1014

� m and

Aerosil of the A175 grade (GOST 14922�77) with
diameter of the initial aggregates of 14 nm and spe-
cific adsorption surface area of 175 � 20 m2 g�1.

The polymer and filler were blended on laboratory
microrolls at 175 � 5�C for 3 min. Plates 1.1�
1.2 mm thick were manufactured by pressing at 170 �

5�C for 5 min (GOST 12019�66). Polymer plates
were polarized in the field of a corona discharge with
the use of an electrode containing 196 sharp needles
uniformly arranged on a 7 � 7 cm2 area. The distance
between the plates and electrode was 20 mm; polar-
ization voltage, 35 kV; polarization duration, 60 s.
Before polarization, the plates were kept in a ther-
mostat at 90�C for 10 min.

The surface potential of the electrets, Ve, was meas-
ured every 24 h for 150 days by the vibration electrode
method (noncontact induction method) according to
GOST 25209�82 (measuring error 0.15%). The time
interval from polarization of the plate to the first meas-
urement of its surface potential was 1 h. The electrets
were stored in nonshorted state in paper pacages.
The surface charge density �ef was calculated by
the formula

�ef = Uc� �0 /�,

where Uc is the compensation voltage; �, the relative
permittivity of the composite; �0, the permittivity
of free space, equal to 8.854 � 10�12 F m�1; �,
the electret thickness [2].

The error in �ef calculation was 0.18%.

Thermally stimulated depolarization currents were
measured after 150 days of storage under linear heat-
ing at a constant rate of 5 deg min�1, using an elec-
tronic recorder of small currents with special measur-
ing cell with blocking aluminum electrodes and Teflon
gasket [3]. The thermally stimulated depolarization
(TSD) spectrum was recorded and visualized on a PC
using NVL 03 Driver software.
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Fig. 1. Surface potential of the polystyrene-based corono-
electret, Ve, vs. storage time �s.

Fig. 2. Currents of thermally stimulated depolarization of
coronoelectrets, I, based on (1) straight polystyrene and
composites of polystyrene with (2) 6 and (3) 10 vol %
of Aerosil.

The activation energy of charge relaxation, Wa
(trap depth), was evaluated from the initial slope of
the TSD current peak (Garlick�Gibson method) [1].

In corona polarization, when one of the polarizing
electrodes is ionized air plasma, charge carriers are
adsorbed on the surface of the insulator. In this case,
ions either transfer their charge to the insulator and re-
turn to air or penetrate into the surface area of the in-
sulator, where they are captured by energy traps.

Impurity ions, interface, free volume of polymer,
defects of monomeric units, irregularities in the chains,
and crystallite imperfections often serve as traps.
Chemically active impurities, specific surface defects
caused by oxidation processes, adsorbed molecules,
and differences in the short-range order of molecules
at the surface and in the bulk can serve as surface
traps for low-energy charge carriers (shallow traps).
The stability of a coronoelectret is mainly governed
by the type of energy traps into which most of the in-
jected charge carries fall (deep or shallow).

Polystyrene coronoelectrets have fairly high and
stable values of the surface potential Ve (Fig. 1) and
effective surface charge density �ef . It is precisely
this fact that account for the researchers’ interest in
these materials [5�7].

A study of TSD spectra of the polystyrene corono-
electret, performed after 150 days of storage, revealed
the presence of two levels capturing injected charge
carriers (Fig. 2). The primary level with activation
energy of charge relaxation, Wa = 1.15 � 0.05 eV, is
eliminated at 125�130�C. It is likely that, at this tem-
perature, the segmental mobility of polystyrene macro-
molecules becomes sufficient for liberation of injected
charge carriers from structural energy traps. Indeed, at
106�110�C, polystyrene passes from glassy to hyper-
elastic state. Above this temperature, bulky pendant
groups can fairly easily rotate, overcoming the intra-
molecular and intermolecular interactions. The differ-
ence between the temperatures of destruction of en-
ergy traps of this type and the glass transition point
may be due to high rate of temperature variation in
measurement of thermally stimulated depolarization
currents, not comparable with the relaxation rate of
macromolecular chains and their segments.

The secondary level capturing charge carriers, with
trap depth of 1.05 � 0.05 eV, eliminated at 160�165�C.
This temperature is close to the flow point of poly-
styrene, above which interchain interactions in the
polymer are virtually absent (Fig. 2).

Composite materials have features affecting forma-
tion and relaxation of electret charge. For example,
in filling of polymers as one of the possible ways to
produce electret composite materials, new structural
elements that can serve as traps of charge carriers
arise. These are interfaces, at which accumulation of
charge carriers is caused by the difference in conduc-
tivity between the phases (Maxwell�Wagner effect),
loosened adsorption layer of the polymer, and over-
strained segments of macromolecules.

It is well known that radicals formed in degrada-
tion of macromolecules can act as deep traps [3]. In
blending of polymers with fillers, high shear stresses
arise on the rolls, which inevitably results in mecha-
nochemical processes in the polymer. In this case,
macromolecules are cleaved to form radicals.

This must result in enhancement of electret char-
acteristics of polymeric coronoelectrets. However,
a study of composites of polymers with dispersed fill-
ers revealed that the composition of a composite exerts
a complicated influence on its characteristics [3, 8�12].
Both improvement and degradation of the electret
characteristics of polymer composites with increasing
content of fillers were observed.

The aforesaid makes interesting a study of poly-
mer composite coronoelectrets based on polystyrene
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and dispersed fillers. Previously, electrets based on
various polymers with different modifications of sili-
con dioxide have been studied: polymethyl methacry-
late with block silica gel [10, 11], polyamide PA-6
with fiber glass [12], and polyvinyl butyral with fiber
glass fabric [3]. Therefore, powdered Aerosil with
general chemical formula SiO2 was chosen as filler.

The studies showed that the presence of a filler
significantly affects the electret effect in polystyrene:
with increasing content of Aerosil in the composite,
the surface potential and effective surface charge den-
sity measured after 150 days of storage initially in-
crease and then decrease (Fig. 3). For all the compos-
ites studied, the surface charge is stable after 150 days
of storage; therefore, a comparison of their electret
characteristics at this instant of time is quite correct.
A similar dependence of charge density of thermally
stimulated depolarization of metal-containing poly-
meric electrets on the content of fiber glass fabric in
polyvinyl butyral has been observed previously [3].

The increase in Ve and �ef of polystyrene upon fill-
ing with Aerosil can be accounted for by appearance
in the material of new energy traps for injected charge
carriers with wide energy range. A study of the TSD
spectra of filled electret compounds (Fig. 2) showed
the presence of new traps for injected charge carriers,
which disappeared at 200�205 and 220�230�C. Most
likely, these traps are due to appearance of the poly-
mer�filler interface, since in filling the main part of
new traps appear at this interface. This is also caused
by the Maxwell�Wagner effect, presence of various
polar groups at the silicon dioxide surface, and ap-
pearance of loosened adsorption layer at the filler
surface. The observed enhancement of electret charac-
teristics was accounted for in [3] by formation of more
perfect supramolecular structures, which has a positive
effect on the formation of the electret charge. This
phenomenon can take place in the composites consid-
ered. The activation energies of charge relaxation from
new trap levels were 1.35 � 0.05 and 1.20 � 0.05 eV
for the electret from the polystyrene composite with
6 vol % of Aerosil.

It was found that the intensity and position of peaks
of TSD currents, characteristic of neat polystyrene,
vary with filling (Fig. 2). This is most likely due to
the presence of adsorption layer of polymer at the fill-
er surface with low lability; as a result, the mobility
of various kinetic units of the polymer decreases and
the relaxation times of its macromolecules increase.
For the composite of polystyrene with 6 vol % Aero-
sil, Wa is 1.10 � 0.05 and 1.95 � 0.05 eV for primary
and secondary traps for charge carriers, respectively.

Fig. 3. (a) Surface potential Ve and (b) surface charge
density �ef of coronoelectrets based on polystyrene
and Aerosil vs. A175 filler content � after (1) 30 and
(2) 150 days of storage.

Raising the filler content results in an increase
in the interface area and, hence, in the number of
traps, which must improve the electret characteristics.
Actually, for a coronoelectret based on polystyrene
with 10 vol % of Aerosil Wa is 3.15 � 0.05 and 1.75 �

0.05 eV for tertiary and quaternary traps for charge
carriers, respectively (Fig. 2).

However, with the filler content increasing further,
the Ve and �ef values decrease (Fig. 3), which is un-
expected. A decrease in charge with increasing filler
content can be accounted for by a decrease in the
amount of polarizable polymeric material: substitution
of nonpolarizable filler for electretized polystyrene
must inevitably affect the characteristics of corono-
electrets, which is actually observed for the depen-
dences of Ve and �ef on the filler content (Fig. 3). In
addition, even for the polystyrene composites with
10 vol % filler, the Wa values for primary and second-
ary trap levels for charge carriers (1.05 � 0.05 and
1.80 � 0.05 eV, respectively) are lower than the cor-
responding values for the composites with 6 vol %
Aerosil. At a still higher Aerosil content, the intensi-
ties of these peaks decrease further. This can be ac-
counted for as follows.

An increase in the total number of traps also makes
greater the number of shallow traps. During polar-
ization, shallow surface traps are saturated with in-
jected charge carries first. An increased content of
injected charge carriers in the surface layer makes
higher its conductivity, which leads to high relaxa-
tion rate of the coronoelectret charge. This impairs
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Variation of the surface potential of polystyrene-based composite of coronoelectrets in thermal treatment
������������������������������������������������������������������������������������

� Before thermal � � After thermal treatment for indicated period, h
� � ���������������������������������������������������A175, � treatment � T, �C � 1 � 168 � 336
������������������ ���������������������������������������������������vol %

� Ve, kV ��ef, �C m�2 � � Ve, kV ��ef, �C m�2 � Ve, kV ��ef, �C m�2 � Ve, kV ��ef, �C m�2

������������������������������������������������������������������������������������
6 � 2.05 � 35.6 � 150 � 2.00 � 34.7 � 1.55 � 26.9 � 1.45 � 25.2

� 2.05 � 35.6 � 170 � 2.05 � 35.6 � 1.20 � 20.8 � 1.15 � 20.0
� 2.05 � 35.6 � 190 � 1.45 � 25.2 � 0.75 � 13.0 � 0.7 � 12.2

10 � 2.70 � 49.8 � 150 � 2.70 � 49.8 � 2.20 � 40.6 � 2.05 � 37.8
� 2.70 � 49.8 � 170 � 2.65 � 48.9 � 2.00 � 36.9 � 1.90 � 35.0
� 2.70 � 49.8 � 190 � 1.90 � 35.0 � 1.00 � 18.4 � 0.95 � 17.5

������������������������������������������������������������������������������������

the electret characteristics of polystyrene composites
after reaching a certain extent of filling.

Filling of polystyrene with Aerosil particles changes
the characteristics of supramolecular structure for-
mation (size, shape, and type of size distribution) and
packing density, which may also lead to changes in
its electret characteristics (Fig. 3).

Our results suggest that even processing of com-
posite coronoelectrets by traditional procedures in-
volving reprocessing of plastics at a temperature less
than 190�C can yield products with electret properties,
since some traps for injected charge carriers disappear
above this temperature (with account of the high re-
laxation rates of macromolecules).

To verify this assumption, electret plates based on
polystyrene compounds were kept in thermostat at
150�C, 170�C, and 190�C. Changes in the surface
potentials in thermal treatment are listed in the table.

It is seen that charge relaxation is not complete,
which confirms our assumption.

CONCLUSIONS

(1) In electrets based on polystyrene, two trap-
ping levels injected charge carriers, responsible for
the high and stable electret properties of the compos-
ites, were found.

(2) Addition of silicon dioxide gives rise to new
trapping levels at the polymer�filler interface and
changes the energy depth of the existing levels, which
increases the surface potential and the effective sur-
face charge density of polystyrene electrets. Raising
the filler content above 10�12 vol % leads to deteri-
oration of the electret characteristics of composites
owing to a decrease in the amount of polarized poly-
meric material and increased conductivity of the sur-
face layer, which makes faster the relaxation rate of

coronoelectret charge. Electrets with prescribed char-
acteristics can be prepared by varying the component
ratio.

(3) The prepared sheet and film coronoelectrets
based on composites of polystyrene with Aerosil can
be processed into other articles without loss of their
electret properties.
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2-Phenyl-5-(4-Biphenylyl)-1,3,4-Oxadiazole and
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Abstract�The fluorescence intensity was studied for the scintillation formulation including 1,1,3-trimethyl-
3-phenylindan and 2-phenyl-5-(4-biphenylyl)-1,3,4-oxadiazole, 2-(4�-tert-butylphenyl-5-(4"-biphenylyl)-1,3,4-
oxadiazole, and 1,4-di(5-phenyl-2-oxazolyl)benzene. The scintillation efficiency was determined for the poly-
methyl methacrylate based plastic scintillator containing the above-listed compounds as luminescent additives.

2,5-Diaryl derivatives of 1,3,4-oxadiazoles are
known to exhibit luminescent properties [1]. The high-
intensity fluorescence and the short lifetime of the ex-
cited state of these compounds made them suitable
for scintillation devices.

One of oxadiazole derivatives, 2-phenyl-5-(4-bi-
phenylyl)-1,3,4-oxadiazole (PBD), is used as scintilla-
tion activator or luminescent additive enhancing the
light pulse from plastic scintillators (PSs) based on
polystyrene [2], polyvinylxylene [3], and polyvinyl-
toluene [4]. 2-Phenyl-5-(4-biphenylyl)-1,3,4-oxadi-
azole and another oxadizaole derivative, 2-(4�-tert-bu-
tylphenyl-5-(4��-biphenylyl)-1,3,4-oxadiazole (B-PBD),
have been suggested as luminescence activators for
PSs based on polymethyl methacrylate (PMMA) [5�7].

PBD and B-PBD are among the best scintillation
activators. They can effectively replace p-terphenyl
(PPP) used in liquid and plastic scintillators. PPP is
superior to PBD and B-PBD in the luminescent prop-
erties (fluorescence lifetime of PPP is 0.95 s, against
1.0 s of PBD, and the quantum yield of luminescence
of PPP, 0.93, against 0.83 for PBD [8]), but exerts
a weaker influence on the scintillation properties of
formulations. For example, the xylene solution of
PBD has a light output of 59% relative to that of an-
thracene crystals, and the light output of a PPP solu-
tion in xylene is 48% [1]. When PBD replaces PPP
in the PS based on polyvinylxylene, also containing
1,4-di(5-phenyl-2-oxazolyl)benzene (POPOP), the light
output increases from 130�135 to 140�145% relative
to polystyrene-based PS [3].

In this study, we attempted to use PBD B-PBD
as luminescent additives to replace PPP acting as lu-
minescence activator in the previously suggested [9]
PMMA-based scintillator, also containing 1,1,3-tri-
methyl-3-phenylindan (TMPI) and POPOP as addi-
tives. The choice of PBD and B-PBD as luminescence
activators was also governed by the fact that, similarly
to PPP, they absorb light in the region of TMPI lumi-
nescence [10]. Moreover, PBD and B-PBD are more
soluble than PPP in conventional scintillation sol-
vents: Saturated toluene solution of PPP at 25�C con-
tains 8 g l�1 of the luminescent additive, and that of
PBD, 20 g l�1 [1]. PPP [11] and PBD (B-PBD) in
methyl methacrylate (MMM) and PMMA proved to
have the same solubilities. A better, compared with
PPP, solubility of these additives must improve the
scintillation characteristics of the formulations, since
an increase in the concentrations of each additive
tends to decrease the light flash amplitude [4].

EXPERIMENTAL

The experimental procedure was described in [1].
The scintillation characteristics of a PS are determined
by the spectral-luminescent properties of all its con-
stituent luminescent additives. 1,1,3-Trimethyl-3-phen-
ylindan exhibits absorption and luminescence at 210�
290 and 270�310 nm, respectively (Fig. 1). The ab-
sorption of PBD and B-PBD at 230�350 nm com-
pletely overlaps the luminescence of TMPI, and the
medium (PMMA with TMPI additive) is transparent
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Fig. 1. (1, 3, 5, 7) Absorption and (2, 4, 6, 8) luminescence
spectra of (1, 2) TMPI, (3, 4) PBD, (5, 6) B-PBD, and
(7, 8) POPOP. Heptane solution, concentration 2 � 10�2 M.
(I ) Intensity and (�) wavelength.

Fig. 2. Luminescence intensity I of TMPI at � = 288 nm
vs. concentration c of (1) PBD and (2) B-PBD. Excitation
light wavelength �exc = 250 nm.

Fig. 3. Luminescence intensity I vs. concentration c in
polymethyl methacrylate of (1, 3, 5, 7) PBD and (2, 4,
6, 8) B-PBD. (a) PBD and B-PBD at � = 366 nm and
(b) POPOP at � = 418 nm. Excitation light wavelength
�exc, nm: (1, 2, 5, 6) 303 and (3, 4, 7, 8) 250.

in this range. As known [1], electron-donating sub-
stituents in the para position of the phenyl radicals
cause a bathochromic effect. This also follows from
a comparison of the absorption and fluorescence spec-
tra of PBD and B-PBD (Fig. 1). Moreover, the lu-
minescence intensity tends to increase somewhat in
going from PBD to B-PBD.

The complete overlapping of the absorption bands
of PBD (B-PBD) with the luminescence bands of
TMPI, as well as the high quantum yield (0.27) and
short lifetime of fluorescence (8 ns) of the donor,
TMPI, favors transfer of the absorbed energy, thereby
converting the transferred energy to the electronic
excitation energy of the molecules of the acceptor
[PBD (B-PBD)]. This is also favored by higher ex-
tinction coefficients for PBD (B-PBD) absorption
bands, compared with TMPI (4.5 � 104, 4.4 � 104 [1],
and 1.69 � 103 l mol�1 cm�1 [10], respectively). The
energy is transferred from TMPI to PBD (B-PBD)
virtually without losses at a high rate, as evidenced by
a decrease in the TMPI fluorescence intensity almost
to zero with the PBD (B-PBD) concentration increas-
ing to 6.5 � 10�2 M and over (Fig. 2). Based on the
data from [12], we estimated the rate constants of
energy transfer by the dipole-dipole mechanism (such
as, e.g., singlet-singlet energy transfer between the or-
ganic molecules) at 1.27 � 1010 (1.35 � 1010) and
6.78 � 109 l mol�1 s�1 for TMPI�PBD (B-PBD) and
TMPI�PPP systems, respectively. The higher rate
of energy transfer from TMPI to B-PBD and from
B-PBD to POPOP, compared with that from TMPI to
PBD and from PBD to POPOP, evidently intensifies
the fluorescence of POPOP in the TMPI�B-PBD�
POPOP system, compared with the TMPI�PBD�
POPOP system irradiated at � = 250 nm (Fig. 3).

Under excitation at �exc = 303 nm (without TMPI
absorption), the fluorescence intensity of PBD dis-
solved in PMMA grows only slightly with increas-
ing PBD concentration (Fig. 3a) and reaches a maxi-
mum at 1.5 wt % (6.5 � 10�2 M). Further increase in
the PBD concentration decreases the luminescence in-
tensity, i.e., there occurs concentration quenching. In
the case of POPOP (Fig. 3a, curve 5), the lumines-
cence intensity varies with the PBD concentration
in this system in a similar way. A decrease in the
POPOP fluorescence intensity at PBD concentrations
above 1.5% is also due to concentration quenching of
the activator. Evidently, the rate of energy transfer
from PBD to POPOP is comparable with, or lower
than the self-quenching rate of PBD.

When a sample containing TMPI and PBD is ex-
cited at �exc = 250 nm, the PBD fluorescence intensity
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increases sharply (Fig. 3a, curve 3) and varies with in-
creasing concentration of the luminescent additive sim-
ilarly to the case of �exc = 303 nm (Fig. 3a, curve 1).
The luminescence intensity of POPOP also changes
significantly (Fig. 3b, curve 7). Unlike the case of
�exc = 303 nm, light is absorbed at �exc = 250 nm
by both PBD and TMPI. Therefore, in the region of
the POPOP absorption, the total emission energy of
PBD is due to absorption of the primary excitation
energy and its acceptance from the donor, TMPI.
The energy absorbed by POPOP is converted into
fluorescence with higher intensity than in the case
of �exc = 303 nm.

Upon introduction of a butyl group into the PBD
molecule, not only the absorption and luminescence
maxima shift and light emission by this compound is
enhanced, but also the patterns of variation of the PBD
and POPOP fluorescence intensities with the B-PBD
concentration change. These dependences, unlike
the case of PBD, are described by curves leveling
off under excitation at �exc = 250 and � = 303 nm
(Fig. 3, curves 2, 4, 6, 8). Evidently, the transfer of
the photoexcitation energy from TMPI to B-PBD and
from B-PBD to POPOP is more probable than that in
the case of PBD.

Transfer of the excitation energy from the second-
ary solvent, TMPI, to the activator, PBD (B-PBD), at
a high rate and virtually without losses favors high
scintillation efficiency of the polymer formulation,
also containing POPOP acting as spectrum shifter.
The light output of this scintillator at the optimal con-
tent of PBD and B-PBD of 1.5 wt % (6.5 � 10�2 M)
is 143�145%, and in the case of a PS with the optimal
PPP content (0.4%, or 1.7 � 10�2 M) and identical con-
tent of TMPI (35%, or 1.48 M) and POPOP (0.02%,
or 2.75 � 10�4 M) it does not exceed 130% relative to
the PS consisting of PMMA, naphthalene (15%), 2,5-
diphenyloxazole (0.3%), and POPOP (0.06%) [11].

The plot of the scintillation efficiency � against the
concentrations of the activators for the PMMA-based
PS containing TMPI, POPOP, and PBD (B-PBD) has
a maximum: � grows with the PBD (B-PBD) content
increasing to 1.5 wt % (6.5 � 10�2 M), whereupon
the light output decreases with increasing concentra-
tion (Fig. 4). As seen from Fig. 4, the scintillation
efficiency of PS and the fluorescence intensity of
the PBD activator exhibit similar trends upon varia-
tion of the PBD concentration and identical positions
of the peaks and inflection points in the correspond-
ing curves. Evidently, the luminescent properties of
the additive determine its scintillation properties, and
energy transfer from excited TMPI molecules to PBD

Fig. 4. Variation of the scintillation efficiency �, with
the concentration c, of (1) PBD and (2) B-PBD.

molecules and from PBD to POPOP molecules fol-
lows the same mechanism in the cases of photo- and
�-excitation. The mechanism of energy transfer to
B-PBD at B-PBD concentrations above 6.5 � 10�2 M
(1.5 wt %) evidently depends on the nature of the ex-
citation sources, as indicated by the difference in
the run of the curves in this concentration range.

Plastic scintillators based on PMMA are typically
prepared by free-radical polymerization of methyl
methacrylate in which organic luminophores are sol-
uble. The participation of luminophores in chain prop-
agation and copolymerization reactions is responsible
for changes in their structures, affecting the spectral
characteristics and resulting in the loss of the lumi-
nescent activity. We have shown [13] that TMPI,
PBD (B-PBD), and POPOP used in the scintillator
of interest do not react with the propagating macro-
radicals: They do not inhibit the process and do not
act as chain-transfer agents. These additives are pres-
ent in the resulting polymer as solutes in a solid solu-
tion, and their favorable combination is responsible
not only for preservation but also for sensitization of
their fluorescence and scintillation.

CONCLUSIONS

(1) The photoexcitation energy is transferred from
1,1,3-trimethyl-3-phenylindan to 2-phenyl-5-(4-biphen-
ylyl)-1,3,4-oxadiazole or 2-(4�-tert-butylphenyl)-5-(4��-
biphenylyl)-1,3,4-oxadiazole, without losses at high
rate.

(2) Polymethyl metahcrylate based plastic scintil-
lators comprising 1,1,3-trimethyl-3-phenylindan, 2-
phenyl-5-(4-biphenylyl)-1,3,4-oxadiazole or 2-(4�-tert-
butylphenyl)-5-(4��-biphenylyl)-1,3,4-oxadiazole, and
1,4-di(5-phenyl-2-oxazolyl)benzene as luminescent ad-
ditives exhibit a light output exceeding by a factor
of 1.1 that of the formulation containing p-terphenyl
in place of 1,3,4-oxadiazole derivatives.
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Abstract�The effect of bifractional composition of conducting filler on the electrical and rheological prop-
erties of oligomeric compound was studied.

Conducting polymeric materials are frequently pre-
pared by addition of conducting dispersed components
[1, 2]. When a conducting component is added in
amount exceeding certain fraction, a three-dimensional
network of contacting particles is formed, and this
structure determines the conductivity of the polymeric
compound. Usually, polymeric compounds become
conducting at a volume fraction of coarse filler of
23�25 vol % [3].

It is known that finely dispersed components, e.g.
carbon black, tend to structurize in an oligomeric
medium [4, 5] and form continuous structures extend-
ing over the entire system, making it conducting [6].
Formation of such structures obviously affects the rhe-
ological properties of the polymer, because they increase
the energy of dissipation in a flowing system, i.e.,
the viscosity of the system grows. The volume content
of the carbon black at which an oligomeric compound
becomes conducting does not exceed 1 vol %.

To develop conducting polymers using conducting
dispersed components, it is necessary to understand
the patterns of formation of continuous networks from
disperse particles in an oligomeric binder. In this
study, we analyzed the rheological and electrical prop-
erties of oligomeric suspensions as influenced by
an electrically conducting filler.

The structuring of carbon black consisting of coarse
and fine fractions in the oligomeric dispersion medi-
um was studied on a special rheological-conducto-
metric device [5] equipped with a rheoviscometer of
the Rheotest-2.1 type and a digital unit for data pro-
cessing, interfaced to PC.

The experiments were performed using nongranu-
lated carbon black (specific surface area 100 m2 g�1)
and graphite (particle size 50�80 �m), with butadiene-
isoprene oligomer (M 5000) as a dispersion phase.
The formulations studied were prepared in a vacuum
mixer (250 rpm, 1000 Pa) in the course of 30 min at
a temperature of 60�C in the water jacket of the stirrer.
The mixture was placed in the measuring cell of the
rheological-conductometric device, and the cell was
thermostated for 1 h. Then, the initial parameters of
the device were set, the inner structure of the formula-
tion in the measuring cell was destroyed at a shear
rate of about 2 � 102 s�1, and the processes occurring
in the compound were studied.

The increase in the conductivity of the formulations
indicated that the carbon black particles are involved
in structuring and form three-dimensional (3D) con-
ducting agglomerates extending over the entire vol-
ume of the measuring cell. As seen from microscopic
data, the current passing through the formulation con-
taining continuous networks of carbon black particles
is proportional to the number of particle macrochains
in the system.

Finely disporsed particles can form continuous
networks extending over the entire system and affect-
ing the macroproperties of the oligomeric compound,
especially its rheological properties; primarily, the
dissipation energy of the compound flow (or its vis-
cosity) must increase. In the case of a conducting filler
(e.g., carbon black), formation of 3D continuous net-
works would strongly affect the formulation prop-
erties, making the material conducting. Obviously,
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Fig. 1. Relative electrical conductivity Jrel of formulation
containing carbon black (3 wt %) vs. shear rate �

.
at (a) 60

and (b) 80�C. Graphite content, wt %: (1) 20, (2) 10,
(3) 5, and (4) 2.5.

Fig. 2. Viscosity � of oligomer formulation at 60�C vs.
the shear rate �

.
. Graphite content, wt %: (1) 22, (2) 20,

(3) 10, (4) 5, (5) 2.5, and (6) 0. Carbon black content,
wt %: (1, 7) 0 and (2�6) 3.

the length of the continuous chains must be com-
parable with the distance between the electrodes. Thus,
the conductivity of filled polymers is a more sensitive
criterion of formation of continuous 3D networks

than the viscosity. A sharp increase in the system
viscosity may be also due to structuring of particles
without formation of networks of a size comparable
with the interelectrode distance.

Thus, preparation of conducting formulations based
on finely dispersed fillers requires structuring of par-
ticles into chains, whose size exceeds the particle size
by many orders of the magnitude, with the number of
particles in a chain exceeding thousands and tens of
thousands. However, such complex systems can be
easily broken. A question arises as to how the formu-
lation properties will change upon addition of coarse
conducting particles. We assume that these coarse par-
ticles can act as centers of carbon black structuring; in
this case, the length of continuous carbon black chains
required to form a conducting system would signif-
icantly decrease.

The dependences of the relative electrical current
(i.e., the ratio of the conductivities of formulations
containing a mixture of carbon black and graphite and
carbon black only, other conditions being equal) are
shown in Fig. 1a. We found no conductivity in the
mixture containing up to 22 wt % graphite, whereas
the oligomer containing 3 wt % of carbon black is
a conductor (Fig. 1a). However, the conductivity of
the system increases sharply upon addition of graphite
to an oligomer containing carbon black (3 wt %).
At increased shear rate, the internal structure of the
formulation is broken and its conductivity decreases.
Similar dependences obtained at higher tempera-
ture are shown in Fig. 1b. As seen, the effect of
graphite becomes stronger with increasing shear rate;
the maximal effect at 60�C corresponds to a shear
rate of 10 s�1, and that at 80�C, to 20 s�1.

The influence of the filler content on the oligomer
structuring is shown in Fig. 2. As seen, the viscos-
ities of formulations containing carbon black only
(curve 6) and graphite only (curve 1) are the lowest.
The higher viscosity of the pure oligomer in compar-
ison with the formulations containing both graphite
(22 wt %) and carbon black (3 wt %) at small sheare
rates is probably due to the structuring of the oligomer
and the effect of the dispersed components on the re-
sulting structures.

CONCLUSION

Coarsely dispersed filler added to an oligomeric
formulation intensifies the structuring of the finely
dispersed filler. Graphite when added to butadiene-
isoprene oligomer simultaneously with carbon black
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substantially enhances the conductivity of the system
and increases its viscosity.
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Abstract�Thermal curing of bis[4-(1-hydroxyethyl)phenyl] ether dimethacrylate was studied.

Processing of thermoreactive resins into heat-
resistant polymeric materials involves a serious prob-
lem: For curing to be efficient, the curing temperature
Tc should be maintained higher than the glass transi-
tion point Tg of the system being cured. In the high-
ly viscous medium of a thickly cross-linked poly-
meric matrix at a temperature below Tg, curing dras-
tically decelerates, because transport of reactants to
the reaction zone becomes severely hindered. Partic-
ipation of adjacent functional groups in polymer-
analogous transformations might eliminate this pro-
blem [1�3].

Being a polyfunctional monomer, bis[4-(1-hydroxy-
ethyl)phenyl] ether dimethacrylate (DM) may be of
considerable interest in this respect. It is a component
of Rolivsans, novel heat-resistant thermoreactive resins
used in modern engineering [4�6]. Owing to the pres-
ence of unsaturated methacrylate groups, it is involved
in common three-dimensional (3D) polymerization,
forming network polymers similar to the well-known

diol methacrylates [7�9]. However, a specific feature
of DM is the presence of latent (�sleeping�) fragments
�C6H4�CH(CH3)�O�CO�, allowing high-temperature
rearrangement of the initial polymeric network of DM
in the course of further curing at elevated tempera-
tures. In this study, we analyzed the mechanism of
thermal transformations of DM and the structure and
properties of the cured products.

Bis[4-(1-hydroxyethyl)phenyl] ether dimethacrylate
is formed in synthesis of Rolivsan MV-1, which is a
monomer�oligomer compound prepared chemically,
i.e., by transformations of a secondary aromatic diol,
bis[4-(1-hydroxyethyl)phenyl] ether (BOPE), in the
presence of methacrylic acid (MAA), catalyzed with
strong mineral acids [10�14]. Pure DM was prepared
for the first time by acylation of BOPE with methac-
ryloyl chloride (MAC) [12, 13]. According to ozonol-
ysis data, the content of double bonds in DM is
0.504 mol per 100 g; ester number, 272 mg KOH per
gram; nD

20, 1.5410; gelation time at 150�C, 2 min.

����������
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Thermal transformations of DM were studied by
IR spectroscopy, differential scanning calorimetry
(DSC), and elemental, thermogravimetric, and ther-
momechanical analyses. The IR study of DM was per-
foirmed in the temperature range 140�370�C (iso-
thermal heating at 140�C and dynamic heating of a
thin film between KBr and NaCl plates at an average
rate of 1.4 deg h�1.

The IR spectrum of DM (Fig. 1a, curve 1) contains
absorption bands of unsaturated and aromatic groups
at 3070�3060, 3030, 2975, 1630, 1600, 1500, 940,
870, and 830 cm�1, of methyl and methylene groups
at 2975, 2930, and 2870 cm�1, and of methine groups
at 2900 cm�1; it also contains strong absorption bands
of methacrylate ester and diphenyl ether groups at
1715 and 1240 cm�1; bands at 1170, 1060, and



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 10 2003

SYNTHESIS OF BIS[4-(1-HYDROXYETHYL)PHENYL] ETHER DIMETHACRYLATE 1663

1010 cm�1 originate from stretching vibrations of the
C�O bond in ester and ether groups.

The mechanism of thermal transformations of an-
other monomer, 4-vinylphenyl-4-(1-methacryloyloxy-
ethyl)phenyl ether (MV), which is also a component
of Rolivsan MV-1 [12, 13, 15], has been studied

previously [12, 13, 15]. DM can be expected to
behave similarly (with corrections for differences in
the structure and reactivity), and the following scheme
of cleavage (or activation) of latent ester groups with
formation of MAA, MV, and bis(4-vinylphenyl) ether
(DV) can be suggested:

����������

H2C�C�C�O�H + 4-H2C�HC�C6H4�O�C6H4�CH�O�C�C�CH2-4
��H3C����O ��CH3O����

DM ���
T > 130�

MV

H2C�C�C�O�H + 4-H2C�HC�C6H4�O�C6H4�CH�CH2-4
��H3C����OT > 130�

DV
���

��CH3

H2C�C�C�O�H + 4-H2C�HC�C6H4�O�C6H4�CH�O�C�C�CH2-4
��H3C����O ��CH3O����

DM ���
T > 130�

MV

H2C�C�C�O�H + 4-H2C�HC�C6H4�O�C6H4�CH�CH2-4
��H3C����OT > 130�

DV
���

��CH3

����������

It should be noted that, in contrast to MV, even
short (1�2 h) heating of DM at 140�C causes substan-
tial changes in the IR spectrum (Fig. 1a, curve 2),
which are due not only to the onset of the expected
3D radical polymerization (the gelation time of
DM at 140�C is as short as several minutes) but
also to the cleavage of the ester groups, according to
the above scheme. Dimethacrylate and bridging units
of the initial network polymer, formed by it, are un-
stable at this temperature and start to noticeably de-
compose to give MAA and MV, which, in turn, de-
composes to DV, MAA, and/or their units. This pro-
cess gives rise in the IR spectrum of DM to a new
band of out-of-plane bending vibrations of the H�C=C
fragment of the 4-CH2=CH�C6H4�O�C6H4� group
at �902 cm�1 [15�18]. The C=C stretching vibration
band at 1630 cm�1 simultaneously grows in intensity.

Therefore, it is not surprising that, in the initial pe-
riod (1�2 h) of DM heating, the bands at 902 and
1630 cm�1 noticeably grow in intensity (Fig. 1a,
curve 2), compared to the starting monomer. How-
ever, further heating causes the intiensities of these
bands to decrease owing to participation of the meth-
acrylate and styrene groups in (co)polymerization
(Fig. 1a, curves 3�5). Therefore, upon prolonged heat-
ing of the sample at 140�C and higher temperatures,
these bands gradually decrease in intensity, as also
does the band at 940 cm�1 belonging to out-of-plane
bending vibrations of the H�C= fragment of the meth-
acrylate group (Fig. 1a, curves 1, 2). Thus, at high
temperatures, unsaturated products formed from DM
by cleavage of methacrylate groups (see above) are
involved in thermal copolymerization of the system,
which becomes multicomponent.

Fig. 1. IR spectra of DM and products of its thermal transformations. Heating rate 1.4 deg h�1. (a) (1) Initial DM; heating range
140�190�C; final temperature, �C: (2) 142, (3) 160, (4) 180, and (5) 190. (b) Heating range 200�350�C; final temperature, �C:
(1) 200, (2) 260, (3) 290, and (4) 350. (�) Wave number and ( T) transmission.
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Table 1. Conversion of unsaturated and ester groups in the course of dynamic (�1.4 deg h�1) heating of DM, according
to IR data*

������������������������������������������������������������������������������������
� D � c / c0 � D � D � D � c / c0 � D � c / c0
�����������������������������������������������������������������������������

T, �C � at indicated �, cm�1

�����������������������������������������������������������������������������
� 1630 � 1240 � 1060 � 940 � 902

������������������������������������������������������������������������������������
130 � 0.24 � 0 � 0.84 � 0.60 � 0.28 � 0 � 0.00 � 0
140 � 0.20 � 0.83 � 0.77 � 0.05 � 0.18 � 0.64 � 0.11 � 0.61
150 � 0.15 � 0.62 � 0.83 � 0.01 � 0.15 � 0.54 � 0.09 � 0.50
160 � 0.09 � 0.38 � 0.82 � � � 0.11 � 0.39 � 0.05 � 0.28
170 � 0.06 � 0.25 � 0.85 � � � 0.06 � 0.21 � 0.02 � 0.11
180 � 0.04 � 0.17 � 0.80 � � � 0.02 � 0.07 � 0.01 � 0.06

������������������������������������������������������������������������������������
* (D) Optical density; (�) wave number, cm�1; (c, c0) running and initial concentrations of functional groups in DM, M. It is assumed

that the ratio of the optical densities D/D0 (D0, before heating; D, after heating) of DM is proportional to the conversion c/c0 of
the corresponding unsaturated group.

Table 2. Variation of the intensity of some absorption bands in the IR spectra of DM in the course of dynamic
(�1.4 deg h�1) heating*

������������������������������������������������������������������������������������

T, �C
� D (1803 cm�1), � canhydr , � D (1600 cm�1), � D (1500 cm�1), � D (1240 cm�1), � D (830 cm�1),� � � � � �
� C=O � % � Ar � Ar � O�C in Ar � H�C= in Ar

������������������������������������������������������������������������������������
140 / 3 h** � 0.02 � 2.0 � 0.20 � 0.42 � 0.77 � 0.21
140 / 6 h** � 0.03 � 3.3 � 0.20 � 0.44 � 0.77 � 0.21
150 � 0.04 � 4.4 � 0.20 � 0.62 � 0.87 � 0.20
160 � 0.05 � 5.6 � 0.19 � 0.63 � 0.86 � 0.20
170 � 0.07 � 7.8 � 0.19 � 0.50 � 0.82 � 0.19
180 � 0.13 � 14.4 � 0.19 � 0.55 � 0.80 � 0.16
190 � 0.14 � 15.6 � 0.20 � 0.43 � 0.73 � 0.16
200 � 0.15 � 16.7 � 0.20 � 0.42 � 0.74 � 0.15
210 � 0.16 � 17.8 � 0.21 � 0.40 � 0.78 � 0.15
220 � 0.18 � 20.0 � 0.22 � 0.42 � 0.76 � 0.16
230 � 0.17 � 18.9 � 0.21 � 0.37 � 0.68 � 0.15
240 � 0.18 � 20.0 � 0.24 � 0.43 � 0.76 � 0.15
250 � 0.16 � 17.8 � 0.24 � 0.42 � 0.71 � 0.14
260 � 0.14 � 15.6 � 0.28 � 0.41 � 0.73 � 0.14
270 � 0.14 � 15.6 � 0.30 � 0.40 � 0.77 � 0.14
280 � 0.10 � 11.1 � 0.31 � 0.36 � 0.70 � 0.14
290 � 0.08 � 8.9 � 0.31 � 0.30 � 0.67 � 0.13
300 � 0.05 � 5.6 � 0.31 � 0.28 � 0.61 � 0.13
310 � 0.04 � 4.4 � 0.33 � 0.27 � 0.59 � 0.12
320 � 0.04 � 4.4 � 0.35 � 0.26 � 0.61 � 0.13
330 � 0.03 � 3.3 � 0.30 � 0.29 � 0.64 � 0.12
340 � 0.03 � 3.3 � 0.34 � 0.21 � 0.56 � 0.10
350 � 0.01 � 1.1 � 0.28 � 0.17 � 0.46 � 0.09
370 � 0.00 � 0.0 � 0.25 � 0.19 � 0.38 � 0.11
������������������������������������������������������������������������������������
* (D) Optical density; 1803 cm�1 is the C=O vibration frequency of methacrylic anhydride; Ar = 4-C6H4�O�C6H4-4; (canhydr) con-

tent of anhydride groups.
** Isothermal heating at 140�C.

Comparison of the IR spectra of DM, MV, and DV
monomers (Tables 1, 2) with those of DM thermal
transformation products, measured under similar con-
ditions, shows how the degree of DM unsaturation

varies in the course of slow dynamic heating in the
range 130�180�C. For this purpose, we first deter-
mined the experimental intensities of the absorption
bands (at 900, 940, and 1630 cm�1) of DM, MV, and
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DV monomers used as reference; the IR spectra were
recorded under similar conditions.

Let us denote as A and B the contributions from
methacrylate and styrene (4-CH2=CH�C5H4�) groups
to the total intensity of an absorption band of the
monomer and assume these contributions to be addi-
tive. Then the spectrum of DM corresponds to 2A;
that of MV, to A + B; and that of DV, to 2B. From
the spectra of these three monomers, we can estimate
that contribution A to the bands at 1630, 940, and
900 cm�1 is 0.12�0.13, 0.14�0.18, and 0.00, and
contribution B to the same bands, 0.10�0.11, 0.00,
and 0.14�0.18, respectively.

From these data, we can determine how the con-
version c/c0 of the CH2=CH and CH2=C(CH3) groups
varies in the course of DM heating. Table 1 shows
that, in the range 160�180�C, the concentration of
unsaturated groups of the styrene and methacrylate
types in the system abruptly decreases owing to their
involvement in the radical copolymerization of the
system components. It should be noted that the kinetic
data obtained in the isothermal (Fig. 2) and dynamic
modes of DM heating are well consistent.

As for other major IR manifestations of the cleav-
age of ester groups in DM, Fig. 1 shows that, on
heating, the methacrylate C=O absorption band at
1715 cm�1 gets broadened and shifted toward lower
frequencies (1700�1685 cm�1) corresponding to ab-
sorption of the carboxy group in MAA [15, 18]. Final-
ly, the intensity of the methacrylate C�O stretching
band at 1060 cm�1 abruptly decreases already at the
very beginning of DM heating at 140�C. Simulta-
neously, the methacrylate H�C= bending band at
940 cm�1 gets considerably broadened and shifted
owing to superposition of the carboxyl O�H bending
band of MAA and/or its unit at 935�15 cm�1; also,
broad OH stretching bands of carboxy group appear
at 3570�3500 and 2700�2500 cm�1, and a band of
the C�O bond in carboxy group appears at 1420 cm�1

[19].

It could be expected that cleavage of DM according
to the above scheme would be accompanied by a
decrease in the content of CH3 and CHtert groups.
Indeed, the intensities of the stretching vibration
bands of the methyl (2980, 2930, 2870 cm�1) and
methylene (2890 cm�1) C�H bonds and of the C�H
bending vibrations (1370 cm�1) appreciably decrease
in the course of DM heating. A similar pattern has
been observed previously in thermal transformations
of other methacrylates of secondary aromatic alcohols
[12, 13, 15, 18], e.g., MV [15]. In particular, it was
shown that MV units in the network (co)polymer pre-

Fig. 2. Kinetics of transformations of unsaturated groups in
the course of isothermal heating of DM (140�C) between
(a) KBr and (b) NaCl plates. (c, c0) Initial and running
concentrations of functional groups, M. �, cm�1: (1) 1630
[CH2=CH and CH2=C(CH3)], (2) 940 [CH2=C(CH3)], and
(3) 902 (CH2=CH). The c/c0 ratios were calculated from
changes in the intensities of the indicated absorption bands
in the IR spectra of transformation products of DM and
model monomers (MV, DV).

pared by thermal polymerization of MV are also
cleaved to give DV units.

As the temperature is raised further to 180�
200�C and more, one more parallel reaction starts
to make a major contribution to the thermal trans-
formations: formation of methacrylic anhydride (MA)
units from MAA units in the network polymer, which
yields substituted glutaric anhydride units. In the IR
spectra of DM recorded in the course of curing, the
carbonyl absorption bands at 1803 and 1755 cm�1,
characteristic of the anhydride group, steadily grow in
intensity (Fig. 1a, curves 4, 5; Fig. 1b, curves 1, 2;
Fig. 3; Table 2). To compare, glutaric anhydride
shows carbonyl absorption at 1802 and 1761 cm�1

[19]. Naturally, as anhydride units are formed, the ab-
sorption band of carboxyl C=O group at 1690 cm�1

decreases in intensity.

Heating to 250�300�C causes give rise to broad
bands at 1660�1680 cm�1 in the IR spectra of DM
curing products (Fig. 1b); these bands originate from
stretching vibrations of ketone carbonyl group [19].
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Fig. 3. Kinetics of formation of methacrylic anhydride units
in the course of DM heating in the temperature range
140�370�C at average rate of �1.4 deg min�1 between KBr
plates: (c) concentration of anhydride groups and (T ) tem-
perature.

Fig. 4. Thermogram of DM curing (DSC, scanning rate
4 deg min�1). (T ) Temperature and (�H ) thermal effect.

As shown previously in comprehensive studies of
related compounds and systems by various methods
[12, 13, 15, 18], these changes in the IR spectra are
due to fast solid-phase Friedel�Crafts acylation of
diphenyl ether groups with adjacent MA units, yield-
ing thermally stable methylenetetralone units in the
network copolymer. Figure 3 shows that the consump-
tion of anhydride groups in polymer-analogous acyla-
tion reactions results in a fairly sharp decrease in their
content in the network copolymer in the final stage of
DM curing (in the temperature range 250�300�C).

The IR spectra of products of DM curing in the
range 300�370�C allow evaluation of the resistance
of units and some groups of the resulting network co-
polymer to thermal oxidative degradation in air. Fig-
ures 1b (curve 4) and 3 show that the least thermally
stable fragments of the copolymer are MA units; they
degrade in the course of slow heating of the sample
from 300 to 370�C. The intensities of the absorption
bands of aromatic and diphenyl ether groups also

gradually decrease in the course of prolonged heating,
but remain relatively high even after heating to 370�C
(Table 2). An exception is an appreciable growth of
the band at 1600 cm�1, belonging to the C=C bond in
Ar and sensitive to conjugation [19]; apparently, high-
temperature degradation results in the formation of
polyconjugated (polycyclic) structures.

High-temperature curing of DM and related com-
pounds [15, 18], causing cardinal structural changes
as indicated by IR spectroscopy, was also studied by
DSC. The observed pattern of thermal effects is con-
sistent with the above-considered mechanism of ther-
mal transformations of DM following from IR data,
taking into account a significant difference in the
heating rates (IR, 1.4 deg h�1; DSC, 4 deg min�1).
At high heating rates, structural changes are usually
manifested much more sharply than under conditions
of isothermal heat treatment or slow heating.

Figure 4 shows that the exothermic peak observed
at 231�C (first step of thermal transformations of DM)
is apparently due to prevailing 3D (co)polymeriza-
tion of methacrylate and styrene monomers. Such
processes are accompanied by substantial heat release
[20]. In the range 234�238�C, the heat release ab-
ruptly weakens, which may be due to prevalent con-
tribution of concomitant endothermic cleavage of
ester groups. Finally, the exothermic peaks observed
at 240 and 246�C may be due to the major contribu-
tion from copolymerization of unsaturated compounds
formed by DM cleavage (as shown above) and from
polycyclization (formation of anhydride units from
MAA units) in the final stage of DM curing (post-
curing). The total thermal effect of DM transforma-
tions is about 69 kJ mol�1, whereas the heat of
polymerization of DV (which contains no cleavable
ester groups), determined under the same conditions
(kJ mol�1), is considerably higher: 97 [21] or 114
[16]. Thus, the difference in the total heats of curing
of DM and DV is mainly due to the fact that curing
of DV involves only exothermic reactions of 3D po-
lymerization, whereas curing of DM is accompanied,
along with polymerization, by endothermic cleavage
of ester groups.

The structural transformations of DM can be gen-
erally regarded as high-temperature dehydration, with
water removal from the glassy polymeric matrix by
molecular diffusion. Presumably, total cleavage of
1 mol of DM or its polymer (polyDM) by the above-
given scheme is accompanied by release of 2 mol of
MAA (or polyMAA); its transformation into the anhy-
dride, in turn, results in release of 1 mol of H2O:
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(C24H26O)n ��� �(C16H14O)n � m�(C8H10O3)m�,

DV�MA copolymerPolyDM
�H2O

160�230�C
(C24H26O)n ��� �(C16H14O)n � m�(C8H10O3)m�,

DV�MA copolymerPolyDM
�H2O

160�230�C

where n = 1, m = 0.5.

In this case, the molar ratio of DV and MA units
in the copolymer will be 1 : 1. Then, if we assume
that the high-temperature Friedel�Crafts acylation of
diphenyl ether groups with adjacent anhydride groups
in polymer chains to give methylenetetralone and
MAA units goes to completion, then the composition
of the acylated copolymer can be determined from the
following scheme:

�������
Acylation with MA

�0.25H2O
�(C20H18O2)0.5�(C8H10O3)0.25�

Acylated DV�MA copolymer

�(C16H14O)0.5�(C8H10O3)0.5�
DV�MA copolymer

�������
Acylation with MA

�0.25H2O
�(C20H18O2)0.5�(C8H10O3)0.25�

Acylated DV�MA copolymer

�(C16H14O)0.5�(C8H10O3)0.5�
DV�MA copolymer

Elemental analysis shows that, upon heating of DM
samples to 300�C, the carbon content grows from 73.2
to 77.7%. The latter value is intermediate between the
values calculated for the copolymer compositions be-
fore (76.6% C) and after (78.5% C) acylation. Calcu-
lation shows that, in the course of formation of these
copolymers, transformation of carboxy groups into
anhydride groups (followed in the latter case by acy-
lation) should result in the release of 9.6 and 12.1%
H2O, respectively. However, the total amount of vola-
tiles released in the course of dynamic (1.4 deg h�1)
heating of DM from 20 to 300�C does not exceed
7.7%. The fact that the amount of released water is
lower than expected may be due to partial degradation
(decarboxylation) of MAA and anhydride units upon
prolonged heating of the samples (for more than 70 h)
in the range 200�300�C. Previous mass-spectrometric
studies have shown [12, 18] that, at temperatures ex-
ceeding 200�C, thermal degradation (mainyl decar-
boxylation) of methacrylic acid units makes a small
but appreciable contribution.

Based on the above data, the polymeric structure
finally formed in the course of DM curing at 250�
300�C can be represented as follows:
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Fast solid-phase reactions in thickly cross-linked
polymeric matrices have been studied previously as
applied to curing of Rolivsans [5, 6, 21], model sys-
tems [12, 13, 18], and related compounds [15, 21]. As
noted above, the fact that the reactions occur in thick-
ly cross-linked polymeric matrices at temperatures
much lower than the softening point (�403�C), when
the transport of reactants to the reaction zone is usual-
ly hindered, is an advantage of such systems. How-
ever, in the systems under consideration, the vibra-
tional and rotational motion of adjacent groups is suf-
ficiently free for the reactions to be fast [12].

The above-discussed mechanism of DM curing
explains why it is possible to prepare heat-resistant
polymers and plastics from this thermally unstable
monomer. According to dynamic (4.5 deg min�1)
thermogravimetric analysis in air, the temperatures
of 5 and 10% weight loss by thermally rearranged
polyDM are 340 and 390�C, respectively, and the
breaking bending stress of fiber glasses based on
polyDM is 330 (20�C), 220 (300�C), and 50 MPa
(320�C).

EXPERIMENTAL

DM was prepared according to [12, 13]; a colorless
glycerol-like liquid, yield 45�50%, nD

20 1.541. Found,
%: C 73.20, H 6.6. Ester number (mg KOH per gram
product): found 272.0; calculated 274.8.

Bis(4-vinylphenyl) ether (DV) and 4-vinylphenyl
4-(1-methacryloyloxyethyl)phenyl ether (MV) were
prepared as described in [12�14].

The IR spectra were measured on a Specord 75-IR
spectrometer in a thin film. Calorimetric measure-
ments were performed with a Perkin�Elmer DSC-1B
differential scanning microcalorimeter, as described
in [20]. Exclusion liquid chromatography (ELC) was
carried out on a GPC-Waters chromatograph at 20�C
using columns packed with Ultrastyragel 500 � and
CHCl3 or toluene as eluent. Dynamic thermogravimet-
ric analysis of samples was performed on a Paulik�
Paulik�Erdey MOM C derivatograph (Hungary) at a
heating rate of 4.5 deg min�1. The softening point
was determined with a Vicat device (Institute of
Macromolecular Compounds, Russian Academy of
Sciences; indenter load 1 kg, indenter cross section
1 mm2).

Fiber glasses were prepared by hot pressing of
prepregs on T-10-80 fiber glass fabric at a pressure of
�1 kg cm�2, with heating from 20 to 300�C at a rate
of 1.4 deg min�1.
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CONCLUSIONS

(1) Thermal transformations of DM yield heat-
resistant thermoreactive polymers; common 3D radical
polymerization of DM, giving the initial thermally
unstable network polymer, is accompanied by ther-
mally initiated solid-phase consecutive-parallel reac-
tions between adjacent groups in chains of the poly-
mer network.

(2) Thermal transformations of DM involve a set
of consecutive-parallel reactions of 3D polymeriza-
tion, cleavage of ester groups of the monomeric unit
in the network polymer, formation of anhydride from
adjacent MAA units, acylation of diphenyl ether
groups with adjacent anhydride groups, decarboxyla-
tion of MAA, and degradation of methacrylic anhy-
dride units.
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Abstract�Conversion of potassium iodide in polyvinyl alcohol film by its treatment in the (NH4)2S2O8�
CuSO4�KI�KCl�H2SO4�H2O oxidizing solution, leading to coloring of the film with molecular iodine, was
studied. The conversion mechanism was analyzed as influenced by each component of the oxidizing solution.

Iodine-colored uniaxially oriented polyvinyl alco-
hol (PVA) films are used in transmission, reflection,
and semitransmission polarizers widely employed in
production of liquid-crystal displays.

PVA films are most often colored with iodine
sorbed from aqueous solution of I2 and KI [1]. Pre-
viously [2], a new procedure has been developed in
which a PVA film containing KI is colored using
an (NH4)2S2O8�CuSO4�KI�KCl�H2SO4�H2O oxidiz-
ing solution. It was found that this solution is most
effective if it contains simultaneously (NH4)2S2O8,
CuSO4, and KI, whereas in the absence of CuSO4 or
KI, the coloring efficiency drastically decreases [3].

In this study, we analyzed the coloring of a KI-
containing PVA film in the course of its treatment
in the oxidizing solution and the role of the solution
components in the oxidation reactions proceeding in
the film and solution, because published data on this
matter are lacking.

EXPERIMENTAL

The polyvinyl alcohol films were cast on glass
supports using a greasing-type draw plate and 11%
aqueous solution of V-1N polyvinyl alcohol contain-
ing ethanol, glycerol, KI, and boric acid (5, 2.5, 0.04,
and 0.1 wt %, respectively) and then dried at 24�26�C
to residual moisture content of 6�7%.

To prepare a film polarizer, a dried film fixed in
special clamps was placed in an aqueous oxidizing
solution heated to 32 � 2�C and containing (wt %) 0.1
(NH4)2S2O8, 0.1 CuSO4, 0.01 KI, 17�20 KCl, and
0.1 H2SO4. The resulting yellow-colored film was

washed with a 1% solution of boric acid H3BO3 at
24 � 2�C and treated with a saturated H3BO3 solution
heated to 42 � 2�C. As a result, the film became blue
owing to the formation of the �blue� dichroic com-
plexes PVA�(I2)n [4, 5]. The reaction of boric acid
with polyvinyl alcohol yields boric acid esters [6],
which link the polymeric chains and fix iodine in
the film. Then, the film was placed in an aqueous
fixing solution containing KI, CdI2, H3BO3, ZnCl2,
and HCl (0.01, 0.1, 0.4, 15, 0.1 wt %, respectively)
and washed in distilled water warmed to 24 � 2�C.
Treatment in the fixing solution made the film color-
ing more uniform.

To obtain an efficiently polarizing PVA film, it
should be uniaxially stretched by a factor of at least
3.5�4. The wet film was fixed in a device with
a lowering bar, stretched by a factor of 4, and dried
in an oven for 1 h at 60 � 5�C.

All the required solutions were prepared using pure
grade reagents, ultrapure 11-5 grade concentrated
H2SO4, and distilled water; the iodine solution was
prepared from a reference formulation.

The absorption spectra of iodine-containing solu-
tions were recorded immediately after their prepara-
tion, on a Specord UV-VIS spectrophotometer. To
study the reaction kinetics of KI and (NH4)2S2O8, the
optical density of the reaction mixture was recorded
in the course of the experiment on a KFK-3 photom-
eter. The concentrations of I3

� and I2 were calculated
from the optical densities at 350 and 460 nm, respec-
tively, using the extinction coefficients for I3

� (�350 =
26400 and �460 = 975) and I2 (�350 = 18 and �460 =
746) [7]. The measurements were performed at 20�C.
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Fig. 1. Absorption spectra of iodine solutions containing
(1) no additives and those with addition of (2) KI, (3) KCl,
(4) CuSO4, (5) (NH4)2S2O8, and (6) (NH4)2S2O8 +
CuSO4, and (7) oxidizing solution. (D) Optical density and
(�) wavelength. Concentration c � 104, M: I2 (2) 1.0,
(1, 3) 1.5, and (4�6) 2.5; KI (2) 0.12; KCl (3) 0.13;
CuSO4 (4, 6) 8.0; and (NH4)2S2O8 (5, 6) 8.8.

The yellow coloring of the colorless PVA film
upon its contact with the oxidizing solution suggests
that molecular iodine is formed in its bulk. It was
found that the rate and intensity of the film coloring
strongly decrease in the absence of CuSO4 and KI in
the oxidizing solutions, whereas the greatest effect is
observed when (NH4)2S2O8, CuSO4, and KI are pres-
ent simultaneously [3].

It is known that peroxydisulfate anions oxidize
iodide ions by the following overall reaction [8]

S2O8
2� + 2I� � 2SO4

2� + J2. (1)

Since the oxidizing solution contains excess per-
oxydisulfate anions relative to I�, I� must be com-
pletely converted into molecular iodine. Actually, in
the course of preparation, the solution becomes brown
owing to the formation of molecular iodine, but then
this color disappears.

The absorption spectra of the oxidizing solution
and those of iodine solutions in the absence of addi-
tives and in the presence of components of the oxi-
dizing solution are shown in Fig. 1. The spectra of

aqueous iodine solutions (Fig. 1, spectra 1�6) exhibit
three bands at 286�287 nm (I), 350�352 nm (II), and
460 nm (III), and no absorption bands are observed in
the spectrum of the oxidizing solution at � > 400 nm
(Fig. 1, spectrum 7).

According to [4, 7], absorption bands I and II be-
long to the anion I3

�, and III, to molecular iodine I2.
The intensity ratio of the absorption bands in spectra
1�4 (Fig. 1) indicates that iodine occurs in these sys-
tems predominantly as complex anion I3

�, which is
formed by the reaction between I2 and I� present in
the reference formulation:

I� + I2 �� I3
�. (2)

On introducing additional KI (Fig. 1, spectrum 2),
iodine is completely converted into I3

�, which is con-
firmed by an increase in the intensity of bands I and II
and by disappearance of band III. When KCl is added
(Fig. 1, spectrum 3), the absorption in the short-wave-
length range becomes so intense that band I is ob-
served as a shoulder. Copper sulfate (Fig. 1, spectrum
4 ) does not affect noticeably the intensity of the ab-
sorption bands of I� and I3

� as compared with spectrum
1 (Fig. 1). In the presence of (NH4)2S2O8 oxidant
(Fig. 1, spectrum 5), absorption bands I and II grad-
ually decrease in intensity and finally completely
disappear in the course of measurements, whereas
the intensity of band III increases indicating that I3

�

is converted into molecular iodine I2. Copper sulfate
strongly accelerates this process, and only the band at
460 nm typical of I2 is observed from the very begin-
ning (Fig. 1, spectrum 6 ).

These spectral data confirm that reaction (1) pro-
ceeds in the oxidizing solution, but the oxidation of
I� is not terminated at the stage of formation of mo-
lecular iodine, because the corresponding band III
is absent in the spectrum of this solution (Fig. 1,
curve 7 ).

To elucidate the pathways of iodine conversion in
the oxidizing solution, we studied the kinetics of the
reaction between KI and (NH4)2S2O8, catalyzed with
CuSO4. The concentrations of the oxidant and catalyst
in this set of tests corresponded to their content in
the oxidizing solution, and the concentration of potas-
sium iodide was varied within 0.004�0.020 wt %
or (0.5�2.5) � 10�3 M.

Immediately after mixing of the solutions
[(NH4)2S2O8 was added to a mixture of KI and
CuSO4 directly in the cell of a KFK-3 photometer],
a strong band at 353 nm and a broad band at 460 nm
appeared in the absorption spectra; these bands belong
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to complex I3
� and molecular iodine I2. As seen from

Fig. 2, variations in the optical density D350 with time
correspond to the changes in the content of I3

� in solu-
tion. The peaks in the curves describing the D350�t
kinetic dependences indicate that the complex anion is
the reaction intermediate.

The effect of the initial concentration of KI on
the concentration of I3

� formed in the initial stage of
the reaction [I3

�]1 min is shown in Fig. 3; this value
was calculated from D353 recorded 1 min after mix-
ing of the solutions. As a matter of fact, [I3

�]1 min is
the rate of oxidation of the initial iodide ions, because
at this instant of time [I�] >> [I3

�] and the rate of con-
sumption of the complex anions is insignificant. Since
the [I3

�]1 min�[KI]0 dependence is linear, this is a first-
order reaction. The same reaction order is observed for
oxidation of iodide ions with peroxydisulfate anions
without catalyst [9]. This fact can be accounted for by
occurrence of the reaction yielding atomic iodine:

I� + S2O8 � [S2O8 ] � I + S2O8 ,3�3�2�

I� + S2O8 � 2SO4 + I.2�3�

S2O8 � SO4 + SO4 or3� 2� � �
�

�

�

�

(3)

Apparently, in the presence of a catalyst (copper
compounds), the mechanism remains similar. The rate
constant of the first-order reaction, k1 � 0.7 � 10�3 s�1,
was calculated from the data in Fig. 3.

When the maximal concentration of triiodide an-
ions [I3

�]max is attained in the course of reaction,
the major fraction of the initial iodide ions is already
oxidized and, thus, the concentration of I3

� becomes
comparable with the concentration of the remaining I�

anions. The color of the reaction mixture turns from
yellow to orange. At this stage, the rates of oxidation of
I3
� and I� are comparable. The [I3

�]max�[KI]0 dependence
(Fig. 3) suggests that formation of I3

� proceeds with
two KI molecules involved [reactions (2) and (3)].

In the final stage of oxidation of potassium iodide
[after passing the peak in the kinetic curves (Fig. 2)]
at [I�] << [I3

�], the formation of the complex triiodide
anions stops and only their oxidation proceeds. Since
formation of I3

� does not affect noticeably the oxida-
tion potential of the I2/I

� couple [10], we suggest that
the oxidation of I3

� proceeds similarly to that of I�:

I3 + S2O8 � I2 + I + S2O8 ,2�

I3 + S2O8 � 2SO4 + I2 + I.2�3�

S2O8 � SO4 + SO4 or3� 2� �

� 3�

�

�
�

�

�

��
k2

(4)

Fig. 2. Optical density D350 of the reaction mixture of KI
and (NH4)2S2O8 vs. time; concentration of (NH4)2S2O8
8.8 � 10�3 M. Concentration of KI c � 103, M: (1) 0.8,
(2) 1.2, (3) 1.4, and (4) 1.6.

Fig. 3. Concentration of I3
� B vs. the initial concentration

c of KI in the reaction mixture. (1) [I3
�]1min and (2) [I3

�]max.

The experimental points of the descending sections
of the kinetic curves (Fig. 2) in the log [I3

�]t�t co-
ordinates are well fitted with straight lines, which
indicates first-order oxidation of I3

� and is consistent
with the mechanism (4). The rate constant of the first-
order reaction, k2 	 1.5 � 10�3 s�1, was calculated from
the slopes of the log [I3

�]t�t dependences. The constant
k1 is two times smaller than k2, i.e., the complex anion
is oxidized more readily than the initial iodide anion.
Moreover, k1 and k2 are independent of the concen-
tration of ammonium peroxydisulfate; at large oxidant
excess, I� and I3

� are oxidized in solution in pseudo-
first-order reactions.

The total amount of iodine formed by the instant
of complete conversion of iodide and triiodide ions
corresponds to the stoichiometry of the overall reac-
tion (1) (Fig. 4).
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Fig. 4. Content of I2 A vs. the initial concentration c
of KI.

The acceleration effect of copper(II) on the oxida-
tion of iodide ions by peroxydisulfate anions was
studied in [10]. It was believed that copper(II) ions
catalyze the oxidation, and the linear dependence of
the reaction rate on the Cu2+ concentration was attri-
buted to formation of the copper(II) iodide complex,
which then reacts with peroxydisulfate anions:

Cu2+ + I� � CuI+,

CuI+ + S2O8 � [ICuS2O8],

ICuS2O8 � Cu2+ + 2SO4 + I�,2�

I+ + I� � I2.

�
2�
�

�

�

�
�

�

�
�
�

�

(5)

However, a study of this reaction in solutions sim-
ilar to the oxidizing solution [3] showed that S2O8

2�

is a stronger oxidant than copper(II) ions (see table).

With (NH4)2S2O8 and CuSO4 present simultaneous-
ly, the reaction was sharply accelerated and completed
in 1�2 min. Thus, ammonium peroxydisulfate can be
regarded as oxidant, and copper sulfate, as reaction
catalyst. However, it was found [3] that for rapid and
complete oxidation of iodide ions, Cu2+ should be
taken not in a catalytic amount but in amount com-
parable with that of S2O8

2� (optimal ratio 1 : 1).

It is known that the effect of silver(I), copper(II),
and mercury(II) salts in redox processes is often rel-
ated to counterpolarization of the oxidant molecules
through partial formation of undissociated molecules

Oxidation of iodide ions in solution containing KCl and
H2SO4 (17 and 0.1 wt %, respectively) (reaction time
15 min, 20 � 0.5�C)
����������������������������������������

Component � Concentration c 	 103, M
����������������������������������������
(NH4)2S2O8 � 8.8 � 8.8 � � � � � �
CuSO4 � � � � � 8.0 � 8.0 � 8.0
KI � 1.2 � 3.0 � 1.2 � 3.0 � 6.0
[I2]exp � 0.60 � 1.70 � 0.10 � 0.10 � 0.15
[I2]cal � 0.60 � 1.50 � 0.30 � 0.75 � 1.50
����������������������������������������

of these strongly polarizing cations or complex ions
with these metal cations (as central atoms) [11, 12].
The oxidative power of the undissociated molecules
is the greatest. Thus, acceleration of the oxidative
conversion of potassium iodide in the coloring solu-
tion is probably due to the counterpolarization of per-
oxydisulfate anions. Reactions (2) in the presence of
CuSO4 can be represented as:

Cu2+ + S2O8 � CuS2O8,�
2�

I� + CuS2O8 � [CuS2O8I�],�

CuS2O8 � Cu2+ + SO4 + SO4 or� 2� �

CuS2O8 + I� � Cu2+ + 2SO4 + I.� 2�

�
�

�

�
�
�

�

(6)

It is known that hydrogen ions exhibit no specific
catalytic effect in a reaction between peroxydisulfate
and iodide ions [8]. Actually, addition of sulfuric acid
to a solution containing KI, (NH4)2S8, and CuSO4
does not accelerate the oxidation of potassium iodide.

The oxidation of potassium iodide in the presence
of (NH4)2S2O8 and CuSO4 does not stop upon forma-
tion of molecular iodine. As the reaction is continued,
the intensity of the band at 460 nm gradually decreases
and the orange color of the solution disappears, to
the point of complete decoloration. Thus, the molec-
ular iodine formed is oxidized by excess oxidant to
the iodate ions [13]. When a reducing agent (e.g., so-
dium thiosulfate) is added to the decolorized solution,
iodine is recovered by the reaction of IO3

� with the re-
ducing agent [14]. Oxidation of iodine was also found
in studies of I2 precipitation in the reaction of KI
with (NH4)2S2O8 [12].

Thus, the oxidizing solution used for coloring of
the PVA films contains, along with peroxydisulfate
anions, also iodate ions, which are the products of ox-
idation of iodide ions. On treatment of a KI-contain-
ing PVA film with this solution, IO3

�, being smaller
than S2O8

2�, penetrates into the polymer and oxi-
dizes KI. By controlling the contact time, the reaction
can be terminated when the iodide ions required for
the film coloring are formed in the largest amounts.
The involvement of the iodate ions in the oxidation
shows why sulfuric acid should be added to the color-
ing solution, because IO3

� ions are more reactive in
acidic solutions [8]:

IO3
� + 6H+ + 5I� � 3I2 + 3H2O. (7)

The oxidation of potassium iodide in the film
by reaction (7) provides accumulation of additional
iodine in its bulk [10].

Our experimental data revealed the role of
(NH4)2S2O8, CuSO4, KI, and H2SO4 in the oxidizing
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solution used for coloring of PVA films with iodine.
Potassium chloride is added to the solution to prevent
dissolution of the films being treated and to suppress
their decoloration [15]. The concentration ranges of
the components in the coloring solution provide op-
timal accumulation of iodine in the film and, after
subsequent treatment in H3BO3 solutions and fixing,
allow preparation of polarizers with the required
transmission in the 400�700 nm range and high polar-
izing power. At the component concentrations smaller
or greater than the optimum, either increased film
transmission with decreased polarizing power, or in-
creased polarizing power with decreased transmission
are observed [2].

We found that the time t of contact of the PVA
film with the oxidizing solution strongly affects its
coloring. Upon prolonged contact, the film is partial-
ly decolorized, affecting the optical properties of the
polarizer. The dependence of the optical density of
the polarizer film in the 480�800 nm range, i.e., in
the absorption range typical of dichroic complexes
PVA�(I2)n [16, 17], on the contact time t is shown
in Fig. 5. As seen, all the curves pass through a max-
imum. The decrease in the content of these complexes
with time is associated with a decrease in the amount
of I2 in the film bulk due to its oxidative conversion,
proceeding predominantly in the surface layer of the
film. To remove excess oxidants, the film is treated
in a fixing solution containing potassium and cad-
mium iodides and subsequently washed with distilled
water.

The optimal time of treatment of the PVA film
containing 0.04 wt % of KI in the oxidizing solution
of given composition is 30�60 s.

CONCLUSIONS

(1) Iodide ions are oxidized by ammonium per-
oxydisulfate to iodate ions with intermediate forma-
tion of triiodide ions and molecular iodine in the ox-
idizing solution containing (NH4)2S2O8, CuSO4, KI,
KCl, and H2SO4.

(2) During oxidative treatment of a polyvinyl al-
cohol film, potassium iodide occurring in the film
bulk is first oxidized by iodate ions diffusing from
the solution. As a result, the iodate ions provide ac-
cumulation of additional molecular iodine required to
form dichroic complexes in the polymer.

(3) The coloration efficiency of the polyvinyl al-
cohol film is determined by the maximal accumula-
tion of molecular iodine in its bulk and depends on
the concentrations of (NH4)2S2O8, CuSO4, and KI in

Fig. 5. Optical density D of the polarizer film as influenced
by the time t of contact of the film with the oxidizing solu-
tion; film thickness 70�75 �m. Wavelength, nm: (1) 620,
(2) 480, and (3) 800.

the oxidizing solution and on the time of contact of
the film with this solution.
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Abstract�Rheological properties of dilute and moderately concentrated aqueous solutions of mixtures of
methyl cellulose and hydroxypropyl cellulose and gelation in these solutions were studied. Using the solvent
vapor sorption, the compatibility of the polymer pair was examined and the composition range in which the
thermodynamic compatibility is realized was determined.

Characteristics of methyl cellulose (MC) solutions
and films and fibers manufactured on their basis can
be altered by chemical modification of the polymer.
Previously it has been demonstrated that introduction
of polar (cyanoethyl) and nonpolar (propyl) groups
into MC macromolecules modifies the thermodynamic
affinity of the polymer for water and the rheological
characteristics of solutions of mixed cellulose ethers
[gelation point (Tg ) and cloud point (Tc ) decrease]
[1, 2]. Introduction of substituents containing hydroxy
groups (e.g. hydroxypropyl) enhances the emulsifying
capacity of the solutions and their resistance to salts
and also raises the gelation point [3]. It is of scientific
and practical interest to modify MC through combina-
tion with another cellulose ether, hydroxypropyl cel-
lulose (HPC), in a common solvent, water.

Therefore, we analyzed in this study the viscous
characteristics of aqueous solutions of MC�HPC mix-
tures, as influenced by the mixture composition and
temperature, and also the gelation conditions and
thermodynamic compatibility of these two polymers.

EXPERIMENTAL

In experiments, we used MC with a degree of sub-
stitution (DS) of 1.7 and degree of polymerization
(DP) of 900 and HPC with molar substitution (MS)
of 3 and DP 800. Mixed solutions of MC and HPC
were prepared from equally concentrated stock solu-
tions taken in various mass proportions. Distilled wa-
ter was used as a solvent. The viscous characteristics
of dilute solutions were measured at 20�C with an Ub-
belohde viscometer. Rheological properties of con-
centrated solutions were studied with a Rheotest-2.1
rotation viscometer under shear stress of 3�600 Pa.

The gelation point Tg was determined with a Hoeppler
viscometer. The compatibility of MC and HPC was
determined by the method of solvent vapor sorption
on films of various compositions, formed from 2%
aqueous solutions.

Viscometry is often used to characterize the inter-
action between two different polymers in a common
solvent [4�6]. This method records the deviation of
the viscosity of dilute polymer solutions from the the-
oretical values estimated from the weight-average
viscosities of two individual polymers. The deviation
can be regarded as a measure of intermolecular inter-
actions between different polymers. In this study, to
characterize intermolecular interactions between MC
and HPC in aqueous solutions, we determined the in-
trinsic viscosity [�] of the initial components and
their mixtures. The theoretical intrinsic viscosity [�]th
was estimated as

[�]th = [�]1c1/c + [�]2 c2/c, (1)

where c is the total polymer concentration (c = c1 + c2),
and c1 and c2, the concentrations of the first and sec-
ond components.

The experimental and theoretical composition de-
pendences of [�] are shown in Fig. 1. The experi-
mental curve 1 demonstrates positive deviations from
ideality over the entire composition range, which is
an indication of intermolecular interactions between
the polymers in solutions. This can be attributed to
the formation of some structures whose hydrodynamic
volume is higher than the weight-average hydrodynam-
ic volume of two individual components. The maxi-
mum deviation of [�]exp from the theoretical value is
observed for the mixture with 50% HPC.
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It is known that the behavior of polymer mixtures
is governed by the degree of compatibility of the com-
ponents. For a series of synthetic nonionic polymers,
we evaluated the thermodynamic compatibility of the
components in solutions on the basis of intrinsic vis-
cosity measurements. According to the criterion sug-
gested in [7], we used as the measure of compatibility
�i /��i.

�i /��i = ([�]exp � [�]th)/([�]2 � [�]1), (2)

where �i is the difference between the experimental
and theoretical [�] of the mixture, and ��i , the dif-
ference between [�] of the first and second compo-
nents of the mixture.

For compatible polymers, this parameter is 0.1 or
close to this value irrespective of the sign. Figure 1
(curve 3) shows the dependence of �i /��i on the com-
position of the MC�HPC mixture. As seen, the max-
imum �i /��i is observed in a mixture containing 50%
HPC, i.e., the system is incompatible in this composi-
tion range. For other compositions, the parameter
�i /��i is close to 0.1, suggesting that MC and HPC
are compatible.

To examine the compatibility of MC and HPC and
characterize the polymer�polymer and polymer�water
interactions, we also used the solvent vapor sorption
method [8]. Films prepared from the individual poly-
mers and their mixtures were dried in a vacuum,
placed in closed vessels with water, and allowed to
stand under a saturated water vapor at 20�C until equi-
libration. Then the films were weighed, and the de-
gree of swelling was estimated as

Q = (Pswell � Pdry )/Pdry , (3)

where Pdry and Pswell are the weights of the dry
and swollen film, respectively.

Fig. 1. (1) Experimental [�]exp and (2) theoretical [�]th
intrinsic viscosities, and (3) �i /��i vs. the solution
composition.

Data on the sorption of water vapor on MC, HPC,
and their mixtures are summarized in the table below.
From the degree of swelling of the films, we estimated
parameters of the polymer�solvent interaction �1 for
MC, HPC, and their mixtures, using the Flory�Hug-
gins equation [9].

ln a1 = ln ( p1/p1
0 ) = ln (1 � �2) + �2 + �1�2

2, (4)

where a1 is the solvent activity, and p1 /p0
1 , the relative

pressure of the solvent vapor.

The experiments were carried out at the saturated
pressure of the solvent vapor, i.e., a1 = p1 /p0

1 =1 and
ln a1 = 0. The volume fraction of the polymer was
calculated by

�2 = 1/[1 + (d2 /d1 )Q ], (5)

where d1 and d2 are the solvent and polymer densities,
respectively, and Q, the amount of the adsorbed sol-
vent (g g�1).

The sample density was determined by hydrostatic
weighing in heptane. The polymer�polymer interac-

Amount of adsorbed water Q , volume fractions of the solvent �1 and polymer �2, parameters of the interactions polymer�
solvent �1 and polymer�polymer �23, and size of the solvent associates c1 g1 + 1 and their amount Nc
������������������������������������������������������������������������������������

Content, wt % � � � � � � �
������������������� � � � � � �� Q, g g�1 � �1 � �2 � �1 � �23 � c1g1 + 1 � Nc

MC � HPC � � � � � � �
������������������������������������������������������������������������������������

100 � 0 � 0.896 � 0.540 � 0.460 � 0.74 � � � 4.9 � 18.1
90 � 10 � 0.880 � 0.536 � 0.464 � 0.74 � �0.13 � 4.8 � 18.3
75 � 25 � 1.153 � 0.603 � 0.397 � 0.68 � 0.14 � 5.7 � 20.2
50 � 50 � 4.420 � 0.855 � 0.145 � 0.55 � 0.52 � 17.8 � 24.8
25 � 75 � 1.057 � 0.585 � 0.415 � 0.70 � �0.24 � 5.5 � 19.2
10 � 90 � 1.362 � 0.646 � 0.354 � 0.65 � �0.17 � 6.4 � 21.3
0 � 100 � 1.724 � 0.698 � 0.302 � 0.63 � � � 7.9 � 21.7

������������������������������������������������������������������������������������
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Fig. 2. Polymer�polymer interaction parameter �23 vs.
the solution composition.

tion parameter was estimated from the sorption data
by the Patterson equation (6) [10].

�23 = (�12�a + �13�b � �1(23))/�a�b , (6)

where �12, �13, and �1(23) are the Flory�Huggins inter-
action parameters of, respectively, the individual MC
and HPC and their mixtures with water; �a and �b are
the volume fractions of the polymers in a mixture.

Scott has demonstrated [11] that �23 < 0 for com-
patible polymer mixtures. Therefore, any positive
value of �23 suggests that the polymers are incom-
patible. The table shows that the mixtures containing
25�50% HPC are incompatible (�23 > 0). For the mix-
tures with 10 and >75% HPC, �23 < 0, i.e., the sys-
tems are compatible.

It should be pointed out that data on the compat-
ibility of NC and HPC, obtained in the solvent va-
por sorption experiments, are consistent with the vis-
cometric data obtained for dilute solutions and also
with the theoretical results yielded by Eq. (2) (Fig. 1,
curve 3). As a graphic demonstration, Figure 2 shows
the composition dependence of �23. As seen, both
methods give nearly coincident composition ranges
in which MC and HPC are compatible. Here, one
should keep in mind that data on compatibility of
polymers, obtained in studying properties of dilute
solutions of polymer mixtures, are not always con-
firmed by the solvent vapor sorption method.

In the bulk of a polymer, adsorbed solvent molec-
ules can form associates if the cohesion forces be-
tween the sorbate molecules are stronger than those
between the sorbate and the polymer [12]. The aver-
age size of the associates, i.e., the number of molec-
ules in the associate can be estimated by the Zimm�
Lundberg equation (7) [12].

(7)c1g11 + 1 = (1 � �1)(� ln �1 /� ln a1 )p, T ,

where g11 is the cluster formation integral; and c1,
�1, and a1, the molar concentration, volume fraction,
and activity of the solvent, respectively.

Combining the Flory�Huggins and Zimm�Lund-
berg equations, Starkweather has derived the follow-
ing relationship for the size of associates [13]:

c1 g11 + 1 = 1/(1 � 2�1�1), (8)

where �1 is the polymer�solvent interaction parameter
in the Flory�Huggins equation.

The number of associates in the polymer matrix
was calculated by

Nc = W/(c1 g11 + 1), (9)

where W is the amount of adsorbed solvent (g per 100 g
dry polymer).

As seen from the table, the amount of associates
and their size are larger in a mixture containing 50%
HPC.

It may be suggested that the size of solvent as-
sociates and their amount are influenced by the prop-
erties and thermodynamic compatibility of macro-
molecules of the polymeric components constituting
the mixture, as well as the morphology of the films
formed. Like cellulose itself, MC and HPC are partial-
ly crystallizable polymers. With increasing fraction of
amorphous zones in the polymers and their mixtures,
i.e., with decreasing degree of ordering, the volume of
the polymer matrix in which associates can be formed
will increase. With incompatible polymers, a porous
matrix appcars in film formation. This matrix has
larger specific surface area and higher porosity as
compared with the films prepared from the individual
polymers. As the specific surface area and porosity
of the films increase, the volume in which solvent
associates can be formed increases too, which is sup-
ported by experimental data. Thus, the films contain-
ing 50% HPC are cloudy in their outward appearance,
unlike the films of other compositions.

To gain better insight into the intermolecular in-
teractions between macromolecules of different kinds
in moderately dilute solutions, we studied the rheo-
logical characteristics of 2% MC�HPC mixtures at
various temperatures.

Figure 3 shows the flow curves of the solutions
studied. As seen, these solutions demonstrate an in-
completely Newtonian flow behavior. At shear stres-
ses of up to log � � 1.8�2.0 (�, 10�1 Pa), nearly New-
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tonian flow is observed, and at higher shear streses,
a structural viscosity branch. With increasing HPC
fraction, the viscosity of mixed solutions decreases.
With the solutions heated to 50�C, the shape of the
log ��T curves changes (Fig. 4). Above 40�C, a phys-
ical thermally reversible gel is formed, which, in turn,
leads to an increase in viscosity. In a solution con-
taining 25% HPC, we also observed gel formation
accompanied by increasing viscosity. In the HPC so-
lution (Fig. 4, curve 5), gel formation does not occur
with increasing temperature, but the solution gets
turbid, suggesting phase separation (precipitation
of HPC from the solution). This makes lower the
polymer concentration in solution, which results in
a sharper decrease in the viscosity above 40�C.

From the temperature dependences of the viscosity,
we estimated the enthalpy of activation of viscous
flow of the solutions Ea (at temperatures at which no
gel formation is observed, i.e., at 20�40�C). From the
flow curves we estimated the degree of structurization
in the solutions, defined as the ratio [(�0 � �1/�0] �
100 (%), where �0 and �1 are the solution viscosities
at log � = 1.7 and 3.0, respectively.

Figure 5 shows the composition dependences of
the viscosity, activation enthalpy of viscous flow,
and degree of structurization in MC�HPC mixtures.
The viscosity of the mixed solutions and degree of
their structurization (curves 1 and 3) are higher than
the additive values, which can be attributed to the for-
mation of new mixed structural elements in solutions
by virtue of intermolecular interaction between like
and unlike macromolecules and also to the formation
of a new 3D system of hydrogen bonds in the solu-
tions. The composition dependence of Ea is more
complex (Fig. 5, curve 2). Positive deviations of Ea
are observed at an HPC content below 50%, and neg-
ative deviations, above 50%. The positive and nega-
tive deviations of Ea suggest the formation of different
associates, depending on the nature and concentration
of a predominant polymer. The evolution of the vis-
cosity, solutions structurization, and Ea can be attri-
buted to changes in the thermodynamic affinity of
a polymer for a solvent after addition of another poly-
mer, and also to interaction between unlike macro-
molecules and phase separation in the solutions,
caused by the incompatibility of the polymer pair [9].

Sarkar has demonstrated [3] that introduction of
hydroxypropyl groups into glucoside units of MC
raises the gelation point in aqueous solutions of the
mixed ether, methyl hydroxypropyl cellulose, as com-
pared with straight MC. It may be suggested that

Fig. 3. Flow curves of 2% solutions at 20�C: (1) MC,
(2�4) MC�HPC, and (5) HPC. (�) Viscosity and (�) shear
stress. HPC content (wt %): (2) 25, (3) 50, and (4) 75;
the same for Fig. 4.

Fig. 4. Viscosity � vs. temperature T in solutions of (1) MC,
(2�4) MC�HPC, and (5) HPC.

Fig. 5. (1) Viscosity �, (2) Ea, and (3) degree of struc-
turization, A, vs. the solution composition.

the gelation point in mixed MC�HPC solutions dif-
fers from that in MC solutions, too.

The gelation (Tg ) and cloud (Tcl ) points were de-
termined from changes in the viscosity with a Hoep-
pler viscometer and also photocolorimetrically with
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Fig. 6. (1) Gelation and (2) cloud points vs. the solution
composition.

a KFK-2 laboratory concentration photocolorimeter
in a temperature-controlled cell at a wavelength of
670 nm [1, 2]. The results obtained are shown in
Fig. 6.

With growing HPC fraction, Tg increases and Tcl
decreases. When heated, HPC does not form a gel
[14]. Therefore, the increase in Tg is probably due to
the interaction between unlike polymers in a com-
mon solvent through hydrogen bonding. As a result,
the hydrophobic interaction between the trisubstituted
MC units weakens, and the thermal resistance of
the MC macromolecules increases. The decrease in
Tcl is associated with increasing weight fraction of
HPC which is separated from the solution on heating
[14], thus increasing the solution turbidity.

CONCLUSIONS

(1) Rheological properties of dilute and moder-
ately concentrated aqueous solutions of methyl cel-
lulose, hydroxypropyl cellulose, and their mixtures
were studied.

(2) In mixed polymer solutions, positive deviations
of the solution viscosity from the theoretical values
were observed, suggesting the formation of new mixed
structural elements in solutions as a result of inter-
molecular interactions between like and unlike mac-
romolecules and also the formation of a new 3D sys-
tem of hydrogen bonds.

(3) The solubility of methyl cellulose and hy-
droxypropyl cellulose was studied by the solvent
vapor sorption method at various compositions. It

was found that The polymers are thermodynamically
compatible in mixtures containing 10 and >75 wt %
hydroxypropyl cellulose. In mixtures containing 25
to 75 wt % hydroxypropyl cellulose, the polymers
are incompatible. In the polymer mixtures, adsorbed
molecules of the solvent form associates, whose
amount and size are the largest in an incompatible
mixture containing 50% hydroxypropyl cellulose.

(4) With increasing fraction of hydroxypropyl cel-
lulose, the gelation point increases and the cloud point
decreases.
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Abstract�Conditions of manufacture of microcrystalline cellulose from variously treated short flax fibers
and of powdered cellulose from flax straw were examined. The effect of fats, waxes, and pectins contained
in the fibers on the kinetics of hydrolysis of the polysaccharide was studied.

Production of flax-fiber-based textile materials
grows steadily. Among the problems arising in flax
fiber processing in textile industry is utilization of
wastes [flax stalks (boon) and short fibers] after sepa-
ration of long fibers for manufacture of yarn.

Food, cosmetic, and fragrance industries widely
use microcrystalline cellulose (MCC) manufactured
from cotton linter or treated wood cellulose [1�3]. It
is of scientific and practical interest to use short flax
fibers and stalks for manufacture of microcrystalline
and powdered cellulose, and also as a raw material
instead of cotton linter in production of cellulose
ethers and esters.

Therefore, we analyzed in this study conditions of
manufacture of powdered and microcrystalline cellu-
lose from variously treated short flax fiber and also
from flax stalks. For comparison, the kinetics of hy-
drolysis of cotton linter was also studied.

EXPERIMENTAL

As starting materials we used short flax fiber and
flax straw (from the Nevel Plant), and also cotton lint-
er. The degree of polymerization (DP) of cellulose in
the initial flax and cotton fibers was 2850 and 1600,
respectively. The DP was determined viscometrically
in cellulose solutions in Cadoxene.

The samples of flax fiber and straw were character-
ized by their chemical composition (see table). The
cellulose content was determined by the Kurschner�
Hoffner method [4]; lignin, by Komarov’s method [4];
fats and moisture and ash contents, according to the
procedures described in [4, 5]; pectins, by the calcium

pectate method [5]; and nitrogen, by the Kjeldahl
method, using the procedure described in [5].

Flax and cotton fibers were hydrolyzed under sim-
ilar conditions. To optimize the process, flax straw
was preliminarily chopped in an MN-250 knife mill
and graded with a metallic sieving stack. For hydro-
lysis, we used the 0.1�1.0 mm fraction.

For manufacture of MCC, mineral acids (HCl,
H2SO4, and HNO3) are commonly used [2, 3]. In this
study, the fibers were hydrolyzed in 2.5 M HCl at
105�C with mechanical stirring. In the course of hydro-
lysis, samples of the hydrolyzate were taken, washed
with distilled water to pH 7.0, wetted with ethanol,
and dried at 105�C to constant weight. The thus pre-
pared samples were then ball-milled for 0.5 h and
graded with a sieving stack. The DP was determined
from the viscosity of solutions in Cadoxene. Treat-

Chemical composition of flax fibers and stalks
����������������������������������������

� Content, wt %
������������������������

Component � flax straw � short
� (flax stalks) � fibers

����������������������������������������
Ash � 2.1 � 1.3
Fats and waxes � 2.0 � 1.2
Lignin � 31.6 � 4.8
Nitrogen � Not determined � 0.3
Cellulose � 47.2 � 72.1
Pectins � 2.5 � 1.2
Other hemicelluloses � 7.8 � 13.9
����������������������������������������
Moisture content � 6.4 � 5.2
����������������������������������������
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Fig. 1. Evolution of DP in the course of hydrolysis. (t) Time.
(1) Cotton cellulose and (2�6) flax fiber: (2) no treatment,
(3) after removal of fats, (4) after removal of fats and
treatment with hot water, (5) after removal of fats and
pectins, and (6) after bleaching.

Fig. 2. X-ray diffraction pattern of MCC samples obtained
from (1) untreated flax fiber, (2) that after removal of fats,
(3) bleached flax fibers, and (4) cotton linter. (I ) Intensity
and (2�) Bragg angle.

ment of flax fiber to remove fats, waxes, and pectins
was carried out using the procedure described in [5].
Fats and waxes were removed by treatment with an al-
cohol�benzene mixture in a Soxhlet apparatus. Pec-
tins were removed by treating the defatted fibers with
aqueous solutions of HCl and ammonium citrate [6].

A part of the initial flax fiber and stalks was
bleached. Samples (9�10 g) were placed in a bleach
liquor (500 ml) and heated at 100�C for 3 h (nitrogen
bubbling) with mechanical stirring. The composition
of the bleach liquor was as follows: 10 g of NaOH
and 6.5 g of Na2S2O3 in 500 ml of distilled water.
The samples after bleaching were washed with dis-
tilled water to pH 7.0.

The crystallinity index was determined in pellet-
ized samples by X-ray diffraction analysis [7] on
a DRON-2 diffractometer (CuK

�

radiation, Ni filter).

Figure 1 shows the kinetics of hydrolysis of the
samples. In the initial samples, the DP in flax cellu-
lose is higher than that in cotton cellulose, which is
consistent with published data [5, 8]. In cotton linter,
the �limiting� DP of cellulose after hydrolysis was
180, while the DP of cellulose in flax fiber decreased
to 230�240. The differences in DP of cellulose in
hydrolyzed samples can be attributed to spesific fea-
tures of the fine structure of flax and cotton fibers
and also to different sizes of crystallites of the natural
polymer in the fibers.

In contrast to cotton, flax fibers contain more fats,
waxes, pectins, and hemicelluloses [5, 8], which af-
fects the hydrolysis rate. Fats and waxes prevent wet-
ting of the fibers with aqueous HCl and also its diffu-
sion into the fibers, affecting the time in which the
limiting DP is reached. Removal of fats, waxes, and
pectins increases the rate of hydrolysis of flax cellu-
lose. As seen, treatment of flax fiber to remove the in-
dicated components results in that the time of es-
tablishment of the limiting DP approaches that typical
of cotton cellulose. It should be pointed out that any
treatment of flax fiber to remove fats, pectins, and
other associated compounds decreases the molecular
weight of cellulose. Figure 1 shows that, in un-
treated fibers, the DP of cellulose is 2850. As fats and
pectins were removed, the DP decreased to 2550
(curves 4�6 ). After bleaching, the DP of cellulose
decreased to 2650.

Figure 2 demonstrates X-ray diffraction patterns of
MCC samples obtained from variously treated fibers.
The crystallinity index of cotton MCC was deter-
mined to be 0.67. In MCC samples prepared from flax
fiber, the crystallinity index increased as the accompa-
nying comitant compounds were removed (from 0.64
for untreated fiber to 0.67 for bleached fiber).

The cross-sectional size Leff of cellulose crystallites
in flax and cotton fibers was estimated by the Debye�
Scherrer method.

(1)Leff = 0.9� /�cos �,
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where � = ��2
o � �i

2����
; � is the wavelength of CuK

�

radiation (0.154 nm); �, the diffraction angle from
the 002 plane (11.25�); �, the corrected halfwidth of
the reflections (002); and �o and �i, the observable
halfwidth and instrumental broadening of the line,
respectively.

In cotton MCC, Leff was estimated to be 3.8 nm,
which is well consistent with published data [3, 7].
In flax MCC, Leff appeared to be higher (4.5�5.2 nm).
These values well correlate with the above-mentioned
higher DP of flax cellulose. The differences in hy-
drolysis kinetics between flax and cotton celluloses,
and also the observed higher limiting DP of flax cel-
lulose are caused both by the presence of accompany-
ing compounds in flax fibers and by larger cross-sec-
tional size of cellulose crystallites.

The crystallite size distribution in the MCC samples
is shown in Fig. 3. MCC prepared from cotton linter
contains no particles larger than 500 �m. In all the
MCC samples, the major fraction of particles has the
size ranging from 100 to 200 �m. In MCC obtained
from flax fiber, we also found particles of 500 �m and
more in size, which can be attributed to the presence
of residues of stalks (boon) in short flax fibers. These
residues have a different chemical composition and
a higher resistance to hydrolysis. Furthermore, the
presence of waxes and pectins in the samples has
a negative effect on the disintegration rate of the dried
material in the course of ball-milling before fractiona-
tion.

Conversion of the flax stalks fraction into the pow-
dered form in treatment with HCl takes a longer time
(>10 h) as compared with hydrolysis of flax fiber un-
der the same conditions. The hydrolysis of flax stalks
is decelerated at high content of lignin (see table).
Therefore, we did not study the kinetics of hydrolysis
of flax stalks. Based on data presented in Fig. 1, the
initial flax straw fiber was treated with 2.5 M HCl for
6 h (time of establishment of the limiting DP for un-
treated flax fiber), and flax straw fiber after bleaching,
for 2 h. Figure 4 shows the particle size distribution in
the initial flax straw fiber and in that after hydrolysis.
As seen, the curves differ only slightly from each
other. The only observed trend is a decrease in the
fraction smaller than 700 �m in size. However, the
fraction >200 �m did not increase, i.e., powdered
cellulose can be obtained under the experimental con-
ditions of hydrolysis of flax straw fibers.

To conclude, MCC can be manufactured from short
flax fiber, and powdered cellulose, from chopped flax
straw. The cellulose samples thus obtained find use
in various areas instead of MCC from cotton and
wood cellulose.

Fig. 3. Crystallite size distribution in MCC. (P) Fraction
and (d ) effective size; the same for Fig. 4. (1) Cotton fibers
and (2�5) flax fiber: (2) untreated, (3) that after removal
of fats and treatment with hot water, (4) after removal
of fats and pectins, and (5) after bleaching.

Fig. 4. Particle size distribution in flax straw fiber: (1) beat-
en initial fiber, (2) after hydrolysis (untreated), and (3) after
hydrolysis (bleached).

CONCLUSIONS

(1) Conditions of manufacture of microcrystalline
cellulose from short flax fiber of various cleaning
grades and of powdered cellulose from flax straw are
studied.

(2) The kinetics of flax cellulose hydrolysis is in-
fluenced by fats, pectins, and lignins contained in the
fibers. Removal of fats, waxes, and pectins increases
the hydrolysis rate.

(3) The effective cross size of the crystallites in
flax fiber is larger than that in cotton fiber.
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Abstract�The molecular composition of sulfur-containing waste from desulfurization of Tengiz (Kazakhstan)
crude oil was studied by gas chromatography�mass spectrometry.

The presence of mercaptants and other aggressive
sulfur-containing compounds in most of hydrocarbon
raw materials from West Kazakhstan deposits gives
rise to specific problems in extraction, transportation,
storage, and processing, making urgent desulfurization
of oils and petroleum products.

The Tengiz deposit is one of the largest oil and gas
deposits in Kazakhstan. Tengiz crude oil is a high-
quality light product; it, however, contains much
sulfur compounds: 20�30 vol % H2S, 0.45�1.15 wt %
total sulfur, 0.001�0.009 wt % mercaptans, and
0.001�0.2 wt % sulfides and disulfides [1].

Among the existing methods for oil desulfuriza-
tion, hydrorefining is the most widely used in indus-
try. The process involves cleavage of organosulfur
compounds in a medium of a hydrogen-containing gas
in the presnece of catalysts, to obtain H2S and H2O.
The major fraction of H2S is then trapped and con-
verted into elemental sulfur by the Claus process
(oxidation on titanium oxide catalysts) or removed by
base treatment.

Treatment of oil and gas to remove sulfur com-
pounds results in formation of large amounts of a sul-
fur-containing waste, which inevitably leads to an en-
vironmental impact. Therefore, a study the molecular
composition of the organic component of this waste
is topical. Such data are also necessary for efficient
utilization of processing products of high-sulfur oils.

EXPERIMENTAL

To determne the molecular composition of the
organic component of the sulfur-containing waste

from oil desulfurization, a 50-g sample was extracted
10 times with 800 ml of distilled water in a Soxhlet
apparatus. The resulting solution (500 ml) was ex-
tracted in a separatory funnel with three 20-ml por-
tions of ultrapure grade methylene chloride. The ex-
tract was concentrated and analyzed on a Hewlett�
Packard 5890/5972 gas chromatograph�mass spec-
trometer. An SPB-5 (Supelco) capillary column
(30 m � 0.25 mm i.d., coating thickness 0.25 �m)
was used. The carrier gas was helium (linear velocity
43 cm s�1). The injector and interface temperatures
were 280�C. The temperature schedule of the column
was as follows: 30�C, 4 min; heating to 180�C at a
rate of 10 deg min�1; heating to 280�C at a rate of
15 deg min�1; 280�C, 5 min. The mass-spectrometric
detector was used in the scan mode.

The total content of hydrocarbons in the sulfur
sample was determined by extraction with carbon
tetrachloride, followed by measurement of the absorp-
tion at 2940 cm�1 (Specord M-80 IR spectrometer,
Carl Zeiss, Jena).

According to the chemical classification [2], Ten-
giz crude oil belongs to the mercaptan type and con-
tains relatively low-boiling and reactive sulfur com-
pounds (H2S, mercaptans, disulfides). It also contains
[1] derivatives of oxidized sulfur (sulfoxides, sul-
fones); their total content is 13.3 wt % relative to total
sulfur.

In this study, we identified by gas chromatography�
mass spectrometry the major components and organic
impurities of the sulfur-containing waste from oil
desulfurization. The chromatogram of the hexane ex-
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Fig. 1. Chromatogram of a hexane extract from the sulfur-
containing waste from oil desulfurization. (�) Retention
time; the same for Fig. 3.

Fig. 2. Mass spectrum corresponding to the S8 peak in
the chromatogram.

tract of this product in hexane (Fig. 1) corresponded
to the chromatogram of elemental sulfur. A relative-
ly weak peak at � = 20.13 min was assigned to S6,
and a strong peak at 25.95 min, to S8. The shape of
the latter peak, with broadened wing on the side of
short retention times, may be due to partial transfor-
mation of this sulfur modification to a lower-molecu-
lar-weight form under the conditions of gas-chromato-
graphic analysis. The mass spectrum (Fig. 2) is typical
of sulfur; the difference between the main peaks is
32 amu, which corresponds to the atomic weight of S.

Fig. 3. Chromatogram of the organic fraction of the extract
from the sulfur-containing waste.

The total content of petroleum hydrocarbons in
the final sulfur-containing waste was estimated by
IR spectroscopy to be 23 mg kg�1. In this study, we
analyzed the molecular composition of hydrocarbons
present in the sulfur-containing waste. We assumed
that the major components of the hydrocarbon frac-
tion must be crude oil components that remained un-
changed upon desulfurization: paraffins, cycloparaf-
fins, etc. Also of considerable interest were organic
products that could be formed under the processing
conditions by oxidation, dehydration, etc. Such or-

Molecular composition of the organic fraction of the extract of Tengiz sulfur
������������������������������������������������������������������������������������
Retention � �

Content,
� Retention � �

Content,time, � Compound � � time, � Compound �
min � �

rel. %
� min � �

rel. %

������������������������������������������������������������������������������������
14.88 � Octanoic acid � 0.42 � 25.27 � Heneicosane � 4.21
16.41 � Nonanoic acid � 0.64 � 25.40 � 11-Docosene � 3.50
17.81 � Decanoic acid � 0.50 � 25.71 � Octadecanoic acid � 3.66
19.70 � Pentadecane � 0.08 � 25.96 � Docosane � 5.62
20.43 � Dodecanoic acid � 0.64 � 26.22 � 2,6,10,15-Tetramethylnona- � 5.25
22.02 � 2,6,10,14-Tetramethylpentadecane � 0.80 � � decane �
22.52 � Tetradecanoic acid � 1.43 � 26.40 � 2-Methyldocosane � 2.12
22.90 � Octadecane � 1.19 � 26.66 � Tricosane � 5.57
23.42 � 3-Nonadecene � 1.06 � 26.80 � 2-Methyltricosane � 1.17
23.75 � Nonadecane � 3.95 � 26.97 � 3-Methyltricosane � 1.91
23.87 � 2,6,11-Trimethylheptadecane � 2.31 � 27.41 � Tetracosane � 5.09
24.11 � 9-Hexadecenoic acid � 3.52 � 27.59 � 2,6,11-Trimethylheneicosane � 5.67
24.54 � Eicosane � 3.90 � 28.23 � Pentacosane � 7.18
24.68 � 7-Cyclohexylpentadecane � 3.26 � 29.19 � Hexacosane � 5.96
24.85 � 3-Methyleicosane � 3.45 � 29.84 � 3-Methylhexacosane � 1.62
25.12 � 10-Methyleicosane � 3.58 � 30.30 � Octacosane � 2.23

��������������������������������������������	���������������������������������������
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ganic compounds may be water-soluble (so-called
translocation forms of hydrocarbons) and, therefore,
environmentally hazardous [3].

To determine the molecular composition of oxi-
dized (hydrophilic) petroleum products, we used in
this study a special extraction procedure. The sulfur-
containing waste was repeatedly extracted in a Soxhlet
apparatus with water, and the resulting aqueous phase
was extracted with methylene chloride. The results of
chromatographic analysis of the extract thus obtained
are given in the table and in Fig. 3.

As seen from the table, we identified in the sulfur-
containing waste from desulfurization of high-sulfur
crude oil more than 30 organic compounds, among
which the major components were paraffins, saturated
and unsaturated C8�C19 carboxylic acids, and alicy-
clic compounds containing linear alkyl substituents.

A significant fraction of the organic compounds
detected in the sulfur-containing waste are the initial
oil components adsorbed in unchanged form on the
product surface in the course of crude oil desulfuriza-
tion.

At the same time, aliphatic carboxylic acids present
in the sulfur-containing waste (see table) may origi-
nate from oxidation of crude oil hydrocarbons in the

Claus process in the stage of H2S oxidation, and also
from transformations of the product in the course of
irs prolonged storage in air under the action of atmos-
pheric oxygen and moisture.

CONCLUSIONS

(1) The final sulfur-containing waste from desul-
furization of Tengiz high-sulfur crude oil and gas
contains impurities of aliphatic and cyclic organic
compounds.

(2) A study by gas chromatography�mass spec-
trometry revealed that the hydrocarbon fraction of the
product contains aliphatic carboxylic acids.
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Abstract�The possible genetic relationship of anthraquinone and allied derivatives from brown coal
organic matter with the starting biological material was studied.

Substituted anthaquinones, their derivatives, com-
pounds of the anthrone and anthracene series, and also
benzo- and naphthoquinones were identified by a set
of physicochemical methods in extracts and semicok-
ing tars of brown coals, with coals from the Berezo-
vo deposit of the Kansk�Achinsk fields as example
[1�10].

It is known that anthraquinone derivatives consti-
tute the most abundant group of natural quinones, and,
by now, hundreds of such compounds have been iso-
lated, mainly from monocotyledonous and dicotyle-
donous flowering plants, lower fungi, and some li-
chens; these compounds have also been found in some
insects and marine invertebrates of the Echinodermata
class (sea lilies, Crinoidea) [11�20].

Virtually all natural anthraquinones contain hy-
droxy and methoxy groups in various positions and,
frequently, methyl, propyl, isoprenyl, hydroxymethyl,
aldehyde, and carboxy groups in the �-position. In
plants, anthraquinones are often bound to sugars, as
O- and C-glycosides [10, 11].

Comparison of the anthraquinones and related com-
pounds that have been identified in the examined coal
products with native anthraquinones shows that none
of the structures identified in coals directly corre-
sponds to native structures. Only one coal compound,
dihydroxymethoxypropenylanthraquinone, can be relat-
ed to nalgiovensin I [10, 11, 19] as dehydration prod-
uct; dehydration could have occured in the course of
coal formation or thermochemical transformations of
the organic matter of coal (OMC) during semicoking:
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The other anthraquinones and related compounds
contain substituents that are, as a rule, untypical of nat-
ural anthraquinones. Therefore, several possible path-
ways of biogeo- and thermochemical transformations
of natural anthraquinone structures and several possible
routes of formation of anthraquinone fragments in
OMC from other native precursors in the course of
coal formation and semicoking were suggested.

In the course of peat and, subsequently, coal forma-
tion, glycoside moieties of natural O- and C-anthra-
glycosides can partially degrade, with preservation of
the anthraquinone core and its subsequent incorpora-
tion into the forming geopolymers. The same concerns
anthraquinones with hydroxymethyl, hydroxypropyl,
aldehyde, and isoprenyl substituents. In the course
of subsequent semicoking, these fragments are elimi-
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nated, probably with rearrangement and isomerization
of substituents, to finally form structures detected in
semicoking tars. This transformation pathway is ap-
parently responsible for the appearance of vinyl and
ethyl substituents in the identified anthraquinones.
(+)-Carminic acid II [11] or related compounds could
have been the starting biogenic natural anthraglyco-
sides. Partial degradation of the glucopyranose ring in

II, followed by decarboxylation and dehydroxylation
of degradation product III to give IV, can occur in
the initial step of peat genesis with participation of
fungi and bacteria [13]. Subsequent transformations of
the organic matter under reductive conditions in later
stages of peat and coal formation may involve hydro-
genation of vinyl groups to ethyl groups, to give com-
pounds like V:
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A few representatives of natural anthraquinones,
e.g., sopheranin VI [21] and nataloin VII [11],
contain vinyl and 2-hydroxyethyl substituents:
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Biogeochemical transformations of VI and VII
could be similar to those shown in the scheme.

We believe that one of the main probable
pathways yielding anthraquinone fragments in the
course of coal formation and semicoking is the Diels�
Alder reaction of natural naphtho- and benzoqui-
none derivatives with acyclic and monocyclic ter-
penes and terpenoids. It is known [19] that such
reactions give 1, 4, 4a, 9a-tetrahydroanthraquinone
derivatives in high yields; these compounds are
then virtually quantitatively oxidized by atmospher-
ic oxygen to give the corresponding anthraqui-
nones:
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Processes of this kind may involve not only natural
naphthoquinones, but also benzoquinone derivatives,
and the reactions themselves may occur in the early
(peat genesis) step of coal formation in the presence
of atmospheric oxygen, which is necessary for oxi-
dation of the primary products of diene synthesis,
1,4,4a,9a-tetrahydroanthraquinone derivatives, to an-
thraquinones.

The arising structures were subsequently either
accumulated in pores of the forming macromolecular
matrix of coal as a mobile phase or incorporated into
the forming geopolymer via donor�acceptor, hydro-
gen, or ester bonds; these structures could have also
undergone dehydration and hydrogenation under re-
ductive conditions in the later steps of sedimentogen-
esis and diagenesis in the absence of atmospheric
oxygen, which finally resulted in the transformation
of hydroxyisopentadienyl and vinyl groups into iso-
pentyl and ethyl groups.

The possibility of this pathway of anthraquinone
formation in coals is supported by identification in
the semicoking tars under consideration of a series of
benzo- and naphthoquinone derivatives which can act
as dienophiles in this process, such as juglone, fumi-
gatin, spinulosin, 2,6-dimethoxybenzoquinone, and
structures related to plumbagin, alkannin, shikonin,
shikalkin, and javanicin [11, 13�16]. Among naphtho-
quinones, these reactions could have involved phyl-
loquinone and menaquinone structures widely abun-
dant in plants, and, among benzoquinones, ubiquinone
and plastoquinone derivatives participating in respira-
tion and hydrogen transfer in the course of oxidative
phosphorylation [11, 13�16]. The coal products stud-
ied are also characterized by high content and diver-
sity of native and transformed (bio- geo- and thermo-
chemically) acyclic and monocyclic terpenes and ter-
penoids playing in these reactions the role of dienes
and originating mainly from coniferous plants [23],
which made a predominant contribution to coal-form-
ing phytocenosis of coal [23, 24].

The above-mentioned phyllo- and menaquinone
structures, belonging to the naphthoquinone series

and widely abundant in plants, can also undergo
cyclization under the conditions of coal formation
and semicoking, to give anthraquinone structures
containing isopentyl and methyl groups, as shown
for cyclization of menaquinone-2 (IX) as ex-
ample:
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Similarly, structures of ubi- and plastoquinones,
belonging to the benzoquinone series, can transform
into the corresponding naphthoquinones, which sub-
sequently react with terpenoids (diene synthesis) to
give anthraquinone fragments of OMC. The interme-
diate naphthoquinone structures can also originate
from numerous substituted naphthalenes, tetralins,
tetralinols, tetralindiols, and naphthols (genetically
related to mono- and bicyclic sesquiterpenoids of
coniferous plants), which have also been identified
in various fractions of the semicoking tars studied
[3�10]. Being prone to dehydrogenation, dehydration,
and oxidation, these structures can be oxidized under
coal weathering conditions into the corresponding
naphthoquinones, which subsequently transform into
anthraquinone derivatives.

Presumably, anthraquinone fragments of OMC may
have also been formed by condensation of substituted
benzoic acids with intermediate formation of 2-ben-
zoylbenzoic acids [19]. These reactions occur in the
presence of Lewis acids and, under the conditions of
coal formation, can be catalyzed by aluminosilicates
and organomineral complexes contained in the min-
eral matter of coal. This synthesis pathway is probable
for polymethyl-, methylamino-, and pyrrolidinoan-
thraquinones:
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Dimethylbenzoic acid X may be produced by mi-
crobial oxidation of OMC in the weathering step. Di-
methylindolinecarboxylic acid XI may have originated
from biogeochemical transformations of native indole
compounds, e.g., indole alkaloids. A large number of
indole, indoline, and genetically related structures have
been identified in various close-cut fractions of organ-
ic bases, phenols, and asphaltenes of the semicoking
tar studied [3, 6, 9, 25, 26]. In the course of further
semicoking, anthraquinones with the pyrrolidine ring
of type XII can transform into anthraquinones like
XIII by radical cleavage of the pyrrolidine ring. In
turn, vanillic (XIV) and propenylhydroxybenzoic
(XV) acids, which are probable precursors of structure
XVI, are, most probably, genetically related to lignin
of the initial plants involved in primary sedimentation.
Tetralincarboxylic acids XVII and XVIII, probable
precursors of anthraquinone XIX, are apparently prod-
ucts of biogeochemical transformations of sesquiter-
penoids of coniferous plants.

Both benzoic acid itself and its substituted deriva-
tives ( p-hydroxybenzoic, salicylic, vanillic, syringic,
�-resorcylic, protocatechuic, veratric acids, etc.) have
been identified in aqueous extracts of coals [1, 3].

These acids widely occur in plants in free form and as
esters. Esters of vanillic and syringic acids are com-
ponents of wood lignin. Orsellic, lecanoric, and ever-
nic acids are the most important substituted benzoic
acids of lichens [13�16].

Anthraquinone fragments of OMC could have also
been formed by reactions of leuco compounds (an-
thrahydroquinones) with aldehydes, with intermediate
formation of hydroxyalkyl derivatives, which are sub-
sequently reduced to alkylanthrahydroquinones. The
latter products are then oxidized by atmospheric ox-
ygen (e.g., in the course of coal weathering) to the
corresponding alkylanthraquinones. This transforma-
tion route is known in synthetic chemistry of anthra-
quinone as the Marschalk reaction [19]. This reac-
tion readily occurs with hydroxyanthrahydroquinones
which, in turn, can be formed, along with the required
aldehydes, from the initial natural hydroxyanthraqui-
nones and carboxylic acids under reductive anaerobic
conditions in the steps of late peat genesis and early
diagenesis. 1-Hydroxy- (XX) and 1,8-dihydroxyanth-
raquinone (XXI) can also enter into the Marschalk re-
action [11, 27] to give the corresponding coal anthra-
quinones:
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Anthrone and anthracene derivatives are apparently
formed by reduction of anthraquinone precursors in
anaerobic reductive steps of peat and coal formation:

���
��
��

��

O

O�
�
�
�
���

Me

�OH

Me

Me

XXII

���
��
��O�
�
�
�
���

Me

�OH

Me

Me

��_H2O

<H>

���
��
��

��

O

O�
�
�
�
���

Me

�OH

Me

Me

XXII

���
��
��O�
�
�
�
���

Me

�OH

Me

Me

��_H2O

<H>

�
��

OH

��
�i-Bu ��

��
O

O

�
����
�
OH

XXIII

�Bu-i
�
��

OH

��
�i-Bu
�
�
OH

���
� �Bu-i��

�H2O

<H>�
��

OH

��
�i-Bu ��

��
O

O

�
����
�
OH

XXIII

�Bu-i
�
��

OH

��
�i-Bu
�
�
OH

���
� �Bu-i��

�H2O

<H>

Anthraquinones XXII and XXIII, in turn, could
have been formed by the above-considered reactions:
condensation of benzoic acids and Marschalk reaction,
respectively. Other hexahydro- and octahydroanthrone
derivatives may, presumably, be products of conden-
sation of sesquiterpenoids of coniferous plants or of
the Diels�Alder reaction of benzo- and naphthoqui-
none derivatives with diene-containing OMC frag-
ments, followed by reduction.

Thus, the most probable initial bioproducers of
the identified coal anthraquinone structures and their
possible precursors are Mesozoic evolutionary pre-
cursors of flowering plants, insects, and lower fungi,
which were involved in primary degradation of the
initial biomaterial in the primary peat-genesis step

of coal formation, and also lichens and coniferous
plants. These conclusions are confirmed by the results
of earlier geochemical studies of products obtained
from Kansk�Achinsk coals (composition of terpe-
noids, azulenes, adamantanes, and pyrone derivatives:
flavonoids, coumarins, chromones, isocoumarins) and
by data obtained in geological and paleontological
reconstruction of primary sedimentation and sub-
sequent transformation of the initial organic matter
[23, 24, 28]. According to these data, coal formation
occurred under terrigenous conditions. The main bio-
producers were Mesozoic coniferous plants, with ac-
tive participation of lower fungi and aerobic bacteria
in primary degradation of the starting organic matter
in the initial step of peat formation.

CONCLUSIONS

(1) The probable initial bioproducers of anthraqui-
none structures detected in lignite extracts and semi-
coking tars are Mesozoic evolutionary precursors of
flowering plants, insects, fungi, aerobic bacteria, li-
chens, and coniferous plants.

(2) Possible pathways of formation of anthraqui-
none structures in the steps of peat and coal forma-
tion, and also in low-temperature degradation of the
organic matter of coal were suggested.
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Abstract�A hydrochloric acid technology for loparite processing on enlarged laboratory scale was de-
veloped. Extractive recovery of a sum of titanium(IV), niobium(V), and tantalum(V) was carried out in
the continuous mode.

The domestic mineral resources of niobium, tanta-
lum, and rare-earth elements (REE) occupy the lead-
ing position in the world in quantity, but are inferior
to foreign resources in ore quality, mining conditions,
and geographical-economical position. Now, Russia
has the only surveyed and developed deposit of com-
plex raw materials for manufacture of tantalum, nio-
bium, rare-earth elements of the cerium group, and
titanium: this is the Lovozero deposit of loparite.

Commercial tantalum and niobium, technical-grade
titanium product, and a concentrate of REE chlorides
are obtained together with radioactive elements con-
tained in the loparite concentrate.

Loparite is a complex raw material with small
amount of ballast elements (sodium and calcium),
less than 10% in aggregate. Developing an efficient
technology for processing of loparite will ensure a
high profitability of the production process.

The chlorine technology requires chlorine gas.
The sulfuric and nitric acid technologies failed to pro-
duce good results under industrial conditions [1]. The
hydrofluoride technology, which is only in the lab-
oratory stage of development, employs hydrofluoric
acid, the most expensive and ecologically hazardous
reagent.

In this context, it is the authors’ opinion that the
hydrochloric technology for loparite processing is
rather promising.

Investigations in this direction were carried out
in the 1960s�1970s, but failed to advance beyond
the stage of laboratory development.

At present, the possibility of practical implementa-
tion of the hydrochloric acid technology of loparite is
stronger. For example, attention was called in [3] to
the fact that the number of investigations employing
a hydrochloric medium is substantial [4]. Previously,
its use in hydrometallurgical practice was hindered by
the lack of necessary materials for apparatus. The ap-
pearance of new acid-resistant materials, plastics,
special alloys, graphite with special impregnators,
acid-resistant rubbers, and ceramics enabled use of
hydrochloric acid in those cases when this is econom-
ically efficient.

The investigation performed demonstrated that
treatment of the loparite concentrate with a 37% so-
lution of hydrochloric acid at 95�C, breakdown time
of 6 h, l : s = 3�5, and concentrate grain size of
+0.08�+0.05 leads to >98% recovery for components
soluble in HCl. The residue contains, in amount of
3�4% relative to the mass of the starting concentrate,
ballast materials insoluble in hydrochloric acid: ae-
girine, quartz, and feldspar. The production solutions
contain, depending on breakdown conditions, the fol-
lowing components (g l�1): TiO2 70�150, Nb2O5
7�35, Ta2O5 0.8�3.0, �REE 35�130. In addition,
the solution contains chlorides of calcium, strontium,
sodium, potassium, iron, and radioactive elements.

Extractive recovery of titanium(IV), niobium(V),
and tantalum(V) with the use of octanol was devel-
oped and tested under laboratory and enlarged lab-
oratory conditions, with these metals separated from
all the accompanying impurities. The results obtained
in enlarged-scale extraction experiments carried out
on a box-type mixing extraction cascade, are listed
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Distribution of titanium(IV), niobium(V), and tantalum(V) in extraction with 50% octanol (diluent, kerosene)*

������������������������������������������������������������������������������������
Stage no. � TiO2 � Nb2O5 � Ta2O5 � � � cs � TiO2 � Nb2O5 � Ta2O5 � � � cs � o : w
������������������������������������������������������������������������������������

1 � 45.26 � 9.45 � 0.067 � 0.979 � 56.23 � 47.0 � 2.575 � 0.244 � 1.236 � 91.06 � 1.05
2 � 32.38 � 9.9 � 0.112 � 0.978 � 46.72 � 35.0 � 2.003 � 0.244 � 1.219 � 75.48 � 0.89
3 � 25.38 � 9.51 � 0.12 � 0.951 � 39.78 � 29.0 � 2.003 � 0.281 � 1.225 � 68.19 � 0.6
4 � 18.41 � 7.28 � 0.22 � 0.937 � 30.74 � 22.0 � 0.772 � 0.305 � 1.186 � 62.94 � 1.32
5 � 11.28 � 3.53 � 0.27 � 0.901 � 17.74 � 4.18 � 0.501 � 0.513 � 1.189 � 67.01 � 2.21
6 � 8.0 � 2.43 � 0.20 � 0.918 � 15.91 � 3.95 � 0.286 � 0.391 � 1.196 � 64.45 � 1.03
7 � 7.34 � 2.12 � 0.32 � 0.919 � 13.16 � 3.43 � 0.186 � 0.268 � 1.195 � 63.54 � 0.71
8 � 5.22 � 0.99 � 0.29 � 0.918 � 9.89 � 2.93 � 0.172 � 0.317 � 1.154 � 63.96 � 0.76
9 � 1.84 � 0.33 � 0.36 � 0.893 � 5.02 � 1.63 � 0.041 � 0.146 � 1.178 � 41.84 � 0.82

10 � � � � 0.910 � 3.42 � 1.26 � 0.020 � 0.096 � 1.180 � 55.76 � 1.15
11 � � � � 0.910 � 2.49 � 0.60 � 0.006 � 0.018 � 1.177 � 47.0 � 0.74
12 � � � � 0.910 � 1.86 � 0.51 �<0.001 � 0.0037� 1.178 � 48.38 � 0.84
13 � � � � 0.912 � 1.40 � 0.475 �<0.001 � 0.002 � 1.174 � 62.25 � 0.71
14 � � � � 0.911 � 1.48 � 0.475 �<0.001 � 0.002 � 1.178 � 48.95 � 0.68

�������������������������������������������	����������������������������������������
* Starting solution: � 1.267 g cm�3, cs 101.9 g l�1, TiO2 78 g l�1, Nb2O5 12.16 g l�1, Ta2O5 0.78 g l�1, �REE 40 g l�1, ThO2

0.76 g l�1, U 0.02 g l�1. Extracting agent: � 0.924 g cm�3, � 15.85 cP. Extract: � 0.980 g cm�3, cs 68 g l�1, HCl 3.25 M, TiO2
76.26 g l�1, Nb2O5 12.05 g l�1, Ta2O5 0.067 g l�1, � 40.69 cP, ThO2 not found, U not found. Raffinate: � 1.202 g cm�3, TiO2
0.475 g l�1, Nb2O5 <0.001 g l�1, Ta2O5 0.002 g l�1, �REE 38 g l�1, ThO2 0.621 g l�1, U 0.036 g l�1.

in the table. Re-extraction was performed with water,
the rate of stratification was 1.5 m h�1 in both cases.
This value ensured a stable course of the process, and
recycled extracting agent contained no impurities.
The loss of niobium(V) and tantalum(V) with the raf-
finate was 0.008 and 0.24%, respectively. The content
of �REE in the extract was less than 0.5 g l�1. No
radioactive elements were found in the re-extract.

The possibility of extractive recovery of thori-
um(V) from solutions after isolation of titanium(IV),
niobium(V), and tantalum(V) was established; the de-
gree of thorium(V) extraction into the organic phase
in a single stage was 86%. The regeneration condi-
tions of hydrochloric acid by extraction with octanol
were determined; the acid can be partly returned by
the known techniques from sodium and iron chlorides
produced in the technology. The �cold chlorination�
process described in [5] was tested in separation of
titanium(IV) and niobium(V). The process consists in
obtaining TiCl4 (the most promising product for ob-
taining high-quality TiO2) via the compound K2TiCl6.
This compound is precipitated from a titanium sulfate
solution saturated with KCl and HCl at 0�C. Since
K2TiCl6 is unstable, precipitation of a more stable and
less soluble compound, Cs2TiCl6, was also studied.
The possibility of 90% extraction of titanium(IV) into
precipitate was established; in this case, the loss (re-
coverable) of niobium(V) with the precipitate did not
exceed 4%, since niobium(V) forms no double com-
pound. Further processing of the double salt is per-
formed by heating and evaporation of TiCl4. The res-
idue containing niobium(V) and alkali metal chlorides

is recycled into the stage of precipitation of the double
salt.

CONCLUSIONS

(1) The loparite concentrate is virtually completely
decomposed with 37% hydrochloric acid at a temper-
ature of 95�C at l : s = 4 : 1 in the course of 6 h.

(2) Recovery of titanium(IV), niobium(V), and
tantalum(V) into the organic phase, with their separa-
tion from other elements remaining in the raffinate,
was carried out on an enlarged-laboratory scale on
an extraction cascade.

(3) Separation of titanium(IV) and niobium(V)
contained in re-extracts is performed via precipitation
of poorly soluble Cs2TiCl6. TiCl4, which is used in
manufacture of a pigment, is obtained from this com-
pound by evaporation.
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Abstract�Synthesis and some chemical properties of the Al2O�SiO2�P2O5 system activated with MnO
were studied.

Presently, the interest in laser glasses remains in-
tense. Long-term studies have shown that phosphate
glasses are advantageous as regards their technological
effectiveness and preservation of their working prop-
erties upon introduction of considerable amounts of
an activator.

This study is concerned with the chemical prop-
erties of the K2O�Al2O3�SiO2�P2O5 system activated
with MnO. The K2O�Al2O3�SiO2�P2O5 system, which
contains oxides of elements belonging to different
groups of the periodic system, can be used as effec-
tive glass matrix for preparing luminescent and laser
materials [1�3].

The matrix was prepared by fusing potassium meta-
phosphates and aluminum orthophosphate with silicon
oxide (of optical-glass-making grade) in a high-tem-
perature furnace for 8 h. The matrix obtained was
powdered, and then the activator was introduced in
the form of MnO2 which was reduced with ammonium
tartrate to Mn2+ at 1200�1250�C in the course of
synthesis. To preclude oxidation of Mn(II) to Mn(IV),
the reduction was performed in a CO2 atmosphere.

The activated glass was poured into a metallic in-
got mold and annealed at 300�C for 4 h. The sample
obtained had no visually observed coloration (MnO2
concentration 1.8 mol %, optical density D = 0.45 at
� = 410 nm, � = 2.67 g cm�3). The glass obtained has
the composition 18K2O�11Al2O3�10SiO2�61P2O5 :
MnO2(1.8 mol %).

The electronic absorption spectrum of the potassi-
um�alumino�silica�phosphate glass (PASPhG)�Mn2+

is shown in Fig. 1. The highest-intensity absorption
band is peaked around 410 nm and corresponds to

the 6A1 �
4A1 transition, which is virtually indepen-

dent of the crystal field strength. At the long-wave-
length wing of this band, a weakly resolved band as-
sociated with the 6A1 �

4T1 transition is observed
at 540 nm.

The luminescence spectrum of (PASPhG)�Mn2+

(Fig. 2) has the form of a broad asymmetric band
peaked at around 630 nm, with half-width of 100 nm
(2600 cm�1). According to the existing concepts, this
type of Mn2+ luminescence corresponds to an octa-
hedral configuration. The luminescence decay time
is 2 ms.

The spectral, luminescence, and kinetic characteris-
tics remain at a practically acceptable level. The devel-
oped laser matrix opens up wide opportunities for use
of MnO2 as sensitizer of REE ions in the PASPhG.

Fig. 1. Electronic absorption spectrum of Mn2+ in PASPhG.
(�) Molar extinction coefficient and (�) wavelength.
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Fig. 2. Luminescence spectrum of Mn2+ in PASPhG.
(I ) Intensity and (�) wavelength.

It has been considered for years that only REE ions
(Nd3+, Er3+, Yb3+, Ho3+, etc.) can play the role of
lasing ions in glassy matrices. This conclusion has
been supported by a number of unsuccessful attempts
to create a laser material based on a glass activated
with 3d-element ions and, in particular, with Cr(III)
ions. However, the results obtained in [4�15] made
it possible to develop and manufacture a laser mate-
rial based on a Ti(III)-activated glass of composition
Al(PO3)3�Ti3+. The given composition of the matrix
appeared to have the best physicochemical properties
and, in particular, the highest resistance to high-inten-
sity laser light, which is an important characteristic of
a glassy laser material.

The glass samples synthesized were irradiated with
gigantic laser pulses (� = 532 nm, incident power den-
sity of up to 100 MW cm�2, pulse width 3.3 � 10�8 s),
i.e., with energy of 3 J cm�2 at its uniform distri-
bution over the irradiated area. The degree of resis-
tance to light was determined from a possible decrease
in the luminescence signal from a target (5 mm in
diameter) subjected to a sequence of laser light pulses.
It was found that, after several tens of pulses, the lu-
minescence intensity remained unchanged. Conse-
quently, the luminescent centers did not undergo any
pronounced destruction, and no centers capable of ab-
sorbing or attenuating both the exciting and the emit-
ted light appeared in the material. The sample in the
form of a disc of diameter d = 5 mm and thickness
l = 3 mm was irradiated with a gigantic pulse at the
wavelength of the second harmonic of a neodymium
laser, with the pumping intensity varied widely, up

to the maximal value of 75 MW cm�2. A single-pass
lasing was obtained with this glass.

The results obtained have aroused interest in a sys-
tematic study of spectral and luminescence properties
of other 3d-ions in glassy matrices and in analysis
of the previously studied systems from the standpoint
of their possible application as active media and sen-
sitizers for lasers.
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Abstract�Results of X-ray phase analysis were used to construct the phase diagram of the system CuO�
Fe2O3�Sb2O4�O2 at 1000�C in air. Two Cu2x Fe4 � 3x SbxO6 solid solutions (0 � x � 0.154 and 0.923 � x � 1)
of, respectively, hematite and bixbyite structure were identified.

A study of phase formation in the sistem Fe2O3�
Sb2O4�CuO is of interest in the context of a search
for catalysts for propylene [1] and butylene [2] oxi-
dation and use of these materials in storage devices
and microwave matching elements [3, 4].

In the system CuO�Fe2O3 in air, below 1040�C,
there exists a cubic modification of copper(II) ferrite
CuFe2O4 (a = 8.39 �) transformed into a tetragonal
modification (a = 8.23 � and c = 8.70 �) at 380�C.
Above 1040�C, CuFe2O4 transforms into copper(I)
ferrite CuFe5O8 with loss of oxygen. Both the ferrites
and Fe3O4 form a continuous series of solid solutions
of general formula Cux Fe3 � xO4 (0 � x � 1) [3�6].

In each of the systems Fe2O3�Sb2O5 and CuO�
Sb2O5 in air, only a single compound is formed,
FeSbO4 with rutile structure [7] (stable up to 1270�C
[8]) and CuSb2O6 with trirutile structure [7, 9].
The latter compound starts to decompose at about
1020�C to give Cu8Sb2O9 [10].

The results obtained in studying the system Sb2O3�
Sb2O5 are reviewed in [7, 11�14]. Antimony oxide
Sb2O3 exists in two polymorphic modifications: low-
temperature rhombic and high-temperature cubic, with
phase transition temperature of about 500�C in inert
atmosphere [11]. In air, Sb2O3 is oxidized at this tem-
perature to �-Sb2O4, which transforms into �-Sb2O4
above T � 1000�C [7, 11, 12]. After calcination of hy-
drated antimony(V) oxide at 300�C in air, Sb6O13
is first formed, which is reduced to �-Sb2O4 at 800�C
[11] and remains stable up to about 1000�C, and then
transforms into �-Sb2O4. At T �1200�C, the last com-
pound starts to dissociate to give Sb2O3 [11]. Anhy-
drous Sb2O5, existing in two polymorphic modifica-
tions, can be obtained solely under elevated pressure
in oxygen [14].

Among ternary compounds of the given system, the
previously obtained cubic complex oxide Cu2FeSbO6
of bixbyite structure (a = 9.5622 �) [15, 16] is known
(so-called structural type C typical of a number of
rare-earth oxides, such as �-Mn2O3, etc.).

EXPERIMENTAL

As starting reagents for synthesis of samples were
used analytically pure oxides CuO, Sb2O3, and Fe2O3.
The samples were synthesized by the conventional
ceramic technology first at 660�C (20 h) and then at
1000�C (100 h). The reaction course was monitored
by means of X-ray phase analysis (XPA, DRON-2
diffractometer, CuK

�

radiation). The XPA sensitivity
with respect to the phases formed in the annealing
products was, on the average, 0.5�1.0 wt %.

The results obtained in analysis of the annealing
products are presented in the form of a phase diagram
(see Fig. 1). In accordance with the published data
mentioned above, antimony enters in the course of
synthesis into the composition of the complex oxides
FeSbO4, CuSb2O6, and Cu2FeSbO6 in the oxidation
state +5, although the oxide Sb3+Sb5+O4 is a stable
simple antimony oxide in air below 1200�C [14].
For this reason, the CuSb2O6�FeSbO4�Sb2O4 com-
positions are plotted in the diagram using a nonuni-
form scale method [17]. In the system, two ternary
phases of the general formula Cu2x Fe4 � 3x SbxO6 were
identified: the first with a homogeneity region 0 � x �
0.154 (solid solution based on hematite Fe2O3) and
the second, with Cu2FeSbO6 bixbyite structure, for
which 0.923 � x � 1. The edge compositions of the
first phase are hematite Fe2O3 [x = 0, hexagonal crys-
tal system, corundum structure, a = 5.032(2), c =
13.738(5) �] and Fe3.538Cu0.308Sb0.154O6 [x = 0.154;



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 10 2003

PHASE EQUILIBRIA IN THE SYSTEM CuO�Fe2O3�Sb2O4�O2 1697

a = 5.051(2), c = 13.778(5) �]. The edge composi-
tions of the second phase are dark brown Cu2FeSbO6
(x = 1) and Cu1.846Fe1.231Sb0.923O6 [x = 0.923, a =
9.5515(7) �]. Because the figurative points for the
given solid solutions lie on the straight line connect-
ing Cu2FeSbO6 and Fe2O3, they can be regarded as
solid solutions of Cu2FeSbO6 in Fe2O3 and, vice ver-
sa, of Fe2O3 in Cu2FeSbO6. This suggests that anti-
mony is present in the given solutions in the oxida-
tion state +5.

Reducing the indices of the edge compositions of
the solid solutions obtained to integers gives hematite-
like Fe23Cu2SbO39 and bixbyite-like Cu12Fe8Sb6O39.
To elucidate the substitution scheme, they are repre-
sented as nA2BCO6, where A is a complex cation, and
B and C are complex anions. This gives (Fe11Cu2)2 �
[(Fe13)(Fe11Sb2)]O78 and (Cu12Fe)2[(Fe13)(FeSb12)]O78,
respectively, at n = 13.

As seen from these formulas, the substitution takes
place in the sublattices A and C, with the homogene-
ity region twice larger for hematite solid solutions.

As is known [18, 19], one of Fe2O3 modifications
is bixbyite (a = 9.393 �) ([18, 19]). This suggests that
a continuous series of Cu2x Fe4 � 3x SbxO6 solid solution
of bixbyite structure (0 � x � 1) can be formed under
appropriate conditions. At the same time, hematite
has a more densely packed structure, compared with
bixbyite (this conclusion follows from a comparison
of unit cell volumes of the Fe2O3 modifications being
analyzed, reduced to the same formula unit). This
suggests that the range of existence of hematite solid
solutions can be extended under appropriate synthesis
conditions.

When heated to about 1100�C, the bixbyite solid
solutions obtained dissociate to give FeSbO4, Fe2O3,
and Cu8Sb2O9 by the reaction:

4Cu2FeSbO6 � mFe2O3 ���
1100�C

Cu8Sb2O9

+ 2FeSbO4 + (m + 1)Fe2O3 + 2O2�.

Thermal treatment of Cu2FeSbO6 at 950�C under
a pressure of 60 kbar did not result in any structural
transformations [20]. With pressure raised to 90 kbar
at the same temperature, dissociation into CuO and
FeSbO4 occurred.

The Cu9Sb4O19 phase was synthesized at 1000�C
under oxygen pressure of 10 bar in [12]. To obtain
this phase, compositions of the partial system CuO�
CuSb2O6 indicated in Fig. 1 were tested. For this
purpose, they were subjected to additional annealing
in oxygen at 950�C for 20 h under normal pressure.

Phase diagram of the system CuO�Fe2O3�Sb2O4�O2 at
1000�C in air. (I ) Cu2x Fe4 � 3x SbxO6, 0 � x � 0.154 and
(II ) Cu2xFe4�3xSbxO6, 0.923 � x � 1. Small circles stand
for the figurative points of annealed compositions.

The reaction products consisted, however, solely of
a mixture of CuO and CuSb2O6.

CONCLUSION

The phase diagram of the system CuO�Fe2O3�
Sb2O4�O2 at 1000�C in air was constructed. In the re-
gion of the CuO�Fe2O3�FeSbO4�CuSb2O6 composi-
tions, two Cu2x Fe4 � 3x SbxO6 solid solutions were
identified: with structure of hematite (homogeneity re-
gion 0 � x � 0.154) and bixbyite (homogeneity region
0.923 � x � 1), in which antimony is present in the
oxidation state +5. Iron(III) and copper(II) antimo-
nates are in equilibrium with each other and with
Sb2O4.
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Abstract�Influence exerted by additives introduced into the working solution, and by iron or copper formed
in electric-spark dispersion of these metals and zinc, on the quality of the products obtained in electric erosion
was studied.

As noted previously [1], the attention given to
the behavior of dispersed metal particles after their
removal from the spark discharge zone is insufficient.
This is due to the fact that the literature covers in-
completely the application of the method of electric-
spark dispersion of metals for obtaining highly dis-
persed materials, even though the working principle
of the method has long been known and is employed
successfully in metal working and, in particular, in
electric-erosion processing of metal articles to obtain
complex profiles and apertures [2, 3].

The present study is concerned with the influence
exerted by additives introduced into the working so-
lution, and by iron or copper formed in electric-spark
dispersion of these metals and zinc, on the quality of
the products obtained in the process.

The product quality was checked by determining
its absorption capacity in gas purification to remove
hydrogen sulfide. The electric-spark dispersion of
metal was carried out on an installation, and using
a procedure, described in [1]. The reactor was for
the most part filled with zinc granules and had zinc
electrodes fixed at its edges. As working solution
served distilled water with various additives. Pulsed
current (pulse repetition frequency 700 Hz) was passed
through the reactor [4]. The product obtained in elec-
tric erosion of zinc was filtered off and dried at a tem-
perature of 100�C.

Further, the dried product was compacted and then
ground. To determining the absorbing capacity of
the samples studied, the 0.25�0.50-mm fractions were
taken. The sulfur absorption capacity of a sample,
Q (wt %), is the amount of sulfur absorbed by unit

mass of the sample in gas purification to remove H2S,
which is defined as the ratio of the sample masses (g)
before and after an experiment, multiplied by 100.
The sulfur absorption capacity was determined by
passing a gas mixture containing hydrogen and 1.3�
1.4 vol % hydrogen sulfide (which is 18�18.5 g m�3

in terms of elementary sulfur) through a sample bed
at a rate of 5000 h�1. The temperature of the sample
bed was maintained at 400�C, and the gas mixture
was passed to complete saturation with sulfur, i.e.,
until the concentrations of H2S in the gas mixture
before and after the sample became equal.

Figure 1 shows the results obtained in studying
the influence exerted by the working solution com-
ponents used in electric erosion on the value of Q for

Fig. 1. Sulfur absorption capacity Q of samples prepared
from products formed in electric erosion of zinc vs. con-
centration c of additives present in the working solution.
Sludge treatment temperature 25�C, treatment duration 4 h.
Additive: (1, 2) citric acid and (3, 4) tartaric acid.
(1, 3) Sample drying temperature 100�C; (2, 4) temper-
ature and time of sample calcination 450�C and 5 h.
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Fig. 2. Sulfur absorption capacity Q of samples prepared
from products formed in electric erosion of (point 1) zinc,
and zinc with addition of (point 2) iron and (point 3) copper
to the working solution. Working solution 0.012 M oxalic
acid, sludge treatment temperature 25�C, treatment duration
4 h. Amount of admixture in a sample, � (wt %): (1) 0 and
(2, 3) 1.4.

samples prepared from products formed in electric-
spark dispersion of zinc. In electric-spark dispersion
of a metal, the additives introduced into the working
solution are thermally decomposed in the spark dis-
charge zone [5]. As a result, atomic oxygen, carbon
and carbon-containing residues are formed (the ad-
ditives present in the working solution also undergo
thermal decomposition in the course of electric ero-
sion of zinc). The atomic oxygen thus formed is in-
volved in the formation of an oxide film on the sur-
face of dispersed zinc [5]. It can be seen from Fig. 1
that, with increasing concentration of the additives,
the sulfur absorption capacity of samples prepared
from erosion products first grows and then, having
reached its limiting value (portion I, curves 1 and 3),
starts to decrease (portion II). The rise in sulfur ab-
sorption capacity in portion I of the Q�c curve is ap-
parently due to reduction of the oxide film on the sur-
face of dispersed Zn particles by hydrogen from the
gas mixture to be purified to remove hydrogen sulfide.
Further, dispersed Zn, freed of the oxide film, reacts
with H2S to give zinc sulfide. The certain decrease in
the sulfur absorption capacity of the samples (portion
II) is possibly due to an increase in the content of
compounds formed in interaction of dispersed Zn
particles with other products of thermal decomposi-
tion of the additives, which are not involved in the
process of gas purification to remove H2S.

For comparison, Fig. 1 shows the sulfur absorption
capacity of samples prepared from products obtained
in electric erosion of zinc in a working solution con-
taining the additives considered (curves 2 and 4) and
precalcined at 450�C. It can be seen that the manner
in which the sulfur absorption capacity varies is the
same as that for dried samples, with only the sulfur
absorption capacities being somewhat higher. This is

probably due to oxidation, during sample calcina-
tion, of a part of compounds formed in interaction
of dispersed metal with other products of thermal
decomposition of the additives, to give active zinc
oxide. This oxide further reacts with H2S to give ZnS
[6]. Thus, analysis of the data obtained suggests that
the nature of additives introduced into the working so-
lution strongly affects the quality of products formed
in electric erosion of zinc.

Interesting results were obtained in electric-spark
dispersion of zinc together with iron or copper. For
this purpose, minor amounts of iron or copper granules
were introduced into a reactor packed with zinc gran-
ules in such a way that approximately 1.4 wt % iron
or copper was dispersed together with zinc in electric
erosion. A solution of oxalic acid was used as the
working solution. Figure 2 shows data on sulfur ab-
sorption capacity of samples prepared from products
of electric erosion of Zn (point 1), Zn with Fe
(point 2), and Zn with Cu (point 3). It can be seen that
presence of a minor amount of Fe or Cu in the erosion
product leads to a substantial increase in the sulfur
absorption capacity of the samples. Thus, the quality
of the product obtained markedly changes under these
conditions of the electric erosion process.

It is known that one and the same compound
formed from different substances exhibits varied cat-
alytic properties. For instance, ZnO obtained by heat-
ing various zinc-containing compounds, e.g., ZnCO3
and Zn(OH)2, shows different sulfur absorption ca-
pacities (32.0 and 21.9 wt %), all other conditions
being the same. Such a difference between the sulfur
absorption capacities of the samples is commonly at-
tributed to varied perfection of the crystal lattice of
zinc oxide [7]. For example, in heating of ZnCO3, its
crystal lattice is already disintegrated, whereas that of
the reaction product, ZnO, is not complete yet.

The increased sulfur absorption capacities of the
samples prepared from erosion products containing Zn
and Fe or Zn and Cu (with the amount of the two sec-
ond components equal to 1.4 wt %), observed in
Fig. 2, are possibly due to incorporation of a part of
Fe or Cu into the crystal lattice of Zn to form defects
whose amount depends on the nature of a metal being
introduced. These defects may further behave as active
centers in gas purification to remove H2S, which, in
the end, leads to an increase in sulfur absorption
capacity.

CONCLUSION

The quality of products obtained in electric erosion
is strongly affected by additives introduced into the
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working solution, and also by iron or copper formed
in their joint electric-spark dispersion with zinc. It
is suggested that the increased sulfur absorption ca-
pacities of samples prepared from zinc erosion prod-
ucts containing minor amounts of iron or copper are
due to incorporation of these metals into the crystal
lattice of zinc to form defects that behave as active
centers in gas purification.
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Abstract�The results obtained in studying the desulfation of the active paste from lead battery scrap with
the use of an aqueous solution of potassium carbonate are discussed.

It has been repeatedly noted previously that the
most ecologically efficient way to utilize sulfur in
processing of the sulfate-oxide fraction of lead battery
scrap is desulfation (desulfurization) with carbonates
or hydroxides of alkali metals or ammonium [1�7].
The desulfation processes are based on much lower
solubility products (SP) of lead(II) hydroxide or car-
bonate, compared with lead(II) sulfate. For example,
SP of PbSO4 is 10�7.8 at 25�C varies with increasing
temperature only slightly [8]. At the same time, the
SP values for Pb(OH)2 and PbCO3 are, respectively,
10�15.3 (20�C) and 10�13.1 (25�C). Physicochemical
and technological studies of the process of desulfation
of lead-containing materials were considered in detail
in a review [9]. Desulfation with sodium carbonate so-
lutions has been studied extensively [10�14], whereas
use of potassium carbonate for this purpose is under-
stood to lesser extent. Smirnov and co-authors noted
[5] that, being a by-product in processing of nepheline
raw materials, potassium carbonate is manufactured
in sufficient amounts (0.31 ton of potash is produced
at the Achinsk combine per 1 ton of Al2O3). In addi-
tion, the reaction with lead sulfate

PbSO4 + K2CO3 = PbCO3 + K2SO4 (1)

yields potassium sulfate, which is in high demand,
compared with sodium sulfate. In [5], some parame-
ters of the process of desulfation with K2CO3 were
reported: process temperature 50�C, solid-to-liquid
ratio (s : l ) 1 : 5, process duration 2 h, degree of sul-
fur recovery 95%.

The same communication reported the results ob-
tained in laboratory experiments on desulfation of
the active paste from positive and negative plates of

a lead battery with K2CO3 solutions. According to
analytical data (weighing method), the starting active
paste from various battery plates contained, after be-
ing washed with water and dried, 45 wt % PbSO4
(14.3% SO4

2�). According to X-ray phase analysis,
the main components of the active paste are PbSO4
(anglesite) and lead oxide PbO2 (plattnerite, tetrag-
onal modification), present in comparable amounts
(Fig. 1a). Also, a very small amount of the ortho-
rhombic modification (�-PbO2), and trace amounts
of PbO (tetragonal modification) and metallic lead,
may be present. A mineralogical characterization of
the active paste was made in [15]. It was also noted
that the main components are PbSO4 and PbO2 in
the tetragonal and rhombic forms.

According to the results of a sieving analysis, the
starting material had average and maximum grain
size of 0.17 and 0.40 mm, respectively. The amount
of active paste used in each experiment was 30 g,
the excess of potassium carbonate over the value re-
quired by the reaction equation was 20%, the s : l ra-
tio was varied from 1 : 4 to 1 : 5. The experiments
were carried out at a temperature of 50�C under con-
tinuous vigorous stirring. After an experiment was
complete, the filtered-off mass was washed, dried
at 150�C for 2 h, and the filtrate was analyzed for
the content of the sulfate ion by the weighing method.
A set of experiments demonstrated that, after 45 min,
the degree of recovery of the sulfate ion from the ac-
tive paste is, on the average, as high as 99.5%. It
should be noted here that the mass of the initial
weighed portion decreases, on the average, by 2 g
(by 6.7%), which is somewhat higher than the value
expected under assumption that only reaction (1) oc-
curs. Together with the formation of cerussite PbCO3,
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Fig. 1. X-ray diffraction patterns of (a) starting active paste and (b) that after desulfation. (Irel) Relative intensity of diffrac-
tion lines and (�) Bragg angle. The diffraction lines are assigned to the phases revealed; the content of a phase is proportional
to the relative intensity of a line.

a minor amount of hydrocerussite Pb3(CO3)2(OH)2 is
formed by the reaction [9, 16]:

3PbSO4 + 4K2CO3 + 2H2O

= Pb3(CO3)2(OH)2 + 3K2SO4 + 2KHCO3.

An X-ray diffraction analysis confirmed the pres-
ence of hydrocerussite in the desulfation products, in

relatively small amounts, compared with those of ce-
russite and plattnerite. It should be noted that, in con-
trast to desulfation with soda, no double salt similar to
the compound NaPb2(CO3)2OH is formed in desulfa-
tion with potash. This confirms the results obtained
in [16] and in earlier investigations in this field.

In several sets of experiments, the paste being de-
sulfated was sampled 15, 30, and 45 min after the be-
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Fig. 2. Degree A of recovery of sulfate ions from the active
paste vs. time �. s : l: (1) 1 : 4 and (2) 1 : 5.

ginning of the process and the content of SO4
2� ions

in the samples was determined. As can be seen from
Fig. 2, the main part of SO4

2� ions pass into solution
at least during the first 10 min of the process. The s : l
ratio (1 : 4 or 1 : 5) has virtually no effect on the
course of desulfation, with the curves coinciding to
within the experimental error.

CONCLUSION

The process of desulfation of the active paste from
lead battery scrap in an aqueous solution of K2CO3 at
50�C is fast, with the desulfation degree as high as
99.5%. The main components of the desulfated paste
are cerussite PbCO3 and plattnerite PbO2. Also, a minor
amount of hydrocerussite Pb3(CO3)2(OH)2 is present.
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Wilhelm Ostwald
(To 150th Anniversary of His Birthday)

The 1909 Nobel Prize Laureate in chemistry,
W. Ostwald is widely known as one of founders of
physical chemistry, a scientist and pedagogue, philos-
opher, and historian of science. He made an outstand-
ing contribution to the development of the theory of
electrolyte solutions and the theory of kinetics and
catalysis. Together with J. Van’t Hoff (1852�1911,
1901 Nobel Prize in chemistry), he founded the first
specialized journal of physical chemistry and created
a prominent international school of physical chemists.
Numerous W. Ostwald’s work have been translated
into Russian. In 1896, W. Ostwald became a foreign
corresponding member of the St. Petersburg Academy
of Sciences.

Friedrich Wilhelm Ostwald was born on Septem-
ber 2, 1853, in Russia, in Riga, an administrative and
cultural center of the former Liefland Province, into
a family of Baltic Germans. His father, Gottfried
Ostwald, was owner of a small barrel shop and a skill-
ful barrel maker himself. Already when studying at
Riga Realgymnasium, W. Ostwald became devoted
to chemistry and, having finished his secondary edu-
cation in 1872, entered the physicomathematical fac-
ulty of the University of Dorpat (now Tartu). At those
years, Dorpat was a town of Liefland Province that
was second in economic and cultural importance only
to Riga. The studies at the university were in German
(till 1889; later, in Russian). Chemistry was taught at
the University of Dorpat at a sufficiently high level.
The chair of chemistry was headed by professor Carl
Schmidt (1822�1894), a corresponding member of
the St. Petersburg Academy of Sciences since 1873.
His main studies were devoted to analytical, physio-
logical, and agricultural chemistry. As assistant at
Schmidt’s laboratory worked Johan Lemberg (1842�
1902), also an erudite pedagogue and scientist, one of
those who founded in Russia a field of science named
�chemical geology.� The formation of W. Ostwald’s
scientific view of the world was strongly affected by
professor of physics A. von Oettingen (1836�1920).

In April 1875, W. Ostwald graduated from the uni-
versity with a degree of a candidate of chemistry and,
beginning in July of the same year, started to work
as assistant at the physics laboratory of the university.
Simultaneously, the young scientist commenced his

W. Ostwald, 1887.

experimental investigations. As object of study served
acids and salts, whose interaction was analyzed in
terms of chemical affinity. W. Ostwald chose as an ex-
perimental technique measurements of volume in the
reaction of neutralization; later, he also studied other
physical properties (refractive index, viscosity, electri-
cal conductivity). In the autumn of 1877, W. Ostwald,
having passed necessary examinations, presented dis-
sertation �Volume-Chemical Study of Affinity� for
the degree of master of chemistry, and already in De-
cember 1878, the degree of doctor of chemistry was
conferred on him after he presented his doctoral dis-
sertation �Volume-Chemical and Optical-Chemical
Studies.�

Beginning in March 1880, W. Ostwald started to
work as privat-docent at C. Schmidt’s chemical labo-
ratory, but only for a short time: already in December
1881, at the age of 28, he was appointed professor
of chemistry at Riga Polytechnic Institute (Polytech-
nicum) and started lecturing there in January 1882.
Riga Polytechnicum, founded in 1862, was the oldest
polytechnic educational institution of Russia. The
teaching was in German, despite that students of vari-
ous nationalities studied at the institute. In January
1883, W. Ostwald toured for the first time cities of



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 10 2003

1706 MORACHEVSKII

Germany and Switzerland and made acquaintance with
the best research laboratories and leading chemists
and physicists in these countries. In particular, he
visited for the first time Leipzig, which was a promi-
nent book-publishing center of that time. With account
of his impressions of the trip, a new, well-equipped
chemical laboratory was organized at Riga Polytech-
nicum in 1885. Together with being engaged in ped-
agogical and organizational activities, W. Ostwald
paid much attention to experimental studies. In the
beginning of June 1884, he received a paper by young
Swedish scientist Svante Arrhenius (1859�1927, 1903
Nobel Prize in chemistry, foreign corresponding mem-
ber of the St. Petersburg Academy of Sciences since
1903, honorary member of the Academy of Sciences
of the USSR since 1926) �A Study of Electrical Con-
ductivity of Electrolytes� (dissertation for the degree
of doctor of philosophy). The dissertation was pres-
ented on May 26, 1884, at the University of Upsala
(Sweden); however, Swedish scientists remained skep-
tical about Arrhenius’s ideas of electrolytic dissocia-
tion. At the same time, W. Ostwald immediately un-
derstood that Arrhenius’s study involved novel ap-
proaches, which can strongly affect further develop-
ment of the theory of solutions and electrochemistry.
Already in August 1884, W. Ostwald went to Sweden
to make personal acquaintance with Arrhenius [1].
Ostwald’s arrival and his support were exceedingly
important for Arrhenius and his theory, and this be-
came the beginning of close friendship between the
two scientists.

In 1885, W. Ostwald carried out intensive exper-
imental research at his laboratory. In a letter to Ar-
rhenius (1886), he wrote: �...determined the electrical
conductivity of 120 acids and performed about 2000
experiments...� [2]. During his residence in Riga
(1882�1886), W. Ostwald published more than 30
experimental papers. In the spring and summer of
1886, Arrhenius worked during about six months at
W. Ostwald’s laboratory. Using a viscometer designed
by W. Ostwald, he studied, in particular, the viscosity
of dilute aqueous solutions.

In Riga, W. Ostwald completed his fundamental
two-volume textbook of general chemistry, which paid
much attention to advances in physical chemistry, and
work on which was commenced already in Derpt.
Both volumes were published in Leipzig [Lehrbuch
der allgemeinen Chemie (Textbook of General Chem-
istry), 1885, vol. 1; 1887, vol. 2]. Having completed
the textbook, W. Ostwald started to make preparations
for publication of a new international physicochemical
journal [Zeitschrift f �ur physikalische Chemie (Journal
of Physical Chemistry)]. W. Ostwald’s initiative was

supported by prominent scientists from many Europe-
an countries, including D.I. Mendeleev (1834�1907)
and N.A. Menshutkin (1842�1907). Already in June
1887, the first issue of the journal was published in
Leipzig; W. Ostwald and J. Van’t Hoff, a professor
of Amsterdam University, became its editors.

As Stradins noted in his publications devoted to
the Riga period of W. Ostwald’s activities [3, 4],
the scientific achievements of the young professor
from Riga, publication of a textbook and journal by
him, and his foreign trips got him international fame.
In the spring of 1887, W. Ostwald was invited to fill
a vacancy of a professor of physical chemistry at
Leipzig University, the oldest in Germany (founded
in 1409). In the autumn of 1887, W. Ostwald’s com-
menced his pedagogical and scientific activities in
Leipzig, where he managed to organize a physicochem-
ical laboratory, which soon became a kind of center
of new directions in physical chemistry: Arrhenius’s
theory of electrolytic dissociation, Van’t Hoff’s osmot-
ic theory, and theory of catalysis. In 1888, W. Nernst
(1864�1941, 1920 Nobel Prize in chemistry) was in-
vited to work at the laboratory as assistant and started
studies of the electromotive force of galvanic cells.
The closest W. Ostwald’s associates also included
E. Beckmann (1853�1923), who suggested the de-
sign of a high-precision thermometer for determining
the molecular weight of solutes by cryoscopy and
ebullioscopy, and G. Bredig (1868�1944) specializing
in catalysis. Long time was spent at W. Ostwald’s lab-
oratory by S. Arrhenius and P. Walden (1863�1957,
academician of the St. Petersburg Academy of Sci-
ences since 1910), who was a professor of Riga Poly-
technicum and W. Ostwald’s pupil.

Despite that W. Ostwald moved to Leipzig, his
scientific relations with Riga were not terminated, and
a number of W. Ostwald’s pupils and colleagues con-
tinued earlier commenced investigations. In 1903,
W. Ostwald was elected honorary member of the Riga
Polytechnic Institute, first translations of his books
into Russian were published in Riga. W. Ostwald’s
relatives also lived in Riga [3]. Particularly close were
W. Ostwald’s personal and scientific relationships
with Walden, who wrote first W. Ostwald’s biography
in 1903.

W. Ostwald’s laboratory in Leipzig was visited by
young scientists from many European countries, USA,
and Japan. The first among Russian scientists, not
counting Walden, was V.A. Kistyakovskii (1865�
1952, academician of the Academy of Sciences of
the USSR since 1929), who graduated, with a degree
of candidate, from the physicomathematical faculty
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of St. Petersburg University in January 1889 and de-
cided, on his own initiative, to continue education at
W. Ostwald’s laboratory in 1889�1890. Kistyakovskii
was well acquainted with modern concepts of the the-
ory of solutions, since the Planck�Arrhenius hypoth-
esis was the subject of his graduation thesis. This
was one of the first publications in Russia, in which
the concepts of Arrhenius, Van’t Hoff, W. Ostwald,
and M. Planck (1858�1947, 1918 Nobel Prize in phys-
ics) were subjected to detailed critical analysis. In
Leipzig, Kistyakovskii studied, under the supervision
of W. Ostwald and Arrhenius, the electrical conduc-
tivity of aqueous solutions of a number of double salts
in order to determine the composition of ions formed
in dissolution of these salts. The notion of double
and complex salts was introduced by W. Ostwald in
1889; in the Russian chemical literature, this notion
appeared after Kistyakovskii’s publication [5, 6].

In the summer of 1889, privat-docent I.A. Kablu-
kov (1857�1942, honorary academician of the Acad-
emy of Sciences of the USSR since 1932) arrived in
Leipzig, on a business trip from Moscow University
[7]. He studied the electrical conductivity of hydrogen
chloride solutions in various solvents. At that same
time, A.V. Speranskii (1865�1919), who graduated
from Moscow University in 1888 (later, professor of
Kiev University), continued his education at W. Ost-
wald’s laboratory. In different years, the following
representatives of Russia worked in Leipzig: V.F. Ti-
mofeev (1858�1923), D.P. Turababa (1863�1933),
A.V. Sapozhnikov (1868�1935), N.A. Shilov (1872�
1930), L.V. Pisarzhevskii (1874�1938, academician
of the Academy of Sciences of the USSR since 1930),
and A.V. Rakovskii (1879�1941, corresponding mem-
ber of the Academy of Sciences of the USSR since
1933). Young talented scientists from different coun-
tries made especially high the level of studies at
the physicochemical laboratory of Leipzig University.
To Kistyakovskii belongs the well-known phrase: �It
is a common opinion that W. Ostwald created a prom-
inent school of physical chemists, but, vice versa,
it may be said that this prominent school created
W. Ostwald� [8].

During the period from 1887 till 1906, the inter-
national school of physical chemists, headed by
W. Ostwald, gave to the world science about 70 scien-
tists, who became professors and heads of laboratories
and chairs in different countries [2, 3].

Kistyakovskii in St. Petersburg and Kablukov in
Russia, active supporters of new concepts of the na-
ture of solutions, had to deal with strong opponents
of the theory of electrolytic dissociation. These in-

cluded leading Russian chemists of that time: Men-
deleev, D.P. Konovalov (1856�1929, academician of
the Academy of Sciences of the USSR since 1923),
M.D. L’vov (1848�1899), N.N. Beketov (1827�1911,
academician of the St. Petersburg Academy of Sci-
ences since 1886), F.M. Flavitskii (1848�1917, pro-
fessor of Kazan University, corresponding member of
the St. Petersburg Academy of Sciences since 1907),
and others. More tolerant and unbiased toward Ar-
rhenius’s hypothesis was Menshutkin, a professor of
St. Petersburg University. Kistyakovskii and, later,
Kablukov considered it their task to bring together
the two different standpoints concerning the nature of
solutions, based on the concept of hydration of ions
and their interaction with the solvent.

In 1888, W. Ostwald established an important rela-
tionship between the degree of dissociation of an elec-
trolyte and its concentration (Ostwald’s dilution law).
In 1888�1889, the scientist continued investigations
of the electrical conductivity of organic acids to de-
termine the dependence of their constant of electro-
lytic dissociation on the composition and structure of
an acid and established important relationships between
the structure and reactivity of organic molecules and
studied dissociation of dibasic acids. In 1890�1892,
W. Ostwald paid much attention to dyed solutions and
their absorption spectra and developed a theory of
acid-base indicators. Based on this and other investi-
gations in the field of analytical chemistry, he wrote
a manual Scientific Foundations of Analytical Chem-
istry (1894).

In 1889, W. Ostwald founded a series of publica-
tions, Klassiker der exakten Wissenschaften (Classics
of Exact Science), which became widely known, and,
later, Ostwalds Klassiker der exakten Wissenschaften,
which promoted and popularized works of world’s
most prominent scientists. In 1893, one of W. Ost-
wald’s teachers, professor Oettingen, finished his ped-
agogical and scientific activities at Dorpat University
and moved, by W. Ostwald’s invitation, to Leipzig
to engage himself in preparation and publication of
current issues of the series Klassiker der exakten Wis-
senschaften. In 1966, the 250th issue was published,
devoted to W. Ostwald’s works in the field of chem-
ical affinity. In 1988, a special monograph was pub-
lished in tribute of the centennial foundation anniver-
sary of the series [9].

W. Ostwald was among those who initiated foun-
dation of specialized research institutes to solve
the most topical problems of chemistry. This idea
was embodied in Germany: in 1896, the Institute of
Physical Chemistry and Electrochemistry was orga-
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nized in Gottingen for Nernst, who headed the chair
of physical chemistry at Gottingen University at that
time. In the end of 1897, the Institute of Physical
Chemistry was organized in Leipzig for W. Ostwald.
The main directions of research at the institute were
kinetics and catalysis. W. Ostwald commenced inves-
tigations in these fields of physical chemistry already
when living in Riga. In 1890, he published an impor-
tant paper �Autocatalysis,� which initiated wide-scale
investigations in the field of catalysis. In 1895, there
appeared another paper of fundamental importance:
�On the Nature of Catalytic Processes.� Among the
closest W. Ostwald’s associates, the already men-
tioned Bredig studied heterogeneous catalysis. Later
(in 1900�1906), extensive studies of the kinetics of
homogeneous reactions were carried by M. Bodenstein
(1871�1942). Shilov studied the kinetics of conjugated
reactions. Results of numerous investigations were
summarized by W. Ostwald in a monograph U�ber
Kataluse (On Catalysis, Leipzig, 1902; Russian trans-
lation in 1903). W. Ostwald’s investigations in the
field of catalysis were analyzed in detail in a mono-
graph by N.I. Rodnyi and Yu.I. Solov’ev [2].

In August 1906, W. Ostwald finished teaching at
Leipzig University. The exceedingly intensive work
for 20 years resulted in fatigue and strain. By that
time, W. Ostwald was comfortably off and had the
rank of privy councilor. Together with the numerous
members of his family (three sons and two daughters)
he settled at his Energetik country-house at a small
town of Grossbothen approximately 30 km southwest
of Leipzig.

Shortly before resigning, in the spring of 1904,
W. Ostwald delivered a Faraday lecture �Compounds
and Elements� at Royal Institute in London. In 1906,
in the framework of the first program of exchange
of scientists between Germany and the United States,
W. Ostwald delivered lectures at a number of univer-
sities in USA during a year.

In 1909, as already mentioned, W. Ostwald won
Nobel Prize in chemistry �... in recognition of his work
on catalysis and for his investigations into the funda-
mental principles governing chemical equilibria and
rates of reaction� [10]. The presentation of the scientist
by Swedish Royal Academy of Sciences emphasized
the importance of W. Ostwald’s discoveries not only
for the development of theory, but also for practical
use, e.g., for manufacture of sulfuric acid or synthesis
of indigo-based dyes. Among the scientists who nom-
inated W. Ostwald for the Nobel Prize was Kablukov.

Having freed himself from his duties as a professor
of Leipzig University and head of the Physicochem-
ical Institute, to become a �freelance professor,�
W. Ostwald could deal with the issues he had always
been interested in. One of these was the development
of science and the role played in this process by scien-
tific creative work of separate scientists. In 1909,
W. Ostwald published a book Grosse Ma� nner (Great
Men, Leipzig, 1909; Russian translation in 1910),
which analyzed the career of six scientists: three chem-
ists (H. Davy, J. Liebig, Ch. Jerard) and three phys-
icists (M. Faraday, R. Mayer, and H. Helmholtz).
W. Ostwald’s ideas concerning the problems associ-
ated with chemical education, influence of age on
scientific activities, formation of scientific schools,
and quite a number of other issues of research organi-
zation have remained topical up to now. During his
entire scientific career, W. Ostwald expressed keen
interest in the history of science. He studied in most
detail the evolution of electrochemistry and described
it in a monograph Elektrochemie: Ihre Geschichte und
Lehre (Electrochemistry: History and Theory, 1895).
Later, in 1910, W. Ostwald described the history of
electrochemistry in a more popular form; in 1911, this
book was translated into Russian.

W. Ostwald proceeded from the assumption that
elucidating the laws governing the development of
science yields a key to understanding of the present-
day situation in science and must ensure deeper un-
derstanding of general aspects of the development of
society [2].

Already in the late 1890s, W. Ostwald’s attention
was attracted by philosophical problems of natural
science; the scientist’s standpoint was described in
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his book Vorlesungen �uber Naturphilosophie (Lec-
tures on Natural Philosophy, 1902; Russian translation
in 1903) and later publications [2]. W. Ostwald’s con-
cept of energy as fundamental principle of the phys-
ical world and scientist’s skepticism toward the atom-
ic-molecular theory have been repeatedly subjected to
justified criticism [11].

W. Ostwald’s scientific and organizational activi-
ties were extensive and diverse, and his creative her-
itage is vast. The scientist’s career has been the sub-
ject of numerous publications, including a detailed
autobiography (1926�1927) and recollections of his
son, Walter Ostwald (1953). Sufficiently detailed
evidence of biographic nature can be found in known
reference books [12�14].

Wilhelm Ostwald died on April 4, 1932, at the age
of 79. He became part of the history of science as one
of the most outstanding natural scientists of his time.
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Abstract�Interrelation between the hydrogen bonding energy in cellulose and its solubility in aqueous and
nonaqueous solvents is examined. Factors controlling the solubility and selection criteria for nonaqueous
solvents for cellulose are analyzed.

Among polymers widely used in various areas of
human activities, cellulose, as a steadily renewable
native polymer, and its derivatives are of great impor-
tance. In this connection, development of green tech-
nologies for cellulose processing is a topical problem.
Native cellulose fibers are used essentially in textile
and pulp and paper industries. It is important also
that cellulose and its derivatives as films, fibers, and
granules are manufactured generally through polymer
solutions [1, 2].

Fabrication of rayon through the xanthate, which
was a common process until the mid1980s, includes
the use of toxic carbon disulfide [3�6]. In the last two
decades, in Russia and other countries, new solvent
systems for cellulose were intensively studied as alter-
natives to the viscose process. Among these systems
were nonaqueous (tertiary amine N-oxides, aprotic
solvents with addition of LiCl, DMF with N2O4, tri-
fluoroacetic acid, etc.) and aqueous solvents like
aqueous ZnCl2, NaOH, and H3PO4 [7�13]. Most of
these solvents have not found practical use because of
such reasons as toxicity and environmental hazard,
limited solvency, problems arising in developing
closed processes, and high power consumption in
solvent regeneration.

Criteria for predicting the solvency with respect to
cellulose are searched for many years. Knowledge of
only the thermodynamics of the polymer�solvent in-
teraction does not allow theoretical prediction of the
solubility of cellulose in one or another solvent. The
solubility of cellulose is influenced by such factors as
the fiber morphology, molecular weight, degree of
structurization, i.e., origin of the polymer, and also by
hydrogen bonding in its structure. All these factors
affect characteristics of cellulose solutions and, in-
directly, the performance of the resulting fibers and
films.

Therefore, it appeared advisable to summarize and
correlate information on hydrogen bonding in cellu-
lose and other factors controlling its solubility in
aqueous and nonaqueous solvents, and also on the
selection criteria for solvents for cellulose.

1. SOLUBILITY PARAMETER � OF CELLULOSE
AND HYDROGEN BONDING
IN THE NATIVE POLYMER

The presence of one primary (C6) and two sec-
ondary (C2, C3) hydroxy groups in an anhydroglucose
unit of cellulose predetermines the occurrence of a
system of inter- and intrachain hydrogen bonds in the
native polymer. This strongly limits the range of one-
component solvents suitable for practical use.

The first systematic studies of hydrogen bonding
in ordered regions of the cellulose structure were
reported in [14�18]. The conformations of cellulose
macromolecules and hydrogen bonding in them were
actively studied by Zhbankov and coworkers [19, 20].
In these works, IR absorption spectra of cellulose in
the OH stretching region (3000�3700 cm�1) were
analyzed to elucidate the arrangement of intra- and
interchain hydrogen bonds. Since introduction of in-
struments of new generation (FTIR spectrometers),
these works have been brought up to a higher standard
[21�25].

Basing on the Sarko and Blackwell’s elementary
unit models [26�28], Zbankov and Kozlov [20] theo-
retically analyzed hydrogen bonding in highly ordered
regions of the cellulose structure with parallel arrange-
ment of the cellulose chains. They considered the
most stable conformations of the native cellulose
chains. The results are given in Fig. 1 and Table 1.

The theoretical estimates confirmed the occurrence
of two intra- and one interchain hydrogen bonds in
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Table 1. Characteristics of hydrogen bonds in native
cellulose (C1) [20]
����������������������������������������

Type of bonding � O ���H distance, �� Eh, kJ mol�1

����������������������������������������
Intrachain � 1.81 � 13.2 [26]

O3��H ���O5 � 1.86 � 11.5 [28]
O2�H ���O6� � 1.74 � 14.9

� 1.91 � 10.0
Interchain � 1.96 � 8.6

O6��H ���O3" � 1.82 � 12.8
����������������������������������������

the elementary unit of native cellulose. Table 1 shows
that the hydrogen bonding energy in cellulose ranges
from 8.5 to 15.0 kJ mol�1. Dissolution of cellulose
requires breaking of at least all the interchain hydro-
gen bonds. There are a number of solvents capable of
forming hydrogen bonds with the energies Eh above
13.0 kJ mol�1. These are alcohols, aldehydes, amines,
some aprotic solvents, etc. [29]. Water forms hydro-
gen bonds with Eh = 18.0�21.0 kJ mol�1 [29]. How-
ever, cellulose does not dissolve in water and the
above-indicated solvents under any conditions, sug-
gesting the realization of hydrogen bonds in cellulose
with an energy above 21.0 kJ mol�1. Naimark et al.
[30] studied the interaction of cellulose with plasticiz-
ing aprotic and proton-donor solvents and suggested
that amines can form hydrogen bonds with the OH
groups of cellulose with Eh >21.0 kJ mol�1.

One of the parameters characterizing intermolecular
interactions in polymers is the solubility parameter
� introduced by Hildebrand in his regular solution
theory [31]. Knowledge of this parameter allows
prediction of the cohesion energy of a polymer Ecoh

Fig. 1. Intra- and interchain hydrogen bonding in ordered
regions of the structure of native cellulose [20].

and also of the nature of intermolecular interactions in
the polymer, which may be helpful in directed search
for good solvents.

From the equilibrium swelling, Thode and Guide
[32] have determined � = 28.6 (J cm�3)0.5 for cellu-
lose. In studying the plasticizing properties of solvents,
Naimark et al. [30] obtained � = 52.8 (J cm�3)0.5,
which was assigned to amorphous cellulose. The theo-
retical estimates obtained for some physical and phys-
icochemical characteristics of cellulose and other poly-
saccharides revealed that the energy of intermolecular
interaction in cellulose amounts to 207.0 kJ mol�1,
which corresponds to � = 29.2 (J cm�3)0.5 [33].
The cohesion energy of cellulose was reported to be
1296.0 kJ mol�1 [34]. Berger and Keck [35] obtained
� = 53.4 (J cm�3)0.5 for cellulose in crystallites. Swel-
ling of films of hydrated cellulose in aprotic and
proton-donor solvents was studied in [36, 37]. In
these works we demonstrated that knowledge of the
dependences of the degree of swelling on � of a
solvent does not allow estimation of � of cellulose.

Hansen suggested to consider the cohesion energy
of solvents and polymers as a sum of three terms
[38, 39]:

Ecoh Ed + Ep + Eh� �0.5 � �0.5

� = ������ = ������������ = (�2
d + �2

p + �2
h)0.5. (1)

V V� 	 � 	

where Ed, Ep, and Eh are the contributions of the dis-
persion and dipole�dipole interactions and hydrogen
bonding, respectively, to the cohesion energy; and V,
volume.

To characterize the parameters of intermolecular
interactions, primarily of hydrogen bonding, in cellu-
lose, we proposed a new procedure for determination
of the solubility parameter of cellulose and estimated
for the first time the partial contributions of the dis-
persion (�d) and dipole�dipole (�p) interactions and
hydrogen bonding (�h) to � [36]. The procedure in-
volves determination of � of cellulose acetates with
various degrees of substitution (DS) from their solu-
bility diagrams in mixed solvents reported by Malm
et al. [40]. The � vs. DS plots appeared to be linear
(Fig. 2). By extrapolation of these dependences to
zero DS, �, �d, �p, and �h were determined to be 55.7,
11.7, 35.9, and 42.2 (J cm�3)0.5, respectively. The �
value thus obtained exceeds considerably that of water
and other common solvents. High values of �, �p, and
�h of cellulose are caused by the features of its chemi-
cal structure, specifically, by the system of intra- and
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interchain hydrogen bonds contributing significantly
to Ecoh of the polymer.

The theoretical � as well as �d, �p, and �h appeared
to be considerably lower than those obtained experi-
mentally [36, 37, 41]. Discrepancies in � of cellulose
estimated by various methods are probably due to the
fact that the contributions of dipole�dipole interac-
tions and hydrogen bonding to the cohesion energy
were taken into account to a different extent in each
method.

From the experimental �h we estimated the hydro-
gen bonding energy to be Eh = 25.0 kJ mol�1 [36, 37],
which is about twice that published in the literature
for interchain hydrogen bonds in cellulose (Table 1).
The value Eh = 25 kJ mol�1 is well consistent with
that estimated from the shift of the OH absorption
bands in IR spectra of cellulose of various origins.
Sugiyama et al. [42] reported the frequencies of 3240
and 3270 cm�1 for the H-bonded OH groups in poly-
morphs I� and I� of cellulose, respectively. From
these frequencies, one may estimate the corresponding
Eh values using the Sokolov’s equation [29]. The
result is 26.1 and 23.8 kJ mol�1 for the bands at 3240
and 3270 cm�1, respectively, which is in good agree-
ment with Eh estimated from �h.

Finally, it is the high Eh typical of hydrogen bond-
ing in cellulose (up to 25 kJ mol�1) that restricts the
range of solvents suitable for cellulose.

2. TERTIARY AMINE N-OXIDES

Many efforts were made to establish a correla-
tion between the structure of amine oxides and their
solvency with respect to cellulose. As early as in
1939, Graenacher and Sallmann have demonstrated
that aliphatic and cyclic amine oxides dissolve cellu-
lose at elevated temperature to form 7�9% solutions
[43]. They have also formulated the selection criteria:
oxides of tertiary amines should contain no more than
14 carbon atoms and be free from aromatic radicals.
At that time, amine oxides found no practical applica-
tion because of relatively low attainable cellulose con-
centrations. In 1969, Johnson reported on dissolution
of cellulose in heterocyclic amine oxides like N-meth-
ylmorpholine N-oxide (NMMO) [44, 45]. He sug-
gested that amine oxides are capable of breaking hy-
drogen bonds between the OH groups of cellulose
chains even in crystalline regions of the cellulose
structure by virtue of formation of stronger hydrogen
bonds between the OH groups of the polymer and the
oxygen atom of an oxide: Cell�O�H���O��N+R3.

DS

�, (J cm�3)0.5

Fig. 2. (1) �, (2) �h, (3) �p, and (4) �d of cellulose acetates
as functions of DS [37].

In 1979�1980, Franks and Varga studied the sol-
vency of a broad range of amine oxides of various
structures (32 amine oxides) [46, 47]. They have dem-
onstrated that the solvency of amine oxides depends
on the water content of the solution and offered cer-
tain physical and chemical or, rather, structural criteria
for evaluation of amine oxides as solvents for cellu-
lose [48]: (1) N-Oxide should be a tertiary amine
derivative; (2) preferably, a tertiary amine N-oxide
having a cyclic molecular structure should be taken,
except for triethylamine N-oxide (TEAO) and N, N-di-
methylethanolamine N-oxide (DMEAO); (3) the size
of the ring should be no larger than the size of the
glucopyranose unit (5.15 �); (4) amine oxide should
have high dipole moment (at least 4.5 D) to be capable
of breaking the hydrogen bonds between the OH
groups of cellulose; and (5) solvent should contain
water within a specified critical range, to dissolve cel-
lulose at a given temperature.

Franks and Varga offered a so-called polar-steric
dissolution mechanism, with special emphasis on the
structure of substituents at the nitrogen atom. With the
above criteria being met, the hydrophobic part of the
amine oxide molecule solvates the glucopyranose unit,
shielding it from the nearest neighboring units and
promoting dissolution of cellulose.

However, the above-given selection criteria cannot
explain different behavior of specific amine oxides
with respect to cellulose. For example, NMMO dis-
solves cellulose, but N-ethylmorpholine N-oxide
(NEMO) does not; TEAO dissolves cellulose, but tri-
methylamine N-oxide (TMAO) does not, even though
having a high dipole moment (5.02 D).

Other authors [49, 50] proposed to add two more
criteria to those considered above, namely, the basic-
ity of amine oxides (pKa � 5.0) and the steric factor at
the nitrogen atom. Shielding of the oxygen of the
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Table 2. Interaction energies of amine oxides with water
(Eh) and in dimers (Edim) [57]
����������������������������������������

Amine
�


, D
� Eh � Edim �

Solvency*� ���������������
N-oxide � � kJ mol�1 �

����������������������������������������
TMAO � 5.14 � 28.9 � 43.9 � �
TEAO � 4.52 � 25.9 � 40.5 � +
MO � 4.05 � 18.4 � � �
NMMO � 4.25 � 25.5 � 26.4 � +
NEMO � 4.12 � 22.5 � 26.4 � �
����������������������������������������
*(�) Does not dissolve and (+) dissolves.

N�O group by a substituent at the same nitrogen
atom may result in the total loss of the solvency even
in oxides of high polarity and basicity. Consideration
of the steric factor allows understanding of the facts
that NMMO dissolves cellulose, but NEMO does not.
The methyl substituent is not bulky enough to shield
the oxygen atom, permitting strong hydrogen bonding
with the OH groups of cellulose. On the contrary, the
ethyl substituent strongly shields the oxygen atom of
the N�O group, hindering hydrogen bonding. Un-
fortunately, inclusion of the steric factor into con-
sideration is insufficient to explain the inverse pattern
observed for aliphatic amine oxides (TEAO dissolves
cellulose, but TMAO does not).

Philipp and coworkers [11, 51] proposed another
dissolution mechanism involving formation of a
donor�acceptor transition complex. However, inclu-
sion of such a stage into consideration allows explana-
tion of the fact of cellulose solubility, but not its
quantitative theoretical prediction.

Analyzing cellulose solubility in the framework of
the donor�acceptor interaction, Tsvetkov [52] sug-
gested that cellulose could dissolve only in solvents
of high electron-donor power (DNSbCl5

>40). The
donor number of NMMO was estimated to be just
about 40 [50]. It should be pointed out that the donor
number is a measure of the total interaction energy
of a given solvent with SbCl5, but it does not always
provide information on the specific interaction of the
solvent with a fixed functional group of the polymer.
For example, DNSbCl5

of diamines, ethylenediamine
and tetramethylethylenediamine, were estimated to be
50 and 55, respectively. However, they do not dis-
solve cellulose [53]. Note also that DN of solvents can
depend on the determination procedure [54].

Tsygankova et al. [55] have performed MNDO
quantum chemical calculations of some electronic
structure parameters (dipole moment, ionization po-

tential, and electron density distribution) for a series
of tertiary amine oxides both not dissolving (TMAO)
and dissolving cellulose (TEAO, NMMO, and NMMO
monohydrate). The authors found no significant dif-
ferences in the above-indicated parameters of the elec-
tronic structure which could explain the lack of the
solvency in the amine oxides that are very similar in
their electronic structure to those dissolving cellulose.

Yakimanskii et al. [56] applied the same calcula-
tion procedure to broader ranges of amine oxides and
their monohydrates and calculated a larger set of elec-
tronic characteristics. They studied the electronic
structure of TMAO, TEAO, morpholine N-oxide
(MO), NMMO, NEMO, DMEAO, and their mono-
hydrates and also the cellulose solubility in them. The
electronic structure analysis included such character-
istics as the HOMO and LUMO energies, dipole mo-
ment and its derivatives, charge distribution, and 2px,
2py, and 2pz populations. As in [55], results revealed
that none of the parameters taken alone could be used
as a criterion for predicting the cellulose solvency of
amine oxides. It may be suggested that it is governed
by some set of electronic structure parameters, each
being responsible for certain contribution to the total
solvent�polymer interaction energy.

The affinity of amine oxides for water can be used
to elucidate their affinity for the OH groups of cel-
lulose. Yakimanskii et al. [56] have estimated the
energy of hydrogen bonding Eh between water and
amine oxides. For completeness sake, Bochek et al.
[57] have also estimated the cohesion energies of
solvents in dimers Edim. In the anhydrous state,
NMMO molecules are arranged so that the dipolar
N�O bonds in the adjacent molecules are antiparallel
[58].

Table 2 shows that only combined analysis of the
energies of hydrogen bonding of amine oxides with
the OH groups (Eh), on the one hand, and the cohe-
sion energies of amine oxides in dimers Edim, on the
other hand, opens the door for formulation of the
selection criteria for solvents for cellulose. As shown
above, cellulose is soluble in amine oxides capable of
forming high-energy (>25.0 kJ mol�1) hydrogen
bonds with the OH groups. The value of 25 kJ mol�1

corresponding to the maximal hydrogen bonding
energy in cellulose bounds the range of one-compo-
nent solvents for cellulose. It is seen also that the
ability of amine oxides to form hydrogen bonds with
Eh >25 kJ mol�1 is a necessary but not sufficient con-
dition to ensure cellulose solubility. It is also neces-
sary that Edim of solvents be lower than, or at least
close to the indicated critical value. The enthalpy of
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cellulose interaction with NMMO monohydrate was
found to be �Hint = 24.6 [52, 59] and 24.1 kJ mol�1

[60]. The validity of these estimates is supported by
the closeness of Eh and �Hint in the case of NMMO
monohydrate.

As seen, Eh and Edim are close to each other only
in NMMO. In aliphatic TMAO and TEAO, Edim is
considerably higher. Cellulose dissolves in amine
oxides upon heating. Although hydrogen bonding
between an amine oxide and the OH groups of cellu-
lose is an exothermic reaction, elevation of the tem-
perature is needed to overcome the self-association
and crystallization in the solvent [61]. The Edim in
amine oxides can be lowered also by adding certain
critical amount of water, which results in reduction of
the melting point of NMMO monohydrate (TEAO
monohydrate is a liquid at room temperatures). It
could be concluded from Table 2 that TMAO, having
the highest Eh (28.9 kJ mol�1) among the solvents
studied, should demonstrate the highest cellulose
solvency. However, this solvent has also the highest
Edim, and neither elevation of the temperature nor
addition of water allows reduction of Eh to the desired
value. It is not unlikely that some additional condi-
tions are necessary for TMAO to provide decrease
in Edim.

3. AMIDE/LiCl NONAQUEOUS
SOLVENT SYSTEMS

Like tertiary amine N-oxides, some nonaqueous
solvent systems containing an aprotic solvent and
LiCl can directly dissolve underivatized cellulose. The
interest in such systems is initiated by the possibility
of dissolution of synthetic and natural polymers other
than cellulose, to obtain highly concentrated solutions
convenient for formation of fibers and films.

Initially, the system dimethylacetamide (DMAA)�
LiCl was employed for dissolution of proteins [62],
amides [63], and chitin [64, 65]. Then, McCormic
et al. [66] have demonstrated that DMAA�LiCl can
dissolve cellulose with formation of concentrated
solutions containing mesomorphic phases. Among a
great number of nonaqueous salt-containing systems,
only certain amides with addition of LiCl dissolve cel-
lulose. These are DMAA, methylpyrrolidone, and
hexamethylphosphoric triamide [17, 62, 67, 68].
Recent studies [69, 70] revealed that cellulose is
soluble also in a series of other LiCl-containing non-
aqueous systems.

Tsygankova et al. [71] performed quantum chemi-
cal study of the DMAA�LiCl system, including the

electronic structure and geometry of the (DMAA)n �
LiCl complexes. They found that, at n = 3, a high
negative charge is localized on the Cl� ion of the
molecular complex formed, increasing the tendency to
hydrogen bonding with organic hydroxy compounds
via the chloride ion.

By now, researchers offered seven mechanisms for
dissolution of cellulose in the DMAA�LiCl system
[10, 13, 64, 66, 69, 72]. Several authors [62, 66, 72]
believe that cellulose interacts with the DMAA�LiCl
complexes in which LiCl occurs in the ionic form.
The thought of other authors [64, 67, 69] is that lithi-
um chloride is in the molecular form. Yakimanskii
et al. [73] analyzed the electronic structure of DMAA
and DMF complexes with both ionic and molecular
LiCl using MNDO calculations. The system DMF�
LiCl, which does not dissolve cellulose under the
same conditions, was selected as a reference.

Analysis of the electronic structure parameters
(charge distribution, bonding energy, and dipole
moments) of the complexes with LiCl in the molecu-
lar form revealed no significant differences between
the corresponding parameters of the two systems,
which could account for the lack of solubility in the
DMF�LiCl system.

For the complexes with ionic LiCl, dissociation of
LiCl in the amides should be taken into account
[Eqs. (2) and (3)]. Assuming that the complexes inter-
act with cellulose via Cl� ion, the difference in the
cellulose solvency of the systems should be attributed
to the different dissociation energies (Ed).

DMAA ���LiCl �
� [DMAA ���Li]+ + Cl�, (2)

DMF ���LiCl �
� [DMF ���Li]+ + Cl�. (3)

MNDO calculations with full optimization of the
geometry of the ionic complexes [DMAA ���Li]+Cl�

and [DMF ���Li]+Cl� were performed. The Ed for reac-
tion (2) appeared to be lower by 23.0 kJ mol�1 as
compared to (3), i.e., LiCl more readily dissociates
in DMAA. Comparison of the estimated bonding
energies between water molecules and the resulting
cations [DMAA ���Li]+ and [DMF ���Li]+ showed that
they are similar, being 110.0 and 113.3 kJ mol�1,
respectively.

At the same LiCl concentrations in the amide solu-
tions, the amount of reactive cations [amide ���Li]+

will be considerably higher in DMAA, which, evi-
dently, is responsible for the ability of the DMAA�
LiCl system to dissolve cellulose [69]. This analysis
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is supported by the results reported in [74], demon-
strating that cellulose dissolves in both the DMAA�
LiCl and DMF�LiCl systems. However, in the case of
the latter system, dissolution requires activation of
cellulose with liquid ammonia.

The established correlation between the cellulose
solvency of the nonaqueous amide�LiCl systems and
the degree of dissociation of LiCl in them confirms
the concept that dissolution of cellulose proceeds
through interaction with the complex amide ���LiCl in
which the salt occurs in the ionic form.

4. EFFECT OF PHYSICOCHEMICAL
MODIFICATION ON HYDROGEN BONDING

IN CELLULOSE

Solubility of cellulose in technology-relevant
solvents can be realized through a decrease in its
cohesion energy by virtue of weakening of the hydro-
gen bonding. Dissolution of cellulose in the cupram-
monium solvent followed by precipitation changes the
crystallinity index of the polymer [75]. Regenerated
cellulose with a low crystallinity index is soluble in
aqueous NaOH. The solubility considerably decreases
with increasing molecular weight. Any cellulose poly-
morph can be fully dissolved in 5% NaOH, as demon-
strated with 2% cellulose solutions [76].

The effect of modification of the system of hydro-
gen bonds in cellulose by steam explosion on its
solubility in 9% alkali was studied in [77�80]. In
these works, cellulose of various origins and poly-
morphs (CI, CII, and CIII) with different MWs and
crystallinity indices was studied. Treatment by steam
explosion produces degradation of cellulose macro-
molecules and partial break of intra- and interchain
hydrogen bonds. The solubility of cellulose in aque-
ous alkali increases as MW decreases and hydrogen
bonds (primarily intrachain bonds O5 ���HO3� and
O�H2 ���O6��H) break. From cellulose thus treated,
4�5% solutions can be obtained, suitable for fiber
formation [81].

However, this process for rayon production has not
found wide use. In our opinion, the major drawbacks
are low degree of polymerization (DP <400) and
low concentration of the resulting cellulose solutions
(4�5%).

The hydrazine process for preparation of cellulose
solutions [12] may also be classified with the proc-
esses based on partial breaking of hydrogen bonds in
the polymer through physical impact. It is known
that a series of amines, among them hydrazine, at

atmospheric pressure form high-molecular-weight in-
clusion compounds with cellulose [82]. True solutions
of cellulose can be obtained by heating the polymer
in hydrazine at 100�200�C and a pressure of up to
0.7 MPa (7.0 atm). Evidently, elevated pressure modi-
fies both the system of hydrogen bonds in cellulose
and physicochemical properties of the solvent.

5. CHEMICAL MODIFICATION OF CELLULOSE

Introduction of new functional groups into cellu-
lose macromolecules modifies the initial system of
hydrogen bonds, distorts the regular arrangement of
cellulose chains, and changes the supramolecular
structure of the polymer toward a decrease in the
macrochain ordering.

It is known [83] that a series of cellulose deriva-
tives, viz., methyl cellulose, ethyl hydroxyethyl cellu-
lose, hydroxyethyl cellulose, hydroxypropyl cellulose,
hydroxypropyl methyl cellulose, methyl ethyl cellu-
lose, and carboxymethyl cellulose sodium salt dis-
solve in water, the convenient solvent from the tech-
nological standpoint. The indicated cellulose deriva-
tives are widely used as gelling agents, thickeners,
stabilizers, and emulsifiers in food industry [1].

Introduction of the acetate groups within a rather
narrow DS range from 0.4 to 1.0 makes cellulose
water-soluble [84�86]. A necessary condition of
solubility of cellulose acetate (CA) in water is a
regular distribution of the substituents along the
macrochains and in the anhydroglucose units [40, 86,
87]. Therefore, it appears advisable to analyze factors
influencing the solubility of cellulose derivatives with
an example of CA.

In [88] we reported the results of a comparative
study of interaction of cellulose and CA of various
DS with water, ethanol, and chloroform, aimed at
elucidation of the effect of modification of the system
of hydrogen bonds, produced in cellulose by introduc-
tion of the acetate groups, on the thermodynamic
affinity of the polymers for water.

Introduction of the acetate groups into cellulose in-
creases the difference in the surface energy 	 of the
polymer and a solvent, i.e., promotes hydrophobiza-
tion of the polymer, thus making worse the wettability
of the polymer with water and hindering the diffusion
of the solvent to the polymer matrix. With further in-
creasing DS, the difference in 	 between the polymer
and a solvent becomes so large that cellulose triacetate
does not longer dissolve in water. It is the increase
in the hydrophobicity of the polymer that determines
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the DS upper limit in water-soluble cellulose acetates
of 1.0.

In [88] we demonstrated that the solubility of CA
in water is realized within the DS range in which �
of the polymer is equal to or lower than � of a solvent.
In this range, the polymer�solvent interaction param-
eter 
1 is minimal. To obtain water-soluble CA, it is
necessary to decrease the contribution of hydrogen
bonding to the cohesion energy, which was dominant
in the initial cellulose. Introduction of small amounts
of the acetate groups (on the condition of their regular
distribution in the macromolecular chains and glucose
units) significantly modifies the system of hydrogen
bonds typical of the initial cellulose toward a decrease
in the amount and energy of these bonds, which pre-
determines the phenomenon of solubility in water.
Further increase in the content of acetate groups is
accompanied by increasing difference in the surface
tension between the polymer and the solvent (hydro-
phobization of the polymer), resulting in the loss of
solubility. Cellulose propionates obtained by a similar
process are insoluble in water because of a stronger
increase in their hydrophobicity [1]. Therefore, the
solubility of CA in water is a result of modification of
the initial system of hydrogen bonds toward a de-
crease in their energy and amount (supramolecular
level) and also of a change in the hydrophilic�hydro-
phobic balance of the macromolecules (molecular
level) [88].

Processes of cellulose dissolution through chemical
modification include those with mineral or organic
acids as solvents. In acid solutions, derivatization of
cellulose occurs with formation of soluble products.
Among the acid solvents are nonaqueous systems with
formic acid (cellulose formate is formed as a soluble
product), trifluoroacetic acid (cellulose trifluoroace-
tate), DMF�N2O4, DMF�SO3, dimethyl sulfoxide�
paraformaldehyde, and also concentrated mineral
acids [7, 8].

CONCLUSION

Analysis of the literature shows that the presence of
hydrogen bonds with an energy of up to 25.0 kJ mol�1

in cellulose strongly confines the range of solvents for
this polymer. Therefore, it is rational to search for
new solvent systems for cellulose in at least two direc-
tions. The first one is search for solvents capable
of forming hydrogen bonds with an energy above
25 kJ mol�1, taking into account that strongly polar
solvents tend to association, as was demonstrated with
an example of tertiary amine N-oxides. In nonaqueous

mixed solvent systems (amide + LiCl), the solubility
of cellulose is controlled by the amount of reactive
cations formed and also by the polymer preactivation
conditions.

Another line is to decrease the energy of hydrogen
bonds in cellulose by physicochemical or chemical
modification.
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Abstract�Conditions were studied for the dissolution in HF of hydrated tantalum(V), niobium(V), and titani-
um(IV) oxides, which are formed by acid decomposition of loparite, and also for the selective extraction
of Ta(V) with octanol from the resulting fluotitanic solutions.

One of the largest sources of titanum�rare metal
raw materials in Russia, Lovozero deposit of loparite
ores, is located on the Kola peninsula. As compared to
conventional raw materials used abroad (pyrochlore,
tantalite, columbite, etc.), rare-earth titanoniobate
loparite is a lean rare-metal raw material, but at the
same time it contains several valuable components:
tantalum(V), niobium(V), titanium(IV), and rare
earths(III). After dressing, the loparite concentrate
contains (wt %) Ta2O5 0.60�0.65, Nb2O5 7�8, TiO2
38�40, and Ln2O3 30�32 [1].

Growth of the production of loparite concentrate
not only makes it possible to meet the demands of the
existing and future applications of rare and rare-earth
elements, but also allows the export of these elements.
Because of the complex composition of loparite, prob-
lems arise with the separation of its useful com-
ponents and their recovery as commercial products.
An efficient direction in loparite processing is its acid
decomposition with HNO3 or HCl [2, 3]; in the proc-
ess, rare earths(III), strontium(II), calcium(II), and
other components pass into solution, whereas tan-
talum(V), niobium(V), and titanium(IV) are concen-
trated in the precipitated hydrate cake (HC) as hy-
drated oxides. The hydrate cake is dissolved in hy-
drofluoric acid with the subsequent extractive separa-
tion of tantalum(V), niobium(V), and titanium(IV)
[4�7]. Hydrofluoric acid can be practically completely
regenerated by pyrohydrolysis with simultaneous for-
mation of metal oxides; the regenerated HF is re-
cycled to the HC dissolution [2].

This work was mainly focused on HC dissolution
in hydrofluoric acid with the aim to minimize HF
consumption and to obtain solutions with high con-

tents of target components, and also on the search for
conditions of tantalum(V) selective extraction from
the acid fluoride solution. The composition of the ex-
amined HC samples after nitric acid (HNO3) and hy-
drochloric acid (HCl) breakdown is given in Table 1.
Hydrate cakes were obtained in the trials of the cor-
responding processes [3, 8]. The presence of rare
earths(III) in HC(HNO3) results from the presence of
non-decomposed loparite.

A 50-g sample was placed in a beaker equipped
with a stirrer and a lid (all fluoroplastic) and filled
with an HF solution (400 g l�1) preheated to a speci-
fied temperature. The amount of HF corresponding to
the reaction stoichiometry was calculated assuming
formation of HTaF6, HNbF6, H2TiOF4, H2SiF6, and
LnF3 (according to [4, 9], these compounds dominate
in the system under study). The dissolution was car-
ried out in a thermostat at 20�1 or 50�1�C for 6 h.
After filtration, the precipitate was washed with water
by repulping at s : l � 1 : 5, filtered off, and dried at
approximately 100�C. The procedures for extraction
of Ta(V) and Nb(V) from fluoride solutions and for
analytical control are given in [4].

Figures 1 and 2 show that decomposition of
HC(HNO3) involves a greater amount of HF than the

Table 1. Composition of HC after loparite acid decom-
position
����������������������������������������

Cake
� Content, wt %
�������������������������������
�Ta2O5 �Nb2O5 � TiO2 �Ln2O3 � SiO2

����������������������������������������
HC(HNO3) � 0.77 � 10.2 � 51.6 � 5.8 � 2.2
HC(HCl) � 0.50 � 8.4 � 63.6 � � � �

����������������������������������������
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dissolution of HC(HCl). This is apparently due to the
presence of a loparite impurity in HC(HNO3) and, as
a consequence, to the formation of a precipitate of
fluorides of rare-earth elements, which hampers the
dissolution of hydrated oxides of rare metals in HF.
Unchanged loparite can be fairly easily separated by
hydroclassification [2], which will allow the con-
sumption of HF for the decomposition of HC(HNO3)
to be reduced.

In dissolution of the two kinds of HC at HF defi-
ciency, titanium(IV) behaves differently. According to
X-ray phase analysis, HC contains an impurity TiO2-
rutile phase, and its content in HC(HCl) is higher than
in HC(HNO3). As rutile relatively difficultly dissolves
in HF, the passing of the elements into the liquid
phase in the course of HC(HNO3) decomposition de-
creases in the order Ti(IV) > Ta(V) � Nb(V), and for
HC(HCl), in the order Ta(V) > Nb(V) � Ti(IV).

It is interesting that, at 20�C, rare elements are re-
covered into solution from HC(HCl) at a low HF con-
sumption better than at 50�C. Presumably, under the
conditions of HF deficiency and of heating, Ta(V),
Nb(V), and Ti(IV) fluorides are hydrolyzed to give
poorly soluble oxofluorides. When the HF amount ex-
ceeds that required by the stoichiometry, which en-
sures sufficiently high content of free HF in the solu-
tion, the recovery of the elements into the liquid phase
at 50�C is higher than at 20�C.

The behavior of Ta(V), Nb(V), and Ti(IV) during
the dissolution of HC should be studied additionally.
However, it should be noted that the above-mentioned
features of the distribution of rare elements between
the solid and liquid phases are observed only under
conditions of HF deficiency. With large amounts
of HF, ensuring virtually complete recovery of the
target components into the liquid phase, which is of
the greatest interest for technology, the difference
in the distribution of Ta(V), Nb(V), and Ti(IV) is
leveled out, and their behavior becomes similar.

Thus, we recommend to dissolve HC(HNO3) and
HC(HCl) at approximately 50�C, with the amount of
HF being 130 and 115% of the stoichiometric amount,
respectively. The solutions obtained under these con-
ditions (with 400 g l�1 HF) contain (g l�1) TiO2 200�
250, HF 320�340, and HFfree 50�75; hereinafter
HFfree is the calculated content of HF in excess of
that required for the formation of HTaF6, HNbF6,
H2TiOF4, and H2SiF6. Tantalum(V) and niobium(V)
can be most efficiently recovered from the fluotitanic
solutions by extraction. In this case there is no need to
add sulfuric or another inorganic acid into the system
to improve the extraction and separation of tanta-

A, %

c, % of stoichiometry
Fig. 1. Influence of HF amount taken c on the recovery A
of (1) Ta(V), (2) Nb(V), and (3) Ti(IV) into the liquid
phase from HC(HNO3) at 50�C.

A, %

c, % of stoichiometry
Fig. 2. Influence of HF amount taken c on the recovery A of
(1, 2) Ta(V), (3, 4) Nb(V), and (5, 6) Ti(IV) from HC(HCl)
at (1, 3, 5) 20 and (2, 4, 6) 50�C.

lum(V) and niobium(V) [9], as the necessary acidity is
provided by the formation of tetrafluorooxotitanic acid
H2TiOF4 in the system [4�7].

To recover pure tantalum(V) and niobium(V) com-
pounds from fluotitanic solutions, we previously sug-
gested flowsheets based on successive extraction of
Ta(V) and Nb(V) with tributyl phosphate (TBP) [4, 5]
or on the extraction of the sum of Ta(V) and Nb(V)
with 1-octanol (OCL) followed by separation of the
target components in the back-extraction stage [6, 7].
The use of OCL as an extractant is preferential,
because it is more stable in an acidic medium than
TBP [10].

The drawback of the flowsheet involving OCL [6,
7] is the joint extraction of Ta(V) and Nb(V). At the
same time, the scheme of successive extraction of
Ta(V) and Nb(V) [9] is more convenient both for con-
trolling the process and for ensuring reproducibly
high quality of the product. This flowsheet is also
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Table 2. Successive extraction of tantalum(V) and niobium(V) by OCL from fluotitanic solutions
������������������������������������������������������������������������������������

Experi-
� Content in initial solution, g l�1 �

Vorg : Vaq

� Recovery, %
����������������������������������������� ��������������������������

ment no. � HFfree � Ta2O5 � Nb2O5 � TiO2 � � Ta(V) � Nb(V) � Ti(V)
�����������������������������������������������������������������������������������

1 � �75 � 7.2 � 106 � 505 � 0.3 : 1 � 92.0 � 80.0 � 3.4
2 � �75 � 7.2 � 106 � 505 � 0.5 : 1 � 97.3 � 90.7 � 5.7
3 � �75 � 7.2 � 106 � 505 � 0.7 : 1 � 98.7 � 94.4 � �

4 � �38 � 7.2 � 53 � 252 � 0.04 : 1 � 73.1 � 0.8 � �

5 � �38 � 7.2 � 53 � 252 � 0.07 : 1 � 79.6 � 4.8 � 0.17
6 � �38 � 3.6 � 53 � 252 � 0.10 : 1 � 89.0 � 8.1 � 0.21
7 � �38 � 7.2 � 53 � 252 � 0.17 : 1 � 94.0 � 16.4 � �

8 � 100 � � � 20 � 200 � 1.8 : 1 � � � 73.0 � 9.0
9 � 120 � � � 20 � 200 � 2 : 1 � � � 83.5 � 7.1

10 � 180 � � � 20 � 200 � 1 : 1 � � � 81.8 � 3.0
11 � 164 � � � 86 � 301 � 0.5 : 1 � � � 73.2 � �

12 � 164 � � � 86 � 301 � 0.6 : 1 � � � 78.8 � �

13 � 175 � � � 62 � 328 � 0.5 : 1 � � � 84.0 � 3.2
�����������������������������������������������������������������������������������

characterized by smaller flows of the extractant and,
correspondingly, by better economical parameters
(Table 2).

After HC decomposition with hydrofluoric acid,
the solutions were evaporated to the TiO2 content of
about 500 g l�1 to reduce flows in the extraction proc-
essing stage and to distill off excess HF which can be
used for HC dissolution. However, the joint extraction
of Ta(V) and Nb(V) from the evaporated solutions
still takes place (Table 2, run nos. 1�3), apparently,
owing to high content of both HFfree and H2TiOF4.
To reduce the concentration of HFfree and to improve
the separation of Ta(V) and Nb(V) [9], we used the
simplest way of the process control [11], dilution.
The twofold dilution resulted in successful selective
extraction of Ta(V) (Table 2, run nos. 4�7). Under
the best conditions (Vorg : Vaq = 0.1 : 1), 89% of
Ta(V) is extracted in a single stage at insignificant
recovery of Nb(V) and especially Ti(IV) (about 8 and
0.2%, respectively). With a continuous counterflow
process, it is possible to extract Ta(V) virtually com-
pletely in 4�5 equilibrium steps and to obtain an
extract containing 30�40 g l�1 Ta2O5.

The addition of HF to the solution from which
Ta(V) was removed allows also efficient recovery of
Nb(V) at a low Ti(IV) coextraction (Table 2, run
nos. 9, 10, 12, and 13). Table 2 shows that an increase
in the HF concentration reduces the passing of Ti(IV)
into the organic phase, apparently owing to an in-
crease in the relative content of the poorly extracted
dibasic acid H2TiF6 [6] among fluotitanic acids.
However, the drawback of the suggested process for

Nb(V) extraction is the necessity of introducing large
amounts of HF into the system, which makes worse
the economical parameters of the process owing to the
additional consumption of the expensive chemical and
to an increase in flows of organic and aqueous solu-
tions in the system. A better choice is the repeated
evaporation of the solution after Ta(V) recovery to the
TiO2 content of about 500 g l�1 and the extraction of
Nb(V) at a relatively low ratio Vorg : Vaq = 0.5 : 1
(Table 2, run no. 2) to obtain the extract containing up
to 200 g l�1 Nb2O5. This approach allows realization
of a compact process providing a high content of
target components in extracts, considerably decreased
consumption of chemicals (including the consumption
during washing of organic phases), and reduced size
of the equipment.

Thus, the data obtained allow us to offer the fol-
lowing principal scheme involving OCL extraction for
the processing of solutions from HC decomposition:
evaporation of the solution to the TiO2 content of
about 500 g l�1, followed by dilution by a factor of
1.5�2; extraction of Ta(V) at Vorg : Vaq � 0.1 : 1,
evaporation of the aqueous solution to the TiO2 con-
tent of 500 g l�1; extraction of Nb(V) at Vorg : Vaq �

0.5 : 1; and then pyrohydrolysis of the fluotitanic
raffinate to obtain commercial TiO2 and regenerate
HF [2].

Impurities can be efficiently removed from Ta(V)
and Nb(V) extracts by washing with fluoride solutions
of these elements, aqueous solutions of HF and(or)
H2SO4, or water, and the purified target components
can be back-extracted with water [6, 7, 12, 13].
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The conditions of HC dissolution and of Ta(V) and
Nb(V) extraction found in this work are also suitable
after slight modification for the acid (HNO3 or HCl)
decomposition of another rare-earth titanoniobate, per-
ovskite, a high-grade deposit of which is also located
on the Kola peninsula [14].

CONCLUSIONS

(1) The precipitate of hydrated Ta(V), Nb(V), and
Ti(V) oxides formed by nitric or hydrochloric acid
decomposition of loparite should be dissolved in HF
taken in amount of 130 and 115%, respectively, rela-
tive to the amount corresponding to the stoichiometry
of the formation of fluoride complexes of these
elements.

(2) Conditions were found for the successive ex-
traction of Ta(V) and Nb(V) with octanol from fluo-
titanic solutions to obtain extracts containing 30�
40 g l�1 Ta2O5 and up to 200 g l�1 Nb2O5.
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Abstract�The qualitative and quantitative composition of volatile products of zinc selenide oxidation with
atmospheric oxygen was determined. The influence of the process conditions on quantitative composition
of the volatile products was studied.

Oxidative roasting of ZnSe is one of ways of proc-
essing waste from its production. The advantages of
this method are that it does not require sophisticated
equipment and large amounts of expensive chemicals.
However, published data on the oxidation of powders
[1�3], polished plates [3, 4], and single crystals [5, 6]
of ZnSe are ambiguous [7]. In particular, the com-
position of volatile products of ZnSe oxidation with
oxygen is still unclear.

In this connection, our goal was to determine the
quantitative composition of the volatile products of
ZnSe oxidation with atmospheric oxygen and also to
study how the process conditions affect their ratio.
The objects of the study were wastes of ZnSe plates
and spent polishing powders of various grain-size
distributions from manufacture of optical components
for IR engineering from polycrystalline zinc selenide.

EXPERIMENTAL

The oxidation of small (10�30 g) amounts of ZnSe
without forced air circulation (installation I) was
described in detail in [7].

We developed and manufactured installation II for
the oxidation of large (0.5�1.5 kg) amounts of zinc
selenide. It includes an inclined tubular quartz reactor
of length l = 400 mm and diameter d = 50 mm and
three receivers connected by ground-quartz joints. The
design of the first receiver allows unloading of the
formed product during operation of the installation.
Owing to the inclined arrangement of the reactor and

receivers, a nonforced steady-state air flow arises
when the reactor is heated with a tubular resistance
furnace.

Later we developed and manufactured installa-
tion III for the oxidation of 400�500 g of zinc sele-
nide in a forced air flow (Fig. 1). The installation in-
cludes a quartz reactor (l = 1150, d = 16 mm) and
two receivers. The first of them consists of a narrow
part (l = 305, d = 20 mm) and a wide part (l = 370,
d = 40 mm). The receiver is tightly connected to the
reactor by the narrow part, and the wide part serves
for collecting volatile products. The second receiver,
which has the size of the wide part of the first receiver,
is connected to it by ground-quartz joints. The reactor
is heated with a tubular resistance furnace. The con-
trollable air flow is created with a compressor; a spe-
cial unit is arranged at the outlet to keep the flow con-
stant. The flow rate at the reactor outlet was measured
at regular intervals with a rotameter. The completeness
of the condensation of volatile products was checked
at the outlet of the second receiver using a qualitative
test for Se(IV) with thiourea according to the tech-
nique suggested in [8].

Fig. 1. Installation for the oxidation of zinc selenide in
a forced air flow: (1) tubular resistance furnace, (2) reactor
with a substance sample, (3) asbestos gasket, and (4, 5) re-
ceivers for volatile products.
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In all experiments, the grain-size distribution of
powders was determined by mesh analysis. The tem-
perature was measured accurate to 3% using a pre-
liminarily calibrated chromel�alumel thermocouple.
The degree of ZnSe conversion was determined by
a gravimetric procedure: a preliminarily weighted
reactor with a weighed sample of the substance was
taken from the furnace, cooled, and weighed. To
analyze volatile oxidation products, the receivers were
detached at regular intervals, weighed, and volatile
oxidation products were withdrawn.

Volatile oxidation products were qualitatively
analyzed by chemical methods. For this purpose, the
products were dissolved in distilled water, and the
undissolved residue was filtered off. The filtrate was
treated with sodium sulfite in a hydrochloric acid
medium, hydrogen sulfide, thiourea, and hydrochloric
acid solution of tin(II) chloride according to the proce-
dure suggested in [9]. In the case of the first three
reagents, a red precipitate of elemental selenium was
formed, which suggests the presence of SeO3

2� and
SeO4

2� ions in solution. To determine them separately,
we used tin(II) chloride, which reacts in solution only
with SeO3

2� ions to form a precipitate of elemental
selenium at temperatures below 20�C, whereas SeO4

2�

ions are reduced to selenium with tin(II) chloride only
on boiling the solution. The precipitate after filtration
was boiled with a 1.5 M Na2SO3 solution, which is,
according to [10], a selective solvent for selenium.
The treatment of the resulting product (Na2SeSO3)
with concentrated sulfuric acid yields a red precipitate
of elemental selenium. We also used a reaction of the
precipitate with cold H2SO4conc. It reacts with seleni-
um to give a green solution (SeSO3), which also
forms a red precipitate of elemental selenium on dilu-
tion [11].

To determine the quantitative composition of
volatile reaction products, we used a technique devel-
oped and described in detail in [12]. It involves dis-
solution of the weighed product in distilled water, fil-
tration of the precipitate, and its drying and weighing.

The oxidation of zinc selenide in a nonforced air
flow was carried out on installation II at 600�C, which
was found to be optimal for ZnSe oxidation [7]. The
weight of the ZnSe sample was 600 g, and the particle
size, 0.6�2.5 mm. The qualitative analysis of volatile
products by the above-described technique showed
that the precipitate was elemental selenium and the
filtrate, solution of H2SeO3 formed upon dissolution
of the liberated SeO2 in water. Therefore, the volatile
product of ZnSe oxidation with atmospheric oxygen
is a mixture of elemental selenium and its dioxide;

�(Se), wt %

Fig. 2. Content of selenium �(Se) in volatile products
of zinc selenide oxidation with atmospheric oxygen.
(�) Degree of ZnSe conversion. Oxidation on installation II
in (1) nonforced and (2) forced air flow; oxidation on in-
stallation III at a flow rate (ml min�1) of (3) 9.5, (4) 40,
and (5) 110.

their ratio varies in the course of the process (Fig. 2,
curve 1). It was found previously that ZnO is a non-
volatile oxidation product [7]. Thus, we suggest the
following equation for the oxidation of zinc selenide:

ZnSe + (1/2 + y)O2 � ZnO + xSe + ySeO2.

where the coefficients x and y change during the proc-
ess (x + y = 1).

As seen from Fig. 2, the content of elemental sele-
nium in the products is high, especially in the begin-
ning of the process. It contradicts the previous thermo-
dynamic calculations [7], according to which SeO2 is
the main volatile product of the reaction between
ZnSe and atmospheric oxygen. Furthermore, when air
is passed through the reactor fully packed with the
charge, the content of elemental selenium in the prod-
ucts is even higher (Fig. 2, curve 2).

To account for this inconsistency, we assumed that,
when SeO2, which is a highly active oxidant, passes
through a bed of unchanged ZnSe, the following reac-
tion between these compounds is possible:

2ZnSe + SeO2 � 2ZnO + 3Se.

We performed a thermodynamic calculation of the
system ZnSe�SeO2 in the temperature range 500�
1500 K, which confirmed the possibility of this proc-
ess. The calculated equilibrium concentrations of the
components (mole per total number of moles of the
starting compounds) are shown in Fig. 3. It is seen
from Fig. 3 that Se2 is the major volatile product of
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(a)

(b)

T, K

log c [mol mol�1]

log c [mol mol�1]

Fig. 3. Temperature dependence of the equilibrium com-
position of the system ZnSe�SeO2. (c) Equilibrium concen-
tration of a component. Phase: (a) gas and (b) solid.

, h
Fig. 4. Kinetic curves of ZnSe oxidation in a forced air
flow: (�) degree of zinc selenide conversion and (�) time;
the same for Fig. 5. Flow rate, ml min�1: (1) 110, (2) 40,
and (3) 9.5.

the reaction. Its content in the gas phase increases in
the range 600�1000 K and does not noticeably change
at higher temperatures. The content of condensed
selenium is maximal in the range 500�700 K and de-
creases to zero at 900 K. Therefore, under the condi-
tions ensuring complete reduction of the liberated
SeO2 with ZnSe, with no excess O2 in the flow, we
can expect that the resulting volatile product will
consist exclusively of elemental selenium. To check
this assumption, we performed experiments on instal-
lation III.

The experiments on the oxidation of ZnSe in a
forced air flow were carried out at 600�C with par-

ticles of the size 2.5�4.5 mm in the range of the air
flow rate 9.5�110 ml min�1. When the air flow is
passed through the reactor, the oxidation initially
occurs in the narrow zone in the beginning of the
reactor, which can be visually monitored as a change
in the color of the charge from lemon yellow (ZnSe
color) to white (ZnO color). In this case, the volatile
products pass through a bed of ZnSe not exposed to
oxidation and react with it. In time, the length of the
white zone increases (and the length of the bed of
unchanged ZnSe, correspondingly, decreases), and by
the end of the process the whole charge becomes a
white powder. The corresponding curves of the zinc
selenide conversion vs. time are flattening out straight
lines (Fig. 4).

Figure 4 shows that, as the air flow rate increases,
the time of complete oxidation substantially decreases,
being 260, 66, and 11 h at the flow rates of 9.5, 40,
and 110 ml min�1, respectively. We failed to reach
complete condensation of SeO2 for flows with rates
higher than 110 ml min�1, at practically complete
condensation of elemental selenium. In this case, we
can only suggest that the SeO2 content in the oxida-
tion products is noticeable and also that, starting
from 90�95% conversion, the product consists ex-
clusively of SeO2. At the flow rates of 9.5, 40, and
110 ml min�1, as seen from Fig. 2, curves 3�5, the
content of elemental selenium is virtually the same
(95�99 wt %). The difference appears only in the final
parts of the curves. In this case, an increase in the
flow velocity results in incomplete reducton of SeO2,
because the small segment of remaining ZnSe is
passed by the flow faster. Furthermore, when the flow
rate exceeds 40 ml min�1, excess O2 starts to exert
an effect, namely, starts to oxidize the forming seleni-
um, which results in an increase in the SeO2 content
in the products.

The oxidation conditions can be changed so as to
obtain SeO2 free from elemental selenium. For this
purpose, forming elemental selenium should be oxi-
dized. We suggested two oxidation modes: oxidation
of the products with atmospheric oxygen at the reactor
outlet and introduction of additional oxidizing agents
into the air flow. We used HNO3conc as the additional
oxidizing agent, placing boats with it into the reactor
in front of boats with the ZnSe powder. In these cases,
the volatile product was pure SeO2 containing no ele-
mental selenium. The content of impurities in the
resulting product was determined by direct atomic
emission spectroscopy. The content of impurities in
SeO2 obtained by �afteroxidation� at the reactor outlet
(sample 1) and in the presence of HNO3 vapor in the
flow (sample 2) is given in the table.
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Content of impurities in selenium dioxide samples
������������������������������������������������������������������������������������

Sample no.
� Impurity content, wt %
��������������������������������������������������������������������������
� Mg � Fe � Si � Al � Cu � Zn

������������������������������������������������������������������������������������
1 � 3�10�5 � 2�10�4 � 2�10�3 � <1�10�4 � 3�10�5 �<3�10�4

2 � 3�10�5 � 2�10�4 � 3�10�4 � 2�10�5 � 1�10�5 � 3�10�3

������������������������������������������������������������������������������������

Furthermore, we found that HNO3 vapor accele-
rates ZnSe oxidation with atmospheric oxygen. The
corresponding kinetic curves are shown in Fig. 5.

Figure 5 shows that the time of complete oxidation
of ZnSe particles of size 0.6�1.5 mm at 560�C is
180 min in the absence of HNO3 vapor and 130 min
in its presence. In the case of 3.5 � 2.7 � 0.4-mm
plates, the time of complete oxidation is 420 and
330 min in the absence and in the presence of the acid
vapor, respectively.

CONCLUSIONS

(1) The volatile products of zinc selenide oxida-
tion with atmospheric oxygen are selenium and sele-
nium dioxide, their ratio changing in the course of
the process.

(2) Unchanged zinc selenide can react with seleni-
um dioxide to form selenium.

�, h

Fig. 5. Kinetic curves of the oxidation of ZnSe powders and
plates in a nonforced air flow in the absence and presence
of nitric acid vapor. (1, 2) Plates and (3, 4) powders;
(1, 3) without HNO3 and (2, 4) with HNO3.

(3) Introduction of nitric acid vapor in the flow ac-
celerates ZnSe oxidation and results in the formation
of selenium dioxide free from elemental selenium.
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Abstract�The integral molar excess Gibbs energy and the enthalpy of mixing of liquid alloys of the ternary
system iron�nickel�cobalt at 1600�C were calculated by various methods from data on the boundary binary
systems. The data for the boundary binary systems are analyzed in detail.

Calculated thermodynamic properties of liquid
alloys of the ternary system Cu�Ni�Fe have been re-
ported previously [1, 2]. Proceeding with studies of
liquid metal systems, which are important for thermo-
dynamic analysis of pyrometallurgical processes
occurring in nickel production, we calculated in this
work the integral molar Gibbs energy and the enthalpy
of mixing of liquid alloys of the system Fe�Ni�Co at
1600�C, using different geometric models and analyt-
ical approach. The available data on thermodynamic
properties of this system are limited. Velišek et al. [3]
measured the saturated vapor pressure to determine the
component activities only at 1227�C, i.e., for alloys in
the solid state. In [4], a Knudsen cell and a mass
spectrometer were used to determine the activity of
each of the components of the ternary system within
1200�1650�C, but the system was studied solely
along the section with the component ratio xFe : xNi =
9 : 1 (where xi is the mole fraction of component in
the alloy). The melt�vapor equilibrium for eight com-
positions of the ternary system Fe�Ni�Co at 1600�C
was studied in [5]. The condensate composition was
determined by chemical methods. The obtained data
and data for binary systems, subjected to a systematic
treatment, were used to obtain the equations reflecting
the dependence of the vapor phase composition on the
composition of the liquid phase and to calculate the
coefficients of the component activity. To our know-
ledge, there are no other thermodynamic studies of
liquid alloys of the system Fe�Ni�Co.

Analysis of the phase diagram of the Fe�Ni�Co
system [6] shows that the liquid alloys will exhibit
very moderate deviations from ideality. Then, it is
necessary to scrutinize the data for the boundary bina-
ry systems used in calculation of the thermodynamic

characteristics of the ternary system by any model.
The thermodynamic properties of liquid alloys of the
Fe�Ni system were repeatedly studied; the results are
summarized in [1, 7�9]. Although the deviations
(negative) from ideality exhibited by the Fe�Ni binary
system are moderate, they markedly exceed the devia-
tions in the other boundary systems, Fe�Co and Ni�
Co, and are essentially responsible for the deviations
in the Fe�Ni�Co ternary system as a whole. The com-
prehensive information for estimating �Gex at 1600�C
in the Fe�Ni system is presented in [10�12]. In all the
three studies, the Knudsen effusion method combined
with mass spectrometry was used. The results of these
works agree fairly well with each other (Fig. 1). The
�Gex values (Table 1) used for calculation were
chosen taking into account the recommendations from
[7, 9]. The enthalpy of mixing of the Fe�Ni system
was estimated using data of [10] and results [13, 14]
of calorimetric measurements (Fig. 2). The calculated
�H values were chosen based on the recommenda-
tions from [7].

The thermodynamic properties of liquid alloys of
the system Fe�Co have been also repeatedly studied.
Early studies are summarized in a monograph [7] and
a review [15]. Analysis of the whole set of the data
and evaluation of the experimental methods and other
investigations suggest that the most reliable �Gex

values were obtained for the Fe�Co system at 1600�C
in [16, 17]. At the same time, for estimating �H, we
will use the data from [14, 18]. As seen from Table 1,
the �Gex and �H values for the Fe�Co system are of
different sign, which is admissible when these thermo-
dynamic functions are low in absolute values and the
excess entropy of mixing is negative.
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Table 1. Integral molar thermodynamic characteristics of the boundary binary systems at 1600�C
������������������������������������������������������������������������������������

Fe�Ni � Fe�Co � Ni�Co
������������������������������������������������������������������������������������

xNi

� �Gex � �H �
xCo

� �Gex � �H �
xCo

� �Gex � �H
�������������������� �������������������� ������������������
� kJ mol�1 � � kJ mol�1 � � kJ mol�1

������������������������������������������������������������������������������������
0.10 � �0.66 � �0.95 � 0.10 � 0.14 � �0.35 � 0.10 � �0.22 � 0.17
0.20 � �1.25 � �1.76 � 0.20 � 0.40 � �0.74 � 0.20 � �0.40 � 0.30
0.30 � �1.80 � �2.62 � 0.30 � 0.73 � �1.10 � 0.30 � �0.52 � 0.38
0.40 � �2.33 � �3.53 � 0.40 � 1.09 � �1.38 � 0.40 � �0.60 � 0.42
0.50 � �2.76 � �4.29 � 0.50 � 1.35 � �1.53 � 0.50 � �0.63 � 0.42
0.60 � �3.02 � �4.66 � 0.60 � 1.42 � �1.54 � 0.60 � �0.61 � 0.39
0.70 � �2.93 � �4.41 � 0.70 � 1.32 � �1.38 � 0.70 � �0.53 � 0.33
0.80 � �2.40 � �3.44 � 0.80 � 1.06 � �1.05 � 0.80 � �0.41 � 0.24
0.90 � �1.41 � �1.84 � 0.90 � 0.66 � �0.59 � 0.90 � �0.23 � 0.13

������������������������������������������������������������������������������������

The thermodynamic properties of liquid alloys of
the system Ni�Co are summarized in [19]. The data
obtained by Tomiska et al. [20] using the Knudsen
effusion method combined with mass spectrometry
seem to be the most reliable. According to these data,
in the Ni�Co system in the liquid state the activity
isotherms of both components exhibit slight devia-
tions from ideality; the Gibbs energy is negative over
the entire composition range, passing through a mini-
mum of �0.550 kJ mol�1 at xCo = 0.528. The enthalpy
of mixing is positive, with the maximal value of
0.425 kJ mol�1 at xCo = 0.460 [20]. The �H values
from [20] are in satisfactory agreement with the Predel
and Mohs’s calorimetric results [21]. At the same
time, in a review [19], with due regard for [22], some-
what lower values were recommended for the enthalpy
of mixing: �H of about 0.330 kJ mol�1 near the equi-
atomic composition. In calculation of �H for the
ternary system, we used the data of [20] (Table 1).

In the past two decades, major attention has been
paid to application of various calculation procedures
to estimation of the thermodynamic properties of
ternary and more complex liquid metal systems from
data on boundary binary systems [18, 23�27]. Geo-
metric models in which the integral molar properties
of a ternary system are calculated using the surface of
a relatively simple geometric form have found the
widest application. The models can be subdivided into
two groups: symmetric and asymmetric. In the first
case, nonequivalent participation of the boundary bi-
nary systems is laid into the algorithm for calculating
the integral property; the calculation result is, to a
certain extent, dependent on the component arrange-
ment chosen for the ternary system. In the second
case, the component arrangement does not affect the

�Gex, kJ mol�1

Fig. 1. Integral molar excess Gibbs energy �Gex of liquid
alloys of the Fe�Ni system vs. composition (xNi) at 1600�C.
Points calculated from data: (1) [10], (2) [11], and (3) [12];
(4) values accepted for calculation.

�H, kJ mol�1

Fig. 2. Integral molar enthalpy of mixing �H of liquid al-
loys of the Fe�Ni system vs. composition (xNi). Points cal-
culated from data: (1) [10] and (2) [13]; (3) values accepted
for calculation.
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Table 2. Results of calculation of �Gex and �H in the Fe�Ni�Co ternary system at 1600�C
������������������������������������������������������������������������������������

xFe

� xNi : xCo = 3 : 1 � xNi : xCo = 1 : 1 � xNi : xCo = 1 : 3
�������������������������������������������������������������������������
� �Gex � �H � �Gex � �H � �Gex � �H
�������������������������������������������������������������������������
� kJ mol�1

������������������������������������������������������������������������������������
0.00 � �0.47 � 0.34 � �0.63 � 0.42 � �0.47 � 0.28
0.10 � �1.25�0.04 � �1.28�0.03 � �0.85�0.06 � �0.86�0.05 � �0.22�0.03 � �0.64�0.04
0.20 � �1.68�0.13 � �2.56�0.05 � �0.95�0.06 � �1.84�0.10 � �0.01�0.05 � �1.32�0.07
0.30 � �1.86�0.08 � �3.30�0.09 � �0.90�0.06 � �2.40�0.15 � 0.20�0.03 � �1.75�0.12
0.40 � �2.03�0.04 � �3.49�0.13 � �0.92�0.05 � �2.57�0.19 � 0.25�0.06 � �1.93�0.14
0.50 � �1.82�0.02 � �3.24�0.18 � �0.80�0.06 � �2.44�0.18 � 0.25�0.03 � �1.90�0.13
0.60 � �1.55�0.01 � �2.72�0.11 � �0.71�0.03 � �2.12�0.14 � 0.17�0.01 � �1.69�0.09
0.70 � �1.22�0.01 � �2.08�0.06 � �0.61�0.01 � �1.68�0.07 � 0.06�0.01 � �1.36�0.05
0.80 � �0.86�0.01 � �1.45�0.02 � �0.44�0.01 � �1.18�0.03 � �0.02�0.01 � �0.95�0.02
0.90 � �0.44�0.01 � �0.79�0.01 � �0.23�0.01 � �0.64�0.01 � �0.04�0.01 � �0.49�0.01

������������������������������������������������������������������������������������

final result. Schematic geometric models are pre-
sented in Fig. 3. Schemes I�III illustrate the asymmet-
ric methods of calculating the integral property. The
arrangement of components commonly corresponds to
the minimal deviation from the ideality exhibited by
system 1�3 in calculation along the secants with the
constant x1 : x3 ratio. The most widely used calcula-
tion procedure is scheme I (Toop method). Koehler,
Muggiani, and Colinet models (II, III, and IV, re-

AA

A
A

A
A

A�

B B

B

B

B

B
B�

O O

O O

O O

Fig. 3. Schemes of typical geometric models for calculating
integral molar properties of ternary systems.

spectively) are symmetrical with respect to the indices
numbering the system components. Point O (Fig. 3)
designates the composition of the ternary alloy for
which an integral thermodynamic property is calcu-
lated. Points A, B, and C indicate the compositions of
binary boundary systems whose integral values are
used in calculations. Model V allows two calculation
procedures using the integral values in points A, B,
and C or in points A�, B�, and C �. As a rule, two calcu-
lation procedures are used in parallel, with the results
averaged. The corresponding algorithms are given in
[2, 26, 27] and are not repeated here. The calculations
using all models were performed along the secants of
the concentration triangle with the constant xNi : xCo
ratio (3 : 1, 1 : 1, and 1 : 3). The calculations using all
the six models yield reasonably consistent results. The
average �Gex and �H values for the system Fe�Ni�Co
are given in Table 2, along with the average deviation.
As in [2], none of the methods can be considered as
inadequate. The lines of the equal �Gex and �H val-
ues are shown in Figs. 4a and 4b. All the models are
based on the concept that the boundary binary systems
produce independent effect on the integral thermody-
namic characteristic of the ternary system.

As shown previously [1, 2, 23], the dependence of
�Gex and �H on the composition of binary systems
can be presented by the Redlich�Kister polynomials:

�Gex = x1x2[b + c(2x1 � 1) + d(2x1 � 1)2,

�H = x1x2[b� + c�(2x1 � 1) + d �(2x1 � 1)2].

In the given case, x1 and x2 characterize the com-
position of the corresponding binary systems. Num-
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bering and arrangement of the ternary system compo-
nents, accepted by us, suggests the following designa-
tion for the binary systems: Co�Fe (1�2), Fe�Ni (2�
3), and Ni�Co (3�1). Processing of experimental data
from Table 1 yields the following values of the poly-
nomial coefficients (�Gex and �H, kJ mol�1):

System b c d

Co�Fe 5.2801 3.5035 �1.7652
Fe�Ni �11.1043 6.1540 �0.7691
Ni�Co �2.5158 0.0500 0.0122

System b� c� d�

Co�Fe �6.1419 �1.6528 1.5121
Fe�Ni �17.1611 9.0480 2.5736
Ni�Co 1.6717 0.2934 �0.0074

The equations with the above coefficients describe
the experimental data with a high accuracy. In this
case, there is no need to describe the concentration
dependences of thermodynamic functions by poly-
nomials of the third or higher degrees.

Use of polynomials allows calculation of the limit-
ing partial molar thermodynamic functions and the
coefficients of component activity. As known [2, 23],

�Gex� �
������ = (�G1

ex)�,
x1x2	 
x1� 0

�Gex� �
������ = (�G2

ex)�.
x1x2	 
x2� 0

Based on these expressions, without graphical plot-
ting, we obtained the following limiting thermo-
dynamic characteristics for the binary systems at
1600�C:

(�Gex)�, kJ mol�1 ln �� ��

Cobalt�iron system

Co �0.0114 �7.32 � 10�4 0.999
Fe 7.018 0.451 1.569

Iron�nickel system

Fe �18.027 �1.158 0.314
Ni �5.719 �0.367 0.693

Nickel�cobalt system

Ni �2.554 �0.164 0.849
Co �2.454 �0.158 0.854

As a whole, the calculation results reasonably agree
with the experimental data [7, 10, 16].

The change in the excess Gibbs energy of the ter-

(a)

(b)

Fig. 4. Lines of the equal values of (a) integral molar
excess Gibbs energy �Gex and (b) enthalpy of mixing �H
in alloys of the ternary system Fe�Ni�Co at 1600�C.

nary system can be presented as a sum of the in-
dependent contributions [1, 23]:

�Gex = �Gex
12 + �Gex

23 + �Gex
31 + �Gex

123.

The first three terms can be estimated from the
coefficients of the above polynomials. To estimate the
�Gex

123 contribution, it is necessary to have data on the
ternary system. At the same time, experience shows
that there is no need to take into account ternary inter-
actions. The final equation for calculating �Gex has
the form

�Gex = x1x2[b12 + c12(x1 � x2) + d12(x1 � x2)2]

+ x2x3[b23 + c23(x2 � x3) + d23(x2 � x3)2] + x3x1[b31

+ c31(x3 � x1) + d31(x3 � x1)2].
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Table 3. Results of polynomial calculation of �Gex and �H in the Fe�Ni�Co ternary system at 1600�C
������������������������������������������������������������������������������������

xFe

� xNi : xCo = 3 : 1 � xNi : xCo = 1 : 1 � xNi : xCo = 1 : 3
��������������������������������������������������������������������������
� �Gex � �H � �Gex � �H � �Gex � �H
��������������������������������������������������������������������������
� kJ mol�1

������������������������������������������������������������������������������������
0.20 � �1.73 � �2.48 � �0.92 � �1.75 � 0.02 � �1.29
0.40 � �1.97 � �3.39 � �0.90 � �2.51 � 0.23 � �1.90
0.60 � �1.57 � �2.80 � �0.72 � �2.14 � 0.16 � �1.66
0.80 � �0.84 � �1.37 � �0.44 � �1.09 � �0.02 � �0.88

������������������������������������������������������������������������������������

The terms x1, x2, and x3 in this equation character-
ize the composition of the ternary alloy. The expres-
sion for calculating �H in the Fe�Ni�Co ternary sys-
tem is similar, with the coefficients b�, c�, and d�. The
results of polynomial calculation of �Gex and �H are
presented in Table 3.

The results of calculation by geometric models and
using polynomials that reflect the contribution of
binary systems are in reasonable agreement. This in-
directly confirms that the values of the corresponding
thermodynamic functions accepted by us for the
boundary binary systems adequately reflect the real
form of the surface of the thermodynamic functions of
the ternary system.

CONCLUSIONS

(1) Liquid alloys of the iron�nickel�cobalt system
exhibit moderate alternating deviations from ideality:
at compositions adjacent to the Fe�Ni side, the in-
tegral molar excess Gibbs energy is negative, whereas
at compositions adjacent to the Fe�Co side it is
positive.

(2) All the six geometric models used for calculat-
ing the integral molar thermodynamic properties of
the Fe�Ni�Co ternary system from data on boundary
binary systems, as well as the method using the poly-
nomials for the binary systems, yield similar results.
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Abstract�The influence of the pH of nonoxidizing acid solutions on the solubility of a number of crystalline
halides and sulfides was calculated thermodynamically.

The rate of dissolution of chalcogenide materials
intended for membranes of ion-selective electrodes
(ISE) in various model solutions has been studied
previously [1, 2]. At the same time, it is no less im-
portant to know the thermodynamic characteristic of
solubility of sensor materials, which is determined by
the molar concentration of the saturated solution in
aqueous�organic media. The solubility is a function of
temperature, structural and chemical features of a
membrane, and characteristics of the liquid medium
being analyzed: ionic and molecular composition, pH,
and true redox potential [2].

In this study, the thermodynamic method was used
to calculate the solubility under the standard condi-
tions for a number of binary inorganic compounds in
pure water at pH 7 (s0, g l�1) and in aqueous solutions
of nonoxidizing acids at pH 5, 3, and 1 (for example,
in HCl or HBr solutions) in the absence of similar
ions and without appreciable complexation. The
objects of calculation were crystalline halides of silver
and thallium(I), fluorides of lanthanum and other
Group II�III elements, and sulfides of silver, cadmi-
um, lead(II), copper(II), and mercury(II), which are
used [3] or show promise [1, 2] for preparation of ISE
membranes.

In aqueous solution saturated with respect to a
difficultly soluble electrolyte MmAn, a heterogeneous
chemical equilibrium is attained:

MmAn(cr) �
� mMn+(s) + nAm�(s), (1)

whose thermodynamic constant

Ks
0 = UST + am

M an
A = (ms0)m(ns0)n (2)

can be used to calculate the molar solubility of a

compound in pure water (s0, M) at a less than 10�4 M
ionic strength of a solution [4] by the formula

s0 = (K0
s /mm nn)1/(m + n) (3)

or Ms0 (g l�1), where M is the molar weight of a
compound MmAn.

The K s
0 constant was calculated using the thermo-

dynamic relation

�G0
s, 298

ln K 0
s = ������� = �0.404�G0

s, 298, (4)
R�298

where the standard change in the Gibbs energy
�G0

s, 298 for the dissolution process (1) was calculated
by the equation

�G0
s = m�G0

f, Mn+ + n�G0
f, Am� + m�G0

f, MmAn
. (5)

The �Gf
0 values of the ion formation in aqueous

solution were taken from [5], and the �G0
f values of

formation of a compound MmAn (cr, g) in crystalline
or glassy state at 298 K were taken from a reference
book [6] or calculated by known methods.

In calculation of the solubility of the MmAn crys-
tals in nonoxidizing acid media by the equation

K0
s

s m + n = �����������, (6)
mmnn f m

M f n
A xn

A

account was made for the molar activity coefficients
of Mn+ and Am� ions and the mole fraction xA
of Am� free anions not bound into weak acid species
(HF, HS�, and H2S) [4, 5].

For a heterogeneous equilibrium in a nonoxidizing
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Results of thermodynamic calculation of the dissolution parameters of crystalline materials in H2O and in nonoxidizing
acid medium under the standard conditions
������������������������������������������������������������������������������������

Composition
�

Pi, %
�

�G0
s, 298, � pKs

0 �
s0, g l�1,

� s, g l�1, at indicated pH
� � ����������������������� ���������������������
� � kJ mol�1

� calculated � [4] � in H2O � 3 � 1
������������������������������������������������������������������������������������
AgCl � 30 � 55.6 � 9.74 � 9.74 � 0.0019 � 0.002 � 0.002
AgBr � 22 � 68.6 � 12.04 � 12.27 � 1.4�10�4 � 1.5�10�4 � 1.8�10�4

AgI � 15 � 91.6 � 16.06 � 16.08 � 2.1�10�6 � 2.2�10�6 � 2.9�10�6

TlCl � 43 � 20.6 � 3.62 � 3.77 � 3.11 � 3.23 � 4.26
TlBr � 34 � 28.7 � 5.03 � 5.41 � 0.57 � 0.59 � 0.78
TlI � 26 � 41.9 � 7.35 � 7.24 � 0.079 � 0.082 � 0.085
�-BeF2 � 80 � 34.3 � 6.02 � � � 0.282 � 0.564 � 12.4
BeF2(glass) � 80 � 31.4 � 5.50 � � � 0.424 � 0.848 � 18.7
�-BeF2 � 80 � 9.4 � 1.66 � � � 0.94 � 1.88 � 41.4
�-BeF2 � 80 � 1.3 � 0.23 � � � 2.77 � 5.54 � 122
MgF2 � 85 � 48.3 � 8.40 � 8.19 � 0.075 � 0.149 � 3.28
CaF2 � 88 � 59.9 � 10.49 � 10.40 � 0.017 � 0.034 � 0.74
SrF2 � 89 � 49.3 � 8.64 � 8.60 � 0.107 � 0.215 � 4.81
InF3 � 76 � 52.0 � 9.10 � (ds) � 0.40 � 0.88 � 33.4
ScF3 � 83 � 59.0 � 10.36 � (is) � 0.11 � 0.25 � 9.7
YF3 � 85 � 156 � 27.40 � (is) � 9�10�6 � 2�10�5 � 8�10�4

LaF3 � 87 � 105 � 18.40 � (is) � 0.002 � 0.005 � 0.183
Ag2S � 12 � 284 � 49.82 � 49.70 � 4�10�15 � 2�10�10 � 5�10�9

HgS � 8 � 305 � 53.40 � 52.40 � 3�10�24 � 1�10�17 � 2�10�15

CuS � 12 � 204 � 35.80 � 35.20 � 2�10�16 � 2�10�9 � 4�10�7

CdS � 22 � 152 � 26.75 � 27.80 � 2�10�12 � 1�10�5 � 0.003
PbS � 12 � 155 � 27.18 � 26.60 � 1�10�11 � 8�10�5 � 0.017
������������������������������������������������������������������������������������
Note: (ds) Difficultly soluble and (is) virtually insoluble [8].

acid

MFn(cr, g) + nH+(s) �
� Mn+(s) + nHF(s),

whose thermodynamic constant is Ka = K0
s, MFn

/Kn
HF,

the acid resistance of crystalline and glassy fluorides
was calculated by formula (6) using the relationship

KHF
xF� = ���������, (7)

[H+] + KHF

whereas at pH � 3, when [H+] > KHF, it can be calcu-
lated by the approximate formula

K0
s [H+]n

s n + 1 = ����������. (8)
nn fM f n

F Kn
HF

For a heterogeneous chemical equilibrium in a
nonoxidizing medium,

MmSn(cr, g) + 2nH+(s) �
� mM(2n/m)+(s) + nH2S(s),

the acid resistance of the MmSn crystals and glasses

can be calculated, taking into account that xS2� �

KH2S [H+]2 at pH �5 and KH2S = 2.5�10�20 [4],
by the generalized equation

K0
s [H+]2n

s m + n = �������������. (9)
mmnn f m

M f n
S Kn

H2S

The calculation results are presented in the table,
where pKs

0 = �logKs
0 and Pi is the degree of ionicity

(%) of the M�A chemical bond in a compound MmAn,
determined from the difference in the electronega-
tivites of A and M elements using the Pauling curve
[7]. Table 1 shows that, for a majority of difficultly
soluble compounds, the pKs

0 values calculated by
Eq. (4) reasonably agree with the data from a refer-
ence book [4] (the average deviation �pKs

0 = �0.19).
Exceptions are cadmium and mercury(II) sulfides, for
which the �Gs

0 and Ks
0 values must be refined. With

increasing ionicity of silver and thallium(I) halides in
the series I � Br � Cl � F, their solubility in water
s0 increases (see table). The least soluble in water are
HgS, CuS, and Ag2S crystals, in which the M�S
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bonds are mainly covalent. The AgF, TlF, and BeF2
ionic crystals have the highest solubility in water
(Pi = 70�85%), with the BeF2 solubility, like GeO2
solubility (�, �) [8], considerably depending on the
crystal structure (�-, �-, and 	-modifications). The
solubility of the BeF2 glass (BeF4/2 structural unit) is
somewhat higher than that of a stable �-BeF2 crystal
of the �-quartz hexagonal structure, but lower than
that of the other BeF2 modifications (see table).

Due to the salt effect, the solubility of silver and
thallium(I) halides in nonoxidizing acid solutions in-
creases only slightly (1.3-fold as pH is decreased from
7 to 1). As pH is decreased from 7 to 3 and from 7 to
1, the solubility increases by factors of about 2 and
44, respectively, for the fluorides MF2 and by factors
of 2.3 and 86, respectively, for MF3. This is largely
due to binding of fluoride ions into molecules of a
weak acid, HF. The solubility of sulfides MS (M is
Pb, Cd, Cu, or Hg) increases more appreciably, name-
ly, by a factor of 
107 as pH is decreased from 7 to 3
and further by a factor of 230 as pH is decreased from
3 to 1. Therefore, PbS, LaF3, ScF3, CaF2, and TlI
crystals are unsuitable as ISE membranes in strongly
acidic solutions. The Ag2S, HgS, CuS, AgI, AgBr,
and YF3 crystalline membranes can be used at pH 1
(their solubility is less than 0.2 mg l�1).

CONCLUSIONS

(1) The solubility of crystalline silver and thal-
lium(I) halides increases as the degree of their ionicity
grows in the series I � Br � Cl � F.

(2) As pH is decreased from 7 to 1, the solubility
of silver and thallium(I) halides grows only slightly

(by a factor of 1.3); that of fluorides MF2 and MF3,
considerably (by a factor of 40�90), and that of sul-
fides MS (M is Pb, Cd, Cu, or Hg), to the greatest
extent (by a factor of 
109).
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Abstract�Dissolution in 3.5 M NHO3 of palladium deposited onto a fibrous carbon electrode from hydro-
chloric and nitric acid solutions was studied. The factors influencing the dissolution of palladium in contact
with the electrode were revealed using a model of short-circuited electrochemical system.

Dilute palladium solutions widely occur in various
industries, e.g., in hydrometallurgy, in electrolytic
metallurgy, and in processing of spent catalysts and
nuclear fuel. Various procedures have been suggested
for recovery of palladium from the forming (mainly
nitric and hydrochloric acid) solutions [1, 2]. One
of effective techniques is electrolysis with filtering
three-dimensional electrodes and, in particular, with
electrodes made of fibrous carbon materials (FCMs),
which have been used previously in recovery of noble
metals in hydrometallurgy and electrolytic metallurgy
and in processing of spent catalysts [3�5]. In the
course of electrolysis, the metals are concentrated
within a fibrous carbon electrode (FCE), with 15�
30 kg of metal deposited per 1 kg of FCM. Platinum-
group metals are deposited from hydrochloric and
nitric acid solutions with high degrees of recovery [4,
5]. However, it has been established, in the case of
electrodeposition from nitric acid solutions, that pal-
ladium deposited onto an FCE dissolves after the
external voltage is switched off, whereas in deposition
of palladium from hydrochloric acid solutions, no dis-
solution is observed. A similar phenomenon of zinc
dissolution in recovery of the metal from alkaline
electrolytes has been reported previously [6]. It was
established that zinc deposited onto an FCE dissolves
in the alkaline electrolyte through operation of a short-
circuited electrochemical system (SES) Zn�FCE�elec-
trolyte.

The possibility that deposited palladium can dis-
solve in a nitric acid solution through operation of
SES is based on the difference of standard electrode
potentials of palladium and FCM. When in contact

with FCM in a nitric acid solution, palladium can
form an SES in which the metal undergoes anodic
dissolution. Taking into account the ability of palladi-
um to form complexes with nitrate and nitrite ions,
which are always present in an HNO3 solution [9], it
may be suggested that anodic dissolution of palladium
will be accompanied by formation of the correspond-
ing complex compounds. Based on the stability con-
stants of nitrate (K = 1.2�0.4 [10]) and nitrite (K =
1.4 �1015 [11]) palladium(II) complexes, the anodic
dissolution of palladium can be represented as

Pd + 4NO2
� = Pd(NO2)4

2� + 2e, E0 = 0.54 V. (1)

Cathodic reduction of nitric acid to nitrous acid and
nitrogen oxides (E0 +0.94 and +0.96 V, respectively)
and of dissolved oxygen (E0 = +1.229 V) are possible
on the FCM surface. Vetter [9], who studied in detail
the kinetics of cathodic reduction of HNO3 on an inert
electrode, demonstrated that the final product of its
reduction is nitrous acid, with the formation of ni-
trogen oxides N2O4 and NO2 considered as inter-
mediate stages.

The dissolution of palladium in SES may lead to
the loss of the metal in its electrolytic recovery from
nitric acid solutions. At the same time, this process
can be used to separate and concentrate palladium in
dissolution of metals deposited from the solutions
mentioned above.

The aim of this study was to analyze how palladi-
um deposited onto FCE from hydrochloric and nitric
acid solutions dissolves through operation of the SES
Pd�FCE�3.5 M HNO3.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 11 2003

1738 VARENTSOVA, VARENTSOV

EXPERIMENTAL

Palladium was electrodeposited onto an FCE from
model and real nitric and hydrochloric acid solutions,
using the procedure, technique, and cell described in
[3, 12], with solution circulated through the FCE
volume at a rate of 18 ml min�1 and the electrode
zones separated by an MK-40 ion-exchange mem-
brane. The cathode was polarized with a B-5-49
power source. As FCE served carbonized fibrous car-
bon material NT-1 containing about 85 wt % graphite
[3]. A perforated titanium plate was used as current
lead to the FCE; platinum grid, as anode; and 2%
Na2SO4 solution, as anolyte. The efficiency of palla-
dium electrodeposition was evaluated by the degree of
recovery � = (c0 � c�) /c0 and by the current efficiency

CE = (c0 � c
�
)V�26.8 /(I�Meq),

where c0 and c� are the initial and final palladium(II)
concentrations in solution (g l�1); V, solution volume
(l); I, current at which electrolysis is carried out (A); �,
experiment duration (h); 26.8 A h mol�1, Faraday con-
stant; and Meq, molar mass of the metal equivalent.

Palladium electrodeposited onto the FCE was dis-
solved in the cell mentioned above, with a nitric acid
solution pumped through the FCE volume at a pre-
scribed rate mv, or in a glass cell in a nonflowing
3.5 M solution of nitric acid. The amount of dissolved
palladium was determined from the loss of mass by
the FCE with palladium and by the atomic-absorption
method from changes in the palladium(II) concentra-
tion in solution. The dissolution rate WPd of palladium
deposited onto the FCE was calculated per the overall
area of FCE with thickness of about 3 mm.

The content of nitrous acid was determined by per-
manganatometric titration by the Lunge method [13].

The dissolution of palladium deposited onto the
FCE was analyzed qualitatively using the known
method for modeling of a microvoltaic cell with a
macrovoltaic cell [14]. The electrodes of the latter,
FCM, palladium plate, or a palladium plate with pal-
ladium deposited onto it from a hydrochloric or nitric
acid solution, were placed in an HNO3 solution. The
use of this method for studying the electrochemical
process in the system in question is due to the macro-
kinetic nature of processes characterizing the FCM
operation.

Since the reproducibility of the results obtained
depends on the method used for pretreatment of the
palladium plate surface, the surface was treated under

fixed conditions: a plate was subjected to mechanical
grinding, polishing on felt, and successive washing
with an Na2CO3 solution, alcohol, and distilled water.
Palladium was electrodeposited onto a palladium plate
from a nitric acid solution containing 0.3 g l�1 Pd(II)
and 3.5 M HNO3 and from a hydrochloric acid solu-
tion containing 2 M HCl and 2.5 (solution no. 1) or
0.3 g l�1 Pd(II) (solution no. 3) in a nonflowing elec-
trolyte at current density of 100 A m�2 in the course
of 25�50 min. After electrolysis, the plate was washed
with distilled water and dried in air. The amount of
deposited palladium was 0.5�2.5 mg cm�2.

The electrode potentials were measured relative to
a saturated silver chloride electrode with an OP-265/1
pH-meter and recalculated to the hydrogen scale.
The results of no less than 4�5 measurements were
averaged; the mean deviation was �20 mV in measur-
ing the electrode potential of the palladium plate,
�40 mV for the palladium-plated plate, and �5 mV
for FCM.

A study of palladium electrodeposition onto FCM
from real and model nitric and hydrochloric acid solu-
tions demonstrated that palladium is recovered to high
extent from solutions of both types (Fig. 1). The
current efficiency by palladium, calculated for 90%
recovery, is 5�25%; it grows with increasing concen-
tration of palladium(II) and decreasing concentration
of acid in solution and falls with increasing current
density and degree of palladium recovery. The low
current efficiency by palladium is due to the con-
current reduction of hydrogen ions and nitric acid.

In electrolytic recovery of palladium from real
solutions, platinum metals, such as rhodium and ruthe-
nium, are deposited together with palladium.

A study of how palladium deposited onto FCE
from model solutions dissolves in 3.5 M HNO3 re-
vealed that the rate of dissolution of palladium elec-
trodeposited from nitric acid is 4�6 times that in the
case of palladium electrodeposition onto FCM from
a hydrochloric acid solution.

Table 2 lists the results obtained in measuring the
corrosion potential Ecor of FCE with palladium
deposited onto it from nitric acid (I) and hydrochloric
acid (II) solutions in the course of palladium dissolu-
tion in 3.5 M HNO3. Table 2 shows that, in dissolu-
tion of palladium deposited from a nitric acid solution,
Ecor grows fast with increasing time of contact with
a 3.5 M HNO3 solution. When Ecor reaches a value of
0.88 V, palladium starts to dissolve, as determined
visually from the appearance of yellow coloration in
the near-boundary layer. It was found in different
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(a)�, %

�, min

(b)�, %

�, min

Fig. 1. Degree of electrolytic recovery � of palladium from (a) hydrochloric and (b) nitric acid solutions vs. electrolysis
duration �. (a) Overall cathode area, cm2: (1) 30 and (2, 3) 2. Concentration of components in spent solution from gold refining
(g l�1; in terms of metal): (1) Au 6.2, Pt 1.1, Pd 2.2, Cu 0.5, and HCl 50; (2, 3) Au 3.9, Cu 0.15, Fe 1.0, Ni 0.01, Pd 0.07,
Pt 0.05, Rh 0.01, Zn 0.03, and HCl 50. Current density, A m�2: (1) 800, (2) 600, and (3) 1000. (b) Overall cathode area 2 cm2.
Model solution, g l�1: Pd(II) 0.17 and HNO3 220. Current density, A m�2: (1) 250, (2) 500, and (3) 1000.

experiments that palladium starts to dissolve after
5�10 min of contact with the HNO3 solution. In the
case when FCM with palladium deposited from a hy-
drochloric acid solution is brought in contact with an
HNO3 solution, Ecor = 0.88 V is reached, and palla-
dium starts to dissolve, only after keeping in the
solution for 1 h, i.e., in this case, the period of time
preceding palladium dissolution is much longer (40�
60 min).

Figure 2 shows the stationary potentials of palladi-
um and palladium-plated plates, Est.Pd, as a function
of the time during which the electrodes were kept in
a 3.5 M HNO3 solution. It can be seen that Est.Pd
reaches a value of 0.94 V after the plate is kept in the
HNO3 solution for 20�30 min (curve 1). It should be
noted that Est.Pd grows gradually with increasing time
of keeping in the HNO3 solution. After 1.5 h, the sta-
tionary potential becomes 1.01 V, the plate surface is
covered with a black palladium oxide layer, and the
concentration of palladium in solution is 2.5 mg l�1.
The concentration of nitrous acid increases from
0.0006 (initial 3.5 M HNO3 solution) to 0.0014 M
(after 1.5 h of operation of the voltaic cell).

According to published data, Est.Pd is of corrosion
nature in nitric acid solutions [8]. Taking into account
the appearance of palladium(II) ions in solution, the
rise in the concentration of nitrous acid in solution,
and the values of the stability constants of nitrate and
nitrite complexes of palladium(II), it may be assumed

that palladium is oxidized in anodic regions to give
palladium(II) nitrite complexes [reaction (1)] and
surface oxides:

Pd + H2O = PdO + 2H+ + 2e, E0 = 0.858 V. (2)

In the cathodic regions, nitric acid is reduced. The
stationary potential of palladium-plated electrodes is
more negative than the value characteristic of the pal-
ladium plate and depends on the nature of the solution
from which palladium was deposited and on the pal-
ladium concentration in solution (Fig. 2, curves 2�4).

Table 1. Dissolution rate WPd of palladium in the system
Pd�FCM�3.5 M HNO3. Solution volume 50 ml; amount of
palladium deposited onto FCE at current density i =
1000 A m�2 in 20 min equal, on the average, to 60% of the
FCM mass
����������������������������������������
Dissolution conditions� WPd, �

Electrolyte����������������� �
mv, ml cm�2 s�1��, min�mg cm�2 h�1

�
����������������������������������������

0 � 30 � 23.1 �0.3 g l�1 Pd, 3.5 M
� � �HNO3

0.3 � 15 � 30.4 �0.3 g l�1 Pd, 3.5 M
� � �HNO3

0 � 70 � 6 �0.3 g l�1 Pd, 2 M
� � �HCl

0.3 � 50 � 5 �0.3 g l�1 Pd, 2 M
� � �HCl

����������������������������������������
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Table 2. Variation of the corrosion potential Ecor in SES
Pd�NT-1�3.5 M HNO3 with time of keeping the FCE
in a solution
����������������������������������������

�, min
� Ecor, V �

�, min
� Ecor, V

	�������������
 	�������������
� I � II � � I � II

����������������������������������������
1 � 0.74 � 0.68 � 20 � 1.03 � 0.72
2 � 0.75 � 0.68 � 30 � 1.04 � 0.73
4 � 0.76 � 0.69 � 45 � � � 0.75
5 � 0.76 � 0.70 � 55 � � � 0.76
6 � 0.88 � 0.70 � 60 � � � 0.88

10 � 0.96 � 0.71 � 75 � � � 0.97
15 � 1.04 � 0.71 � 90 � � � 1.03

����������������������������������������

In the case when palladium was deposited onto
the plate from a hydrochloric solution no. 2 (Fig. 1,
curve 4), no palladium was found in solution after
keeping such an electrode in 3.5 M HNO3. Est.Pd is
more negative by about 0.8 V than the potential char-
acteristic of the palladium plate. According to

�, min

Fig. 2. Stationary electrode potential of palladium, Est.Pd
(vs. standard hydrogen electrode), vs. time � of keeping in
3.5 M HNO3 solution. (1) Plate; (2�4) plate palladium-
plated in (3) nitric acid solution and hydrochloric acid
solution nos. (2) 1 and (4) 2.

�, min
Fig. 3. Stationary electrode potential, Est.FCM (vs. standard
hydrogen electrode), vs. time � of keeping in a 3.5 M
HNO3 solution before (2) and (1) after cathodic treatment.

published data [15], the more negative stationary
potential of palladium-plated palladium, compared to
that of the palladium plate, is due to the presence of
sorbed hydrogen in the cathodic deposit. The ability
of metallic palladium to absorb large amounts of hy-
drogen gas (up to 50�70 cm3 g�1 palladium) has long
been known [15�17]. The issues associated with
absorption and adsorption of hydrogen by palladium
in the course of electrolysis (compact metal or that
electrolytically deposited on various substrates: plati-
num, palladium, or carbon, including carbon fabrics)
and with the properties of the resulting deposits were
considered in [15, 17]. It was established that the
amount of sorbed hydrogen is larger for electro-
deposited palladium, compared to the palladium plate,
and it grows with increasing dispersity of the deposit
obtained, with the deposition potential shifted to the
electronegative side. Depending on the electrodeposi-
tion potential, the atomic ratio H/Pd is 0.62�0.68 and
may become as high as 1.1 [15, 17].

Figure 3 shows the results obtained in measuring
the stationary electrode potentials of FCM, Est.FCM.
The steady-state value of the stationary potential of
the initial NT-1 sample is 1.06 V. Samples subjected
to cathodic treatment are characterized by longer time
in which a steady-state value of Est.FCM is attained.
Raising the time during which samples are kept in an
HNO3 solution to 2 h leads to an increase in Est.FCM.
According to published data [18, 19], the value of
Est.FCM in nitric acid solutions is determined by the
reduction of nitric acid and products of its reduction
and disproportionation, and also by FCM corrosion to
give surface oxides. The occurrence of oxidation
processes is indicated by the shift of Est.FCM in the
positive direction with increasing duration of contact
with a nitric acid solution and also by the data of [20],
according to which the mass of FCM increases and its
conductivity decreases dramatically when the material
is brought in contact with the same solution.

Table 3 lists the parameters characterizing the
operation of a voltaic cell constituted by palladium
plates and FCM: corrosion potential Ecor, corrosion
current Icor, and degrees of anodic (Ca), cathodic (Cc),
and ohmic (Cohm) control, calculated using the known
equations [21]. The calculations were performed using
Est values after 30 min of keeping in a nitric acid
solution (Fig. 2). Palladium was electrodeposited onto
the plate from the following solutions: 2.5 g l�1 Pd(II)
and 2 M HCl (run no. 2), 0.3 g l�1 Pd(II) and 2 M
HCl (run no. 3), and 0.3 g l�1 Pd(II) and 3.5 M HNO3
(run no. 4).



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 11 2003

DISSOLUTION OF PALLADIUM DEPOSITED ONTO A FIBROUS CARBON CATHODE 1741

Table 3. Effect of the state of palladium on parameters characterizing the operation of the voltaic cell Pd�NT-1�
3.5 M HNO3
������������������������������������������������������������������������������������

Run no.
�

�, min
�

Ecor.Pd, V
�

Ca, %
�

Ecor.NT-1, V
� Cc � Cohm �

Icor, �A� � � � 	�����������������������
� � � � � % �

������������������������������������������������������������������������������������
Pd plate

1 � 10 � 1.04 � 83.4 � 1.05 � 8.3 � 8.3 � 15
� 30 � 1.05 � 91.7 � 1.06 � 0 � 8.3 � 13
� 60 � 1.05 � 91.7 � 1.06 � 0 � 8.3 � 10

Palladium-plated Pd

2 � 10 � 0.91 � 77.3 � 0.99 � 10.6 � 12.1 � 180
� 30 � 0.95 � 83.3 � 1.03 � 4.6 � 12.1 � 90
� 60 � 0.96 � 84.9 � 1.04 � 3.0 � 12.1 � 60

3 � 10 � 0.19 � 0.6 � 0.62 � 50.3 � 49.1 � 2500
� 15 � 0.23 � 5.1 � 0.64 � 48.1 � 46.9 � 2300
� 30 � 0.31 � 14.3 � 0.71 � 40.0 � 45.7 � 1300
� 60 � 0.59 � 46.3 � 0.89 � 19.4 � 34.3 � 350

4 � 10 � 0.62 � 42.1 � 0.77 � 38.2 � 19.7 � 1000
� 15 � 0.67 � 48.7 � 0.79 � 35.5 � 15.8 � 900
� 30 � 0.79 � 64.5 � 0.89 � 22.4 � 13.1 � 340
� 60 � 0.89 � 77.6 � 0.96 � 13.2 � 9.2 � 120

������������������������������������������������������������������������������������

Table 1 shows that the corrosion potential of the
palladium plate is 0.1 V more positive than its sta-
tionary value, and the degree of anodic control is
about 92%. In the case when the plate is palladium-
plated from a hydrochloric acid solution containing
2.5 g l�1 Pd(II), the electrical resistance in the system
increases somewhat. The corrosion current increases
sixfold (run no. 2); during 30 min of operation of such
a voltaic cell, the concentration of palladium(I)
in a solution of volume 50 ml becomes as high as
5.7 mg l�1. Preliminary cathodic treatment of NT-1
has no significant effect on the operation of the voltaic
cell.

If palladium was electrolytically deposited onto the
plate from hydrochloric acid solution no. 2 with a low
content of Pd(II) (run no. 3), then the voltaic cell ini-
tially (during the dirst 30 min) operates under cathod-
ic control and no palladium(II) is detected in the solu-
tion. Also, the ohmic loss in the system increases sub-
stantially. These results suggest occurrence on the
anode of a reaction that is not associated with palladi-
um dissolution, does not control the operation of the
voltaic cell, and makes the electrical resistance in the
system much higher. This is, presumably, due to an
increase in the resistance of electrolytically deposited
palladium because of the hydrogen sorption and for-
mation by palladium of compounds with hydrogen.

The current characterizing the operation of this voltaic
cell is the highest among the voltaic systems con-
sidered. After 60 min of operation of the voltaic cell,
the electrical resistance in the system decreases con-
siderably, the polarization of the palladium electrode
becomes stronger, and ions of dissolved palladium
appear in the system. All this suggests that the anodic
reaction occurring during the first 30 min of operation
of the voltaic cell is electrooxidation of hydrogen
sorbed by the palladium deposit. The possibility of
occurrence of such processes is known [17].

If palladium is electrodeposited onto the plate from
a solution containing 0.3 g l�1 Pd(II) and 3.5 M
HNO3 (run no. 4), then an increase in the degree of
cathodic control to 35�38% is only observed in the
first 15 min, and the ohmic loss grows during this
period of time to 16�20%, i.e., the contribution from
electrooxidation of sorbed hydrogen is much lower.

It follows from the results obtained that the opera-
tion of the voltaic cell strongly depends on the type of
the palladium electrode (plate or palladium-plated
plate). Of importance in the latter case are the nature
of the solution and the initial content of palladium(II)
in the electrolyte from which palladium was deposited.
These two factors determine the relative amounts of
current consumed for deposition of palladium, hy-
drogen evolution, and reduction of HNO3. Apparent-
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ly, at the same current mode of the electrolysis proc-
ess, the quantity of electricity consumed for hydrogen
evolution from an electrolyte containing 0.3 g l�1

Pd(II) exceeds that for an electrolyte with 2.4 g l�1

palladium(II). In contrast to hydrochloric acid solu-
tions, reduction of nitric acid is possible, together
with reduction of palladium(II) and hydrogen ions, in
electrodeposition of palladium from a nitric acid solu-
tion. In this case, the fraction of current consumed for
reduction of hydrogen ions must be smaller. It follows
from the values of standard potentials that mainly
reactions of reduction of palladium and nitric acid
occur at the cathode in a nitric acid solution, and
reduction of palladium and hydrogen ions, in a hydro-
chloric acid solution. Therefore, the fraction of hy-
drogen sorbed by palladium(II) in the former case is
smaller than that in the latter.

Thus, the reason for the strong difference between
the rates of dissolution in nitric acid of palladium
deposited from nitric and hydrochloric acid solutions
is that the cathodic deposit contains sorbed hydrogen
whose oxidation precedes the dissolution of palladi-
um. If only the time of dissolution of palladium is
taken into account in calculating the rate of dissolu-
tion of palladium deposited onto FCE from a hydro-
chloric acid solution, then the results obtained in dis-
solution of palladium deposited from nitric and hy-
drochloric acid solutions are comparable.

The dissolution of palladium deposited onto FCE
from nitric acid solutions, caused by SES operation,
makes it possible to quantitatively separate palladium
from codeposited platinum metals. For example, elec-
trodeposition of palladium from a model nitric acid
solution containing (g l�1) Pd(II) 0.110, Rh(III) 0.095,
Ru(II) 0.077, and HNO3 189 onto an NT-1 FCM gave
a cathodic deposit with Pd : Rh : Ru mass ratio
of 50.5 : 32.1 : 17.4. Dissolution of this deposit in
3.5 M HNO3 without applying external voltage
yielded a solution with the Pd : Rh : Ru mass ratio of
95.1 : 1.1 : 3.0 and palladium(II) concentration of
500 mg l�1. In subsequent electrolytic recovery of
palladium from this solution into an FCM cathode,
a cathodic deposit with more than 99% palladium was
obtained.

CONCLUSIONS

(1) It was shown that electrodeposition of palladi-
um from nitric and hydrochloric acid solutions onto
electrodes made of a fibrous carbon material occurs
with high degree of recovery (>98%). The current
efficiency by palladium is 5�25%, depending on con-

centrations of palladium(II) and hydrochloric acid
in a solution and on current density. The low current
efficiency is due to cuncurrent reduction of hydrogen
ions and nitric acid.

(2) It was established that palladium deposited
onto a fibrous carbon electrode dissolves in a 3.5 M
HNO3 solution with applying any external voltage
through operation of a short-circuited electrochemical
system constituted by Pd, fibrous carbon material, and
3.5 M HNO3. The dissolution rate depends on the
nature and composition of the solution from which
palladium is deposited. The cathodic deposit obtained
in electrodeposition from a nitric acid solution dis-
solves 4�5 times faster than that obtained from a
hydrochloric acid solution.

(3) It was demonstrated, using a model short-cir-
cuited electrochemical system, that the reason for the
strong difference between the rates of dissolution in
nitric acid of palladium deposited from nitric and
hydrochloric acid solutions is the presence in the
cathodic deposit of sorbed hydrogen whose oxidation
precedes the dissolution of palladium. The contribu-
tion from this process is much lower for cathodic
deposits obtained in electrodeposition from nitric acid
solutions.

(4) It was concluded that dissolution in a nitric
acid solution of palladium on a fibrous carbon elec-
trode through operation of a short-circuited electro-
chemical system can be used to enrich a solution with
palladium and to separate the metal from the con-
comitant platinum metals.
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Abstract�Growth kinetics of anodic oxide films on tantalum in a molten eutectic mixture of lithium, sodium,
and potassium nitrates was studied and the influence exerted by introduction of hydroxide and chromate ions
into the nitrate mixture was considered. The basic kinetic parameters of anodic oxidation of tantalum under
galvanostatic conditions were determined.

Oxidation of tantalum is widely used in various
fields of technology. Use of molten salts and, in par-
ticular, nitrates makes it possible to intensify anodic
oxidation of Ta and to obtain oxide coatings with
better service characteristics, compared with the coat-
ings formed in aqueous electrolytes [1, 2]. It has been
established that the presence of oxygen-containing
ions in a melt strongly affects the kinetics of forma-
tion of oxide films on rectifying metals and their
electrical properties [3, 4].

In continuation of previous investigations [2, 5],
we studied the growth kinetics of anodic oxide layers
on tantalum in a molten eutectic mixture of lithium
(37.5 mol %), sodium (18 mol %), and potassium
nitrates and the influence exerted by introduction of
hydroxide and chromate ions into the nitrate melt.

EXPERIMENTAL

The study was carried out in the temperature range
413�503 K in a nitrogen atmosphere. The design of
the electrochemical cell and methods used for pre-
treatment of nitrate salts and the electrode material
have been described previously [3, 5].

Hydroxide and chromate ions were introduced into
the melt in the form of KOH and Na2CrO4 of chemi-
cally pure grade. Na2CrO4 was preliminarily remelted
and KOH was dehydrated by prolonged vacuum treat-
ment in the course of heating (1.5�2.0 h) from room
temperature to 800 K, with subsequent keeping at this
temperature for about 3�4 h. The content of potassium
hydroxide in the nitrate melt was 2 wt %; sodium
chromate was introduced into the melt to saturation.

Tantalum was oxidized in the galvanostatic mode

at current densities of 2.5�15 A m�2. The procedure
for galvanostatic measurements was described in
[2, 5].

The thickness of the oxide film was determined by
the capacitance technique [3, 6].

The dependences of the potential of the tantalum
anode on the oxidation time for all the melts under
study at different temperatures and current densities
were linear. Figure 1 shows as an example the E�i
curves obtained in the LiNO3�NaNO3�KNO3�
Na2CrO4 melt.

As is known [6], the linear run of the E�i curves is
observed in oxidation of rectifying metals at high field
strengths in the oxide film. In this case, the anodic
process is limited by mass transfer of ions across the
oxide layer formed on the surface of tantalum. The
growth of oxide layers under conditions of high field
strength in the oxide film is characterized by the de-

E, V

t, s
Fig. 1. Chronopotentiometric dependence obtained on tan-
talum at 428 K in the LiNO3�NaNO3�KNO3�Na2CrO4
melt. (E) Potential and (t) time. Current density, A m�2:
(1) 2.11, (2) 4.44, (3) 7.37, (4) 8.70, and (5) 11.81.
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Parameters of anodic oxidation of tantalum in the LiNO3�KNO3�NaNO3 melt with additives, calculated using Eqs. (1)�(4)
on the basis of experimental data. W = 1.3�0.2 eV, a = 0.34�0.04 nm, ln j0 ( j0, A m�2) = 26.5�4.5
������������������������������������������������������������������������������������

Additive � T, K � �, % � �n � m � C � �D � d� /dt, m s�1

������������������������������������������������������������������������������������
No additive � 413 � 100�7 � 0.50 � 0.85 � 2.0691 � 0.0036 � 1.78 �10�10

� 428 � 96�4 � 0.90 � 1.07 � � �
� 453 � 90�7 � 0.82 � 1.11 � � �
� 478 � 85�4 � 0.97 � 1.21 � � �
� 503 � 81�5 � � � � � � �
� � � � � � �Na2CrO4 (sat.) � 413 � 100�6 � 3.64 � 0.99 � 0.0835 � 0.0001 � 5.82 �10�11

� 428 � 98�3 � 4.08 � 1.12 � � �
� 453 � 95�5 � 4.09 � 1.14 � � �
� 478 � 85�4 � 4.17 � 1.08 � � �
� 503 � 75�2 � 4.26 � 1.17 � � �
� � � � � � �KOH (2 wt %) � 413 � 75�4 � 3.71 � 1.10 � 0.1321 � 0.0002 � 8.12 �10�11

� 428 � 69�6 � 3.65 � 1.00 � � �
� 453 � 62�5 � 3.76 � 1.22 � � �
� 478 � 55�7 � � � � � � �
� 503 � 47�3 � 4.79 � 1.66 � � �

������������������������������������������������������������������������������������

pendence of the ion current on the field strength, which
is described by the G�unther�Schulze equation [6]

j� = j0 exp (�W/kT) exp (qaEf /kT), (1)

where j is the current density (A m�2); �, current ef-
ficiency determining the fraction of the ion current
ji ( ji = � j) in the oxide; Ef, field strength (V m�1);
W, activation energy (eV); a, activation distance (nm);
q, charge of an ion moving in the oxide (C); and j0,
constant determined by the nature of a metal (A m�2).

The linear run of the dependence ln ( j�)�Ef con-
firms the applicability of Eq. (1) to the process under
study. Figure 2 exemplifies such a dependence for the
nitrate melt LiNO3�NaNO3�KNO3 at several tem-
peratures. All the dependences show similar types of
behavior for all the temperatures in the range under
study.

The values of �, W, a, and j0 were found using
Eq. (1) from experimental data. It was taken in the
calculations that metal ions move across the oxide
film. As established in [2, 5], mainly the higher oxide
Ta2O5 is formed on the surface of tantalum being
oxidized in a nitrate melt. Therefore, the density �
(g cm�3) and the dielectric constant � of the oxide
layer were taken to be, respectively, 7.93 and 27.6 [6].
The calculation results are listed in the table.

It can be seen that the current efficiency of tan-
talum oxidation decreases steadily in the temperature
range under study. With account of Eq. (1), this in-

dicates that the current flowing across the oxide film
in electrochemical oxidation of tantalum in a nitrate
melt is a sum of the ionic ( j�) and electronic currents,
with the share of the latter growing with temperature.

The slope of the E�t dependence (Fig. 1), which
characterizes the rate of anodic oxidation of tantalum,
is described by the equation

dE/dt = Ef d�/dt, (2)

where d�/dt is the oxidation rate (m s�1); dE /dt, varia-
tion rate of the anode potential (V s�1); and Ef, elec-
tric field strength in the oxide (V m�1).

In this case, the variation rate of the anode poten-
tial grows with increasing density of the polarizing
current and is a linear function of temperature [6].

Ef � 10�8, V m�1

ln ji [A m�2]

Fig. 2. ln ji vs. electric field strength Ef in the oxide film,
obtained for the LiNO3�NaNO3�KNO3 melt. T, K:
(1) 413, (2) 428, (3) 453, and (4) 478.
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It was established that, at constant temperature, the
dependence of the variation rate of the anode poten-
tial on the ionic current density is described by the
equation

ln (dE/dt) = n + m ln ( j�), (3)

and the temperature dependence of the variation rate
of the potential at current density of 1 A m�2, by the
empirical equation

(dE/dt) = c + DT. (4)

The rates of tantalum anodizing and the coef-
ficients of Eqs. (3) and (4) are listed in the table.

As seen from the table, the melt composition
strongly affects the kinetic characteristics of tantalum
anodizing. For example, the presence of hydroxide
and chromate ions in a nitrate melt leads to a decrease
in the current efficiency and oxidation rate of tan-
talum. On introduction of OH� and CrO4

2� ions into
the melt, simultaneously with electrochemical oxida-
tion of nitrate ions [7]

NO3
� = NO2 + 1/2O2 + e, (5)

one of the following reactions occurs [8, 9]:

2OH� = H2O + 1/2O2 + 2e, (6)

2CrO4
2� = Cr2O7

2� + 1/2O2 + 2e. (7)

The simultaneous occurrence of reactions (5), (6) or
(5), (7) should intensify tantalum oxidation. However,
this is not the case. Possibly, this is due to incorpora-
tion of the anions mentioned above into the oxide film
and to degradation of its dielectric properties. Ap-
parently, addition of hydroxide ions also makes higher
the corrosiveness of the melt toward Ta2O5. As a
result, the current efficiency � and the oxidation rate
d� /dt decrease. According to [8], the activation energy
W of electrochemical oxidation of tantalum in an

orthophosphoric acid solution is 2.17 eV, and that in
the nitrate melt NaNO3�KNO3, 1.56 eV [2]. In this
study, a value of 1.3�0.2 eV was obtained for the
LiNO3�NaNO3�KNO3 melt, in reasonable agreement
with the data of [2]. Also in good agreement are the
values of a and j0 (see table), found for both the ni-
trate melts [2].

CONCLUSIONS

(1) Oxide layers grow on tantalum in the nitrate
melts studied in accordance with the G�unther�Schulze
equation. The kinetic parameters of the process were
determined.

(2) The current efficiency of tantalum oxidation
decreases with increasing temperature.

(3) The melt composition affects the kinetic char-
acteristics of tantalum anodizing. The presence of
hydroxide and chromate ions leads to a decrease in
the current efficiency and oxidation rate of tantalum.
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Abstract�The behavior of inorganic macrocomponents (Fe3+, Fe2+, Cu2+, and Cl�) and organic additives
(judged from the relative concentration of total carbon) in regeneration and reuse of spent etching solutions
used in fabrication of copper type-plates was studied. The conditions of electrochemical and sorption stages of
the regeneration process were discussed.

Chemical etching with FeCl3-based solutions is
used in printing industry to obtain relief images on
copper type-plates [1]. As a rule, the starting etching
solution contains approximately (g l�1): Fe3+ 90,
Fe2+ 20, and Cu2+ 10. In etching a type-plate, the
concentration of the oxidizing agent (Fe3+) decreases
and etching products (Fe2+ and Cu2+) are accumu-
lated. This leads to a decrease in the rate of etching
and deterioration of its quality and necessitates re-
placement of the etching solution with its fresh por-
tions. Since the cost of preparation of a fresh etching
solution and that of utilization of spent etchant are
rather high, the most natural solution of this tech-
nological and, simultaneously, environmental prob-
lem consists in regeneration and reuse of etching
solutions.

The clear-cut distinction of the etching solution
used in printing industry from a similar solution em-
ployed in manufacture of printed-circuit boards con-
sists in that it contains organic additives introduced to
ensure the required quality of etching. The behavior of
these additives in the etching process and in regenera-
tion of these solutions has not been studied so far.
Therefore, two problems are to solved in developing
the process and apparatus for regeneration of etching
solutions of this kind. It is necessary to ensure the op-
timal mode of regeneration of inorganic components
and also to study the behavior of organic additives in
recycling of the etching solutions and determine the
conditions under which the solutions can be purified
to remove organic substances. Tackling with these
problems was the aim of this study.

EXPERIMENTAL

A spent etching solution contains, in addition to
FeCl3, also FeCl2 and CuCl2. An ideal technique for
regeneration of solutions of this kind is the membrane
electrolysis [2, 3], since this method makes it possible
to reverse, at the expense of electric power, the chemi-
cal reactions occurring in etching and thus to restore
the composition of the solution without introducing
into it any additional chemicals (oxidizing and reduc-
ing agents). The solution is regenerated in two stages
in an electrolyzer with an anion-exchange membrane.
In the first stage, the etching solution is subjected to
cathodic treatment, with the result that Fe3+ is reduced
to Fe2+, and Cu2+, to metallic copper:

FeCl3 + e = FeCl2 + Cl�, (1)

CuCl2 + 2e = Cu + 2Cl�. (2)

The treated catholyte contains the required amount
of Cu2+, but the ratio of Fe3+ to Fe2+ ion concentra-
tions is far from being normal. Therefore, anodic treat-
ment of the solution, carried out in the second stage of
regeneration, is necessary. In the process, oxidation of
Fe2+ to Fe3+ and transfer of Cl� across the membrane
from the cathode chamber into the anode one leads to
formation of an FeCl3 solution:

FeCl2 � e + Cl� = FeCl3. (3)

In the course of anodic treatment, the concentration
of Fe2+ in the anolyte decreases and that of Fe3+ in-
creases. As a result, the concentrations of all the
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c, g l�1

�, h
Fig. 1. Variation of the concentration c of copper(II) ions in
the catholyte in the course of electrochemical regeneration
at different current densities. (�) Time. Current density
(A dm�2): (1) 1.5, (2) 3, and (3) 6.

c, g l�1

�, h

Fig. 2. Variation of the concentration c of catholyte macro-
components with time � of electrolysis. Current density
i = 6 A dm�2; the same for Fig. 3. Macrocomponent:
(1) Cl�, (2) Fe2+, (3) Fe3+, and (4) Cu2+.

macrocomponents become close to those in the start-
ing etching solution at a certain instant of time,
and the solution being regenerated can be reused in
etching.

A model etching solution, for which the cathodic
regeneration mode was chosen, contained FeCl3 and
CuCl2, with Fe3+ and Cu2+ concentrations of 95 and
35 g l�1, respectively. An FeCl2 solution (110 g l�1 in
terms of Fe2+) served as anolyte. The solutions were
prepared from pure-grade chemicals and distilled
water. The experiments wee performed in a membrane
electrolyzer in the galvanostatic mode at current densi-
ties i of 1.5�6 A dm�2. The electrode spaces were
separated by an MA-40 anion-exchange membrane.
The cathode was made of titanium, and the anode, of
graphite. The working areas of the electrodes and the
membrane were 0.36 dm2. The solution volume in
each of the chambers was 250 ml. During electrolysis,
the catholyte and anolyte in the non-flow-through

chambers were agitated with compressed air from
a microcompressor.

In the course of regeneration, the concentrations of
macrocomponents in the catholyte and anolyte, cur-
rent strength, cathode and anode potentials (relative to
a saturated calomel electrode), pH value, and tempera-
ture and volume of the solution were monitored. The
concentrations of Fe3+, Fe2+, and Cl� were determined
by titration [4], and the total Cu, by the atomic-ab-
sorption method. Direct cathodic voltammetry on
a renewable graphite electrode [5] was employed for
proximate analysis of the solutions for these com-
ponents. The concentration of organic substances in
the solutions was found from the total organic carbon
by the method developed in [6].

The optimal working parameters of electrolysis are
to be found experimentally for any particular type of
etching solution, depending on its composition. The
choice is due to the necessity for satisfying simultane-
ously several conditions ensuring the maximum rate
of copper recovery, preventing electrolyte overheating,
and precluding occurrence of side electrode processes.

Figure 1 shows how the concentration of copper(II)
ions in the catholyte varies in the course of electroly-
sis at different current densities. It can be seen that,
depending on the current density, two different ways
of development of the cathodic process are observed:
successive and parallel reduction of Fe3+ and Cu2+.
At low current densities, these ions are reduced suc-
cessively: first, mainly Fe3+ ions are reduced, with
virtually no metallic copper recovered, and only after
the concentrations of Fe3+ and Cu2+ become close, the
rate of copper recovery increases. With increasing
current density, the initial delay in the beginning of
copper deposition shortens dramatically and virtually
vanishes at i = 6 A dm�2. Naturally, the reduction of
Fe3+ leads to an increase in the concentration of Fe2+

(Fig. 2). Simultaneously, the concentration of Cl� ions
decreases because of their migration into the anode
chamber, i.e., the process of electrochemical regenera-
tion is described virtually quantitatively by a set of
equations (1)�(3). A minor deviation from this scheme
consists in the appearance of a small amount of
copper ions in the anolyte (up to 1.5 g l�1) in the final
stage of electrolysis. This is presumably due to forma-
tion in the catholyte of negatively charged complexes
of copper(I) (CuCl2

� and CuCl3
2�) in the first stage of

copper(II) discharge and to their migration across the
anion-exchange membrane into the anode chamber.

Further intensification of copper recovery by rais-
ing the current density is limited, on the one hand, by
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solution heating and, on the other, by side reactions of
H2 evolution at the cathode and Cl2 evolution at the
anode. The solution heating is limited by the thermal
stability of the ion-exchange membrane (about 50�C).
Evolution of chlorine at the anode is unacceptable
environmentally, and evolution of hydrogen at the
cathode is accompanied by an undesirable increase in
pH in the near-cathode layer and by formation of iron
and copper hydroxides. For example, during cathodic
treatment at current density of 6 A dm�2, the pH of
the catholyte grows from 0.2 to 1�1.7, i.e., to values
at which Fe(OH)3 may start to form, and the solution
temperature increases to 40�C (Fig. 3), approaching
the maximum permissible value. In this context, rais-
ing the current density further is hardly advisable.

A pilot batch of real spent solutions was regen-
erated under the chosen conditions on an electromem-
brane installation comprising an electrolyzer, a dc
power source (12 V, 50 A), a microcompressor for air
bubbling in order to agitate the catholyte and anolyte,
and an electronic thermometer. The cathode and anode
were made of titanium and graphite, respectively. The
working area of each of the electrodes was 4 dm2,
and the membrane area, 6.6 dm2; the volumes of the
catholyte and anolyte were 20 l each.

Figure 4 shows anodic and cathodic current�voltage
characteristics of a real etching solution at character-
istic points of its regeneration: (1) starting spent solu-
tion and the same solution after (2) cathodic and
(3) anodic treatments. The voltammograms enable
prompt monitoring of the regeneration process and
make it possible to evaluate the concentrations of
macrocomponents in the catholyte and anolyte in order
to terminate at due time the solution treatment. As
regards the quantitative interpretation of the curves,
it should be noted that the cathodic peak at � =
400 mV is related to reduction of Fe3+ to Fe2+. The
potential of Cu2+ reduction to Cu+ lies in the same
range of potentials [7], so that the peaks of Fe3+ and
Cu2+ reduction virtually coincide. The second peak in
the cathodic part of the voltammogram (� = �350 mV)
is associated with reduction of Cu+ to metallic copper.
In the anodic part of the voltammogram, there is a
single peak at � = 750 mV, which corresponds to oxi-
dation of Fe2+ to Fe3+. The voltammograms also
show the potentials of side electrode reactions: evolu-
tion of Cl2 at the anode is possible at � � 1.5�1.6 V,
and that of hydrogen at the cathode, at about � (0.6�
0.7) V. Comparison of the current�voltage curves in
Fig. 4 shows that electrochemical regeneration ensures
that the excess concentration of copper(II) is removed

T, �C pH; E, V

�, h
Fig. 3. (1) Solution temperature T, potentials E of (2) anode
and (4) cathode, and (3) pH of the catholyte vs. electrolysis
time � in regeneration of a model solution.

I, mA

�, V

Fig. 4. Anodic and cathodic current�voltage characteristics
of (1) spent etching solution and that being subjected to re-
generation after stages of (2) cathodic and (3) anodic treat-
ments. Measurement conditions: graphite electrode with
mechanically renewed surface (S = 0.03 cm2), potential
sweep rate 20 mV s�1, and temperature 25�C; the same
for Fig. 5. (I) Current and (�) potential (vs. saturated
calomel electrode); the same for Fig. 5.

from a solution and the necessary Fe3+/Fe2+ ratio is
restored.

Prolonged studies of the electrochemical regenera-
tion demonstrated that, if the recommended current
density of 6 A dm�2 is used, the main electrolysis
parameters in processing of real etching solutions in
the electromembrane setup (cathode and anode poten-
tials, voltage drop across the membrane, and solution
temperature) are close to their limiting values but do



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 11 2003

1750 BELOBABA et al.

I, mA

�, V

Fig. 5. Cathodic and anodic polarization curves of (1) sup-
porting electrolyte (2 M NaCl + 0.15 M HCl) and solutions
with addition (1 g l�1) of (2) stabilizer and (3) calibrator.

not exceed them, which indicates that the regeneration
mode is nearly optimal. The setup has been working
in this mode for already more than three years. During
this period of time, more than 10000 l of the etching
solution has been regenerated. The average processing
rate of the etching solution was 12 l day�1, and the
energy expenditure, 0.27 kW h l�1, with copper de-
posited at the cathode in the form of a powder and
periodically removed from the titanium cathode when
replacing the regenerated solution.

The prolonged experience of electrochemical re-
generation of spent etching solutions in manufacture
of copper type-plates demonstrated the efficiency of
membrane electrolysis, which makes it possible not
only to restore the etching ability of the solution, but
to recover copper from it. However, it was established
that the quality of the type-plates became poorer after
4�5 etching cycles, although all the macroscopic
parameters of the regenerated solutions were normal.

The most probable reason for the impaired quality
of etching is accumulation of organic additives or
products of their degradation in the solution. The
organic substances contained in a mixture of two
brand-name additives, calibrator and stabilizer, are
added to the solution to ensure high quality and fast
etching rate.

The behavior of additives in the course of regenera-
tion can be prognosticated qualitatively if their elec-
trochemical activity, i.e., the ability to be oxidized or

reduced at electrodes, and also their chemical stability
are known. Figure 5 shows voltammograms of the
supporting electrolyte, and also of the calibrator and
stabilizer. It can be seen that both the organic addi-
tives are electrochemically active, i.e., exhibit peaks
of both reduction and oxidation in the working range
of potentials. Since it is known that one of the addi-
tives contains thiourea and formamidine disulfide
(FADS), it should be mentioned that these substances
are chemically unstable. For example, FADS decom-
poses in the course of time into thiourea, cyanamide,
and sulfur [8]. Thiourea, in turn, may decompose in
acid solutions to give H2S [9]. Thus, it follows from
the results presented that the organic additives used in
etching are active electrochemically and unstable
chemically. Therefore, they may decompose, with de-
composition products accumulated both in the etching
stage and in any of the two stages in electrochemical
regeneration of solutions.

Quantitative monitoring of organic additives in
etching solutions is strongly complicated by specific
features of the etchant, highly intense coloration and
high concentration of macrocomponents. Such a com-
position of the supporting solution made impossible
use for this purpose of UV spectroscopy [8], voltam-
metry1, and various chemical methods based on oxi-
dation of organic substances (chemical consumption
of oxygen, permanganate oxidizability, etc.) [10]. The
only method applicable to determination of the total
organic carbon is that [6] according to which organic
substances contained in a solution are found from the
amount of CO2 evolved in mineralization of the etch-
ing solution in the presence of H2O2 and under its
irradiation with UV light in a closed quartz reactor.

The changes in the concentration of the total organ-
ic carbon (g l�1) in electrochemical regeneration of
samples of etching solutions with low (sample 1) and
high (sample 2) concentration of organic substances
are presented below:

Treatment stage Sample no. 1 Sample no. 2

Starting solution 0.25 0.95
Cathodic treatment 0.20 0.75
Anodic treatment 0.15 0.65

It can be seen that the content of organic substances
decreases in both cathodic and anodic treatment of
a solution. The relative degree of removal of organic
additives is the higher, the lower their initial content
������������
1 Characteristic peaks of organic additives (Fig. 5) lie within the

same range of potentials as the peaks of the macrocomponents
(Fig. 4), but their intensity is much lower than that of the
latter (by approximately two orders of magnitude).
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Residual concentration of total organic carbon, cres, in
sorption purification of two samples of etching solutions
with various specific charges q of Sibunit sorbent. Solution
agitation by air, contact time 3 h
����������������������������������������

Sample
� cres, g l�1, at indicated q, g l�1

���������������������������������
� 0 � 10 � 30 � 50 � 60 � 100

����������������������������������������
1 � 0.25 � 0.18 � � � 0.05 � � � 0.05
2 � 0.95 � 0.80 � 0.65 � � � 0.55 � 0.50

����������������������������������������

(70% for the lower curve and 30% for the upper one).
The decrease in the recovery of organic impurities
with their increasing concentration in the starting solu-
tion may be due to gradual accumulation of products
formed in their conversion, which are more stable
against electrochemical treatment. Anyway, it may be
concluded on the basis of the aforesaid that accumula-
tion of organic substances in high concentrations is
inadvisable and it is necessary to regularly purify
etching solutions to remove organic impurities.

The most appropriate technique to be used for this
purpose is sorption by activated carbon, and one of
the most promising sorbents is a new carbon material
Sibunit [11]. This sorbent is distinguished by high
mechanical, chemical, and thermal stability (1000�
1500�C) and is simple in regeneration. The efficiency
of sorption purification was confirmed on solutions
with the maximum and minimum content of organic
impurities.

The table illustrates the influence exerted by the
sorbent charge on the removal of organic substances.
It can be seen that the first portions of the sorbent
show the most effective performance, especially in
solutions with relatively low concentration of organic
impurities. At Sibunit expenditure exceeding 50 g l�1,
the sorption slows down, and, therefore, the recom-
mended specific expenditure of the sorbent for puri-
fication of etching solutions to remove organic sub-
stances is about 50�60 g l�1.

Enlarged-scale tests of joint electrochemical and
sorption regeneration of industrial FeCl3-based etch-
ing solutions with organic additives gave good results
as regards both the rate and quality of etching with
regenerated solutions, close to those for fresh etchants.

CONCLUSIONS

(1) A study of the behavior of inorganic macro-
components (Fe3+, Fe2+, Cu2+, and Cl�) and organic

additives of spent etching solutions in their electro-
chemical regeneration and recycling of regenerated
solutions demonstrated that successive cathodic and
anodic treatments of etching solutions restore the
concentrations of the macrocomponents to the re-
quired level and remove up to 30% of organic im-
purities.

(2) An integrated method for regeneration of etch-
ing solutions was developed. This method combines
electrochemical and sorption stages and allows reuse
of a regenerated solution, which ensures the required
rate and quality of etching.
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Abstract�Dissolution of zinc in a borate buffer solution with addition of substituted pyridinium perchlorates
and some inorganic salts was studied. The performance of additives in the active and passive states and
in the case of local depassivation of zinc was compared using various methods, including correlation analysis.

Data on additives used in anodic dissolution of zinc
in borate buffer solutions are limited to aromatic
amino acids and their salts [1], and also to certain
inorganic compounds [2], which inhibit or promote
the process.

The aim of this study was to elucidate the mech-
anism and character of zinc dissolution, reveal the
influence of substituents in pyridinium cations, and
compare the effects of organic and inorganic salts.

EXPERIMENTAL

Dissolution of zinc (99.9% Zn) was studied by
measuring polarization curves with stepwise (with in-
tervals of 30 s) increasing potential E, anodic chrono-
ammograms at constant E, and cyclic chronovoltam-
mograms in a borate buffer solution (pH 7.4) bubbled
with purified argon. The electrode, having the form of
a plate with working surface area of 1 cm2, was con-
ditioned with emery paper with decreasing grain size
(2�0) and degreased with purified ethanol. The meas-
urements were performed in a three-electrode cell with
separated catholyte and anolyte at 25�C. Saturated
silver chloride electrode was used as reference, rela-
tive to which all E values are given.

As additives were used KClO4, LiClO4, KCl, KBr
(all salts of chemically pure grade) and pyridinium
perchlorates
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where R1 = R2 = R3 = CH3, R5 = R6 = H, R4 = NH2
(no. 1); R1 = R2 = R3 = CH3, R4 = R6 = H, R5 = NH2

(no. 2); R1 = R2 = R3 = CH3, R5 = R6 = H, R4 = Br
(no. 3); R1 = R2 = R3 = C6H5, R4 = R6 = H, R5 =
NH2 (no. 4); R1 = R2 = R3 = C6H5, R4 = R5 = H,
R6 = NH2 (no. 5); R1 = R2 = R3 = C6H5, R5 = R6 =

H, R4 = Br (no. 6); R1 = R3 = �
�Cl� , R2 =

C6H5, R4 = R5 = R6 = H (no. 7).

The effect of the additives on the dissolution proc-
ess was evaluated by the coefficient K = i /i1, where
i and i1 are the process rates in, respectively, straight
solution and that with an additive.

Before analyzing the influence exerted by the addi-
tives, it is appropriate to consider in brief the kinetics
and mechanism of anodic dissolution of zinc.

E, V

log i [A m�2]

Fig. 1. Polarization curves measured in (1) straight solution
and (2�7) solutions with a mixture of additive no. 2 and
KClO4. Mixture concentration 1 mM. (E) Potential and
(i) current density. Concentration c�104 of additive no. 2,
M: (2) 0, (3) 1.0, (4) 2.0, (5) 5.0, (6) 7.0, and (7) 10.0.
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In accordance with the data of [1], zinc is anodical-
ly passivated (Fig. 1) and is not subject to local pas-
sivation in the absence of additives.

The nature of the hindered stage was judged from
results of potentiostatic and chronovoltammetric meas-
urements. According to the theory of cyclic voltam-
metry [3], the criterion of a reversible diffusion-con-
trolled process is the presence of linear dependences
of the current densities of the anodic and cathodic
peaks on the square root of the variation rate of E.
Another necessary condition is that the difference
of the peak potentials must not exceed 58/n mV,
where n is the number of electrons. As can be seen
from Fig. 2, only the first condition is satisfied. Con-
sequently, the process occurs in the equilibrium mode,
but is irreversible. Since Eap and iap are the critical
Ep and ip of passivation, the data in Fig. 2 illustrate
the role of diffusion in the transition of the metal to
the passive state. The decrease in the diffusion limita-
tions on the process with increasing potential sweep
rate V causes a pronounced rise in Eap and iap, i.e.,
hinders passivation. The important role of mass-trans-
fer in the solid phase in formation and reduction of the
oxide in passivation and activation of a copper elec-
trode under conditions of reversible dissolution was
mentioned in [4]. Presumably, the anodic peak does
not correspond under the conditions considered to
only equilibrium formation of zinc oxide, since metal
dissolution occurs in parallel with film formation.

It should also be noted that, in the absence of an
active�passive transition, no anodic peak is observed
in the cyclic voltammogram, in contrast to the cathod-
ic peak. This was demonstrated for the NiZn alloy
with 20 wt % Ni, which is passive even at the poten-
tial of free corrosion, although the dependence of the
current density of total passivation, itp, on V1/2 is
similar to that shown in Fig. 2.

The anodic chronoammograms in Fig. 2 describe
dissolution of zinc in the active and passive states.
In a straight solution, the time dependence of the rate
of active dissolution is characterized by three regions:
at � < 50 s, the straight lines i��1/2 (Fig. 3c) indicate,
with account taken of the diffusion-kinetic mode of
the process [5, 6], that the rates of the charge-transfer
(ie) and nonstationary-diffusion (ind) stages are com-
parable [7]; at 50 s < � < 3 min, the straight lines
i���1/2, extrapolated to the origin of coordinates
(Fig. 3b), indicate that nonstationary diffusion is
the rate-limiting stage [7]; at � > 5 min, when i � f
(Fig. 3b), the process is controlled by stationary
liquid-phase diffusion at a rate isd.

(a)I, mA

�E, V

(b)�E, V Ecp

Eap

iap, A m�2

V1/2 [mV s�1]

icp, A m�2

Fig. 2. (a) Chronoammograms measured in straight solu-
tion and (b) dependences of the potentials Ecp and Eap and
current densities icp and iap corresponding to cathodic and
anodic peaks in the chronovoltammograms on the potential
sweep rate V. Potential sweep rates (in order of increasing
current in the chronovoltammogram) 1, 5, 10, 20, 50, and
100 mV s�1. (I) Current and (E) potential.

For the case of reversible dissolution, the data of
[7, 8] were used to obtain the dependence of i on �
and stage rates at polarization �E >> RT /F in the first
region:
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Table 1. Kinetic characteristics of active dissolution of zinc
������������������������������������������������������������������������������������

Additive no. � ie, A m�2 � Q �102, A m�2 s�1/2 � �1, A m�2 s1/2 � isd, A m�2 � �2, A m�2 s1/2

������������������������������������������������������������������������������������
No additive � 0.43 � 3.9 � 3.02 � 0.10 � 1.54

1 � 0.28 � 2.1 � 2.38 � 0.07 � 1.32
5 � 0.12 � 0.4 � 2.29 � 0.06 � 1.24

������������������������������������������������������������������������������������

i = ie � Q�1/2 = ie[1 � 2ie(�ind)�1], (1)

Q = 2ie
2(��1)�1, (2)

ind = nF (cS � c0)(D/��)1/2 = �1 �
�1/2, (3)

where cS and c0 are, respectively, the surface and
volume concentrations of Zn(II), and D is the diffu-
sion coefficient.

(a)i, A m�2

�1/2 [s]

(b)
i, A m�2

�1/2 [s]
(c)i, A m�2

�1/2 [s]

Fig. 3. Anodic chronoammograms measured in (1, 4)
straight solution and solutions with additive nos. (2, 6) 5
and (3, 5) 1. Concentration of additives 10�4 M; the same
for Fig. 4. (i) Current density and (�) time. Potential, V:
(1�3) �0.5 and (4�6) �1.05. (a�c) For explanation, see text.

It follows from Eq. (2) that

�1 = 0.64ie
2 Q�1. (4)

The data of Fig. 3c were used to determine, using
Eqs. (1)�(4), the main kinetic characteristics (Table 1).

In the second region, in which i � ind, the depen-
dence of i on � is described by Eq. (3), which makes
it possible to find �2 from the straight line i��1/2

(Fig. 3b). Comparison of the values of �1 and �2
(Table 1) shows that � decreases with time. To a first
approximation, this can be attributed, in accordance
with Eq. (3), to an increase in c0 with time. Since the
dissolution occurs at E = �1.05 V, which is close to
Ep = �1.02 V, it can be assumed, with account of the
model of concurrent processes of metal dissolution
and oxygen chemisorption [9], that a passive film is
formed in the course of time, which may be a second
reason for a decline in � because of the decreasing
effective value of D. This conclusion is supported by
the close values of steady-state i at E equal to �1.05
and �0.5 V (Fig. 3b).

When an anodic chronoammogram is measured at
E = �0.5 V, weak areas of air-formed oxide are
strengthened by the anodic oxide, and the decaying
process of rearrangement of the oxide�hydroxide film
leads to a decrease in i. It has been noted [9] that time
dependences of i for other metals and of the rates of
formation of surface layers on coatings are described,
in the general case, by the equation

i = i0 + ����, (5)

where i0, �, and � are constants, with � equal to 0.5
[10, 11] or 1 [11, 12].

The process on zinc in a borate buffer solution oc-
curs in two stages, which is indicated by two straight
lines i���1/2 (Figs. 3a, 3b); the constants of Eq. (5) are
listed in Table 2. After the second stage, a steady-state
current is is attained.

Taking into account the diffusion-kinetic control
over dissolution of zinc in the active state at small �,
the role of inhibitors can be played by surfactants,
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Table 2. Constants of Eq. (5) describing the anodic chro-
noammogram of passive dissolution of zinc
����������������������������������������

Additive � �ie, � �, �
�

� is,
no. � A m�2 � A m�2 s1/2 � � A m�2

����������������������������������������
� < 60 s

No additive � 0.19 � 8.4 � 0.5 � �
1 � 0.13 � 7.0 � 0.5 � �
5 � 0.16 � 7.8 � 0.5 � �

� > 60 s

No additive � 0 � 3.0 � 0.5 � 0.11
1 � 0 � 2.4 � 0.5 � 0.08
5 � 0 � 2.7 � 0.5 � 0.09

����������������������������������������

which make lower is, and also by film-forming and
complexing agents, which diminish, respectively, the
effective and true value of D. According to Table 1,
substituted pyridinium perchlorates are rather ver-
satile. They hinder both stages of the process, this
being more pronounced for the charge-transfer stage,
for which the values of K for additive nos. 1 and 5 are
equal to, respectively, 1.5 and 3.6. The hindrance to
the stationary-diffusion stage remains virtually un-
changed on passing from mixed (K � 1.3) to diffusion
(K � 1.2) control. The additives make longer the time
during which the type of control changes (Fig. 3b).
Therefore, K increases somewhat, to 1.4�1.6, in the
stationary mode.

In the passive state, a certain protective effect
would be expected for compounds whose particles can
be incorporated into a film, changing its structure and
healing its defects. Substituted pyridinium per-
chlorates mainly affect the value of �, but do so to
a lesser extent than in the active region, and the values

Table 3. Values of K for substituted pyridinium perchlorates in relation to their structure and potential E. Concentration
of additives 10�4 M
������������������������������������������������������������������������������������

E* range
�

�E, V
� K for indicated additive

� ������������������������������������������������������������������
� � no. 2 � no. 3 � no. 1 � no. 7 � no. 6 � no. 4 � no. 5

������������������������������������������������������������������������������������
E < Ep � 1.06 � 1.7 � 1.6 � 1.8 � 2.0 � 2.2 � 3.4 � 4.9
E = Ep � 1.02 � 1.5 � 1.4 � 1.6 � 1.9 � 2.1 � 3.3 � 3.9
Ep < E < Etp � 0.96 � 1.5 � 1.6 � 1.7 � 2.0 � 2.1 � 2.7 � 3.1
E = Etp � 0.90 � 1.5 � 1.5 � 1.7 � 1.5 � 1.2 � 1.1 � 1.1
Etp < E < Ept � 0.60 � 1.6 � 1.4 � 1.5 � 1.3 � 1.3 � 1.2 � 1.1
E � Ept � 0.20 � 1.1 � 0.9 � 0.9 � 0.7 � 0.6 � 0.5 � 0.4
E > Ept � 0.00 � 0.9 � 0.9 � 0.6 � 0.5 � 0.4 � 0.3 � 0.2
������������������������������������������������������������������������������������
* Etp, potential of total passivation; Ept, pitting potential at which a rise in i with time is observed; Ept decreases steadily from �0.1

to �0.4 V in going successively from additive no. 2 to additive no. 5.

of K, equal to 1.1�1.2 in the nonstationary mode, re-
main virtually unchanged in passing to the stationary
mode (K = 1.2�1.3).

The effect of E on K for pyridinium salts was
evaluated, with account of the nature of the zinc dis-
solution process, on the basis of polarization measure-
ments (Table 3).

Table 3 reveals a characteristic feature of the in-
fluence exerted by the additives. The more pro-
nounced the protective effect in the active region, the
weaker the same effect in the passive region and the
stronger the stimulation of local passivation. Pre-
sumably, this is due to competition of adsorption of
surfactants and passivation in accordance with the
model described in [9]. On areas occupied by chemi-
sorbed inhibitor particles, chemisorption of oxygen
and subsequent formation of a passivating oxide�
hydroxide film are hindered. As a result, the overall
influence exerted by the inhibitor and the film de-
creases with increasing E. This effect is the stronger,
the easier the chemisorption of particles in the active
region. Naturally, the weakening of the protective
properties of the passive film favors local depassiva-
tion under the action of activator anions. The role of
these anions can be played by ClO4

� ions of pyridini-
um salts.

The regular trend in the variation of K within the
series of the additive studied (Table 3) created a pre-
requisite for use of a correlation based on the linear
free energy relationship. Here, several approaches are
possible. Attempts to use reference values of � con-
stants of substituents for polysubstituted compounds
within the additive scheme failed to give positive
results. Using values of K for the stationary reaction
series when performing the correlation, as it was done



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 11 2003

1756 EKILIK et al.

Table 4. Characteristics of electronic absorption spectra of
substituted pyridinium perchlorates in borate buffer solution
����������������������������������������
Additive �

�, nm
� f �104, � GDp �1020,

� � �no. � � mol�1 cm�2 � mol�1 cm�1

����������������������������������������
2 � 275 � 1.4 � 3.4
3 � 275 � 1.8 � 4.5
1 � 275 � 2.2 � 5.5
7 � 318 � 3.3 � 9.6
6 � 278 � 4.1 � 10.4
4 � 315 � 8.0 � 23.2
5 � 315 � 9.7 � 27.9

����������������������������������������

for similar compounds for the case of inhibition of
acid corrosion of metals, is too formalized. Therefore,
the relationship between K and some parameters of
the electronic absorption spectra of dissolved additives
was considered by analogy with [14, 15]. This correla-
tion is based on the concept of surfactant chemisorp-
tion in the electronically excited state [16]. The ex-
citation energy of 	 electrons is characterized by the
wavelength 
 of the longest-wave absorption band in
the UV part of the electronic spectrum [17]. The prob-
ability of transition of the system from the ground
state to excited state, determined by the oscillator
strength f, is one more factor, in addition to that
energy-related, which strongly affects the chemisorp-
tion. The state of polarization of the electronic transi-
tion is indicated by such a complex characteristic as

log K

GDp � 1019, mol�1 cm�1

Fig. 4. log K vs. GDp. (K) Ratio of the anode current densi-
ties in a straight solution and that with an additive;
(GDp) product of the possible degeneracy of the upper and
lower states by the dipole strength of the electronic transi-
tion. Digits at lines correspond to potentials (V); the same
for Fig. 5. Digits at points correspond to numbers of addi-
tives.

the product of the dipole strength of the transition, Dp,
by the possible degeneracy G of the upper and lower
states [18]:

GDp = 0.124 � 10�12 f�. (6)

The characteristics mentioned are listed in Table 4.

The correlation expressions relating K to 
 and f to
GDp have the general form [13, 14]

log K = log K0, x + �x(X � X0), (7)

where X stands for 
, f, or GDp; K0, x and �x are the
constants of the reaction series; 
0 = 275 nm, f0 = 1.4�
10�4 mol�1 cm�2, and GDp = 3.4�10�20 mol�1 cm�1

are the values of the characteristics taken as standard
to rule out far extrapolation of K.

The applicability of relations of the type (7) is illu-
strated by plots in Fig. 4, and Table 5 lists the con-
stants of the reaction series and correlation coef-
ficients r. The values of K for determining K0, �,
and r are taken from Table 3.

Table 5 shows that the worst correlation is obtained
between logK and 
. This becomes understandable
when account is taken of the fact that 
 is less sensi-
tive to the nature of substituents (Table 4) than K
(Table 3). In accordance with the above-mentioned
change in K on passing from active to passive zinc
dissolution (Table 3), the sign of the constants �
changes to the opposite. In this same transition, a de-
crease in r is observed, which may be due to influence
of unaccounted-for factors. In particular, the methyl-
substituted additives from the beginning of the series
(nos. 1�3) can more readily find their way into the
forming oxide film, compared with the other, phenyl-
substituted additives. To the transition mentioned cor-
responds a reversal of the sign of the surface charge
(EZn

q=0 = �0.82 V [19]) from negative to positive,
which favors a 	-electron interaction and can change
the surface orientation of particles.

The effect of the additives strongly depends on
their concentration, which was demonstrated for com-
pound no. 2, KClO4, and mixture of these (Figs. 1
and 5). At more negative E, additive no. 2 acts as an
adsorption inhibitor, for which characteristic straight
lines logK�logc with slopes changing in the same
direction as K were obtained (Fig. 5a). Potassium per-
chlorate behaves similarly up to c = 5 �10�4, after
which K starts to decrease. Possibly, this is due to the
fact that the anions are characterized by U-shaped
dependences of the rate of metal dissolution on c [20].
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Table 5. Constants of the reaction series of substituted pyridinium perchlorates and correlation coefficients r
������������������������������������������������������������������������������������
�E, V � K0, � � K0, f � K0, GD � �� �10�2 � �f �10�2 � �GD�10�20 � r� � rf � rGD
������������������������������������������������������������������������������������

1.06 � 1.8 � 1.6 � 1.6 � 0.6 � 5.4 � 1.8 � 0.726 � 0.985 � 0.989
1.02 � 1.6 � 1.5 � 1.5 � 0.6 � 5.1 � 1.8 � 0.768 � 0.983 � 0.993
0.96 � 1.7 � 1.6 � 1.6 � 0.4 � 3.4 � 1.2 � 0.789 � 0.967 � 0.984
0.90 � 1.5 � 1.5 � 1.5 � �0.2 � �2.1 � �0.7 � 0.554 � 0.899 � 0.876
0.60 � 1.4 � 0.7 � 1.5 � �0.2 � �1.5 � �0.5 � 0.797 � 0.884 � 0.917
0.20 � 0.9 � 0.9 � 0.9 � �0.5 � �4.5 � �1.6 � 0.744 � 0.940 � 0.926
0.00 � 0.7 � 0.8 � 0.8 � �0.8 � �6.9 � �2.4 � 0.726 � 0.934 � 0.945

������������������������������������������������������������������������������������

When E � �0.7 V is reached, anodic-anionic ac-
tivation is observed, which is especially clearly mani-
fested at c > 3 �10�4 M (Figs. 1 and 5b). After a
significant rise in i in the range W from �0.35 to
�0.50 V, a virtually limiting anodic current is reached.

In order to eliminate anionic effects at potentials
corresponding to the active�passive transition, binary
mixtures of additive no. 2 and KClO4 with constant
total concentration of 1 mM were studied. In the
absence of K+ ions, this would make it possible to
evaluate the influence exerted by the concentration of
the pyridinium cation. However, the value of K for
KClO4 exceeds unity (Fig. 5c). Experiments with
LiClO4 demonstrated that the values of K for this
additive are unity in the active region and virtually
coincide with those in the presence of KClO4 in pas-
sivation. This suggests that ClO4

� ions play an im-
portant part in passivation, and K+ ions, in hindrance
to active dissolution. Therefore, the effect of the mix-
ture can be, to a first approximation, considered in
terms of joint adsorption of potassium and pyridinium
cations. Their mutual influence was evaluated using
the known method [21]

	 = Kno. 2 + KClO4
(Kno. 2 KKClO4

)�1, (8)

where the subscripts denote the additives used.

If the coefficient of mutual influence 
 > 1 at K >
1, the effects exerted by the inhibitors are mutually
enhanced. Under the conditions studied, even though
the additives belong to different types of compounds,
they compete and mutually weaken the influence of
each other, since 
 < 1 (Fig. 5e). The minimum values
of 
 correspond to a mixture with cno. 2 = cKClO4

= 5�
10�4 M. The extreme values of K for potassium per-
chlorate and for the mixture are observed at this same
value of cKClO4

. In agreement with the above-men-
tioned competition between surfactant adsorption and
passivation, the dependences of K of a mixture on its
composition exhibit the opposite behavior in the
active region and in passivation (Fig. 5d). This transi-
tion is accompanied by weakening of the competitive

(a)log K

(b)

(c)

(d)

(e)

�log c [M]

Fig. 5. logK for (a, b) additive no. 2, (c) KClO4, and
(d) mixture of these, and also (e) � vs. log c for (a, b) addi-
tive no. 2 and (c�e) KClO4. Total concentration of additives
in the mixture 10�3 M. (K) Ratio of anode current densities
in a straight solution and that with an additive, (�) coef-
ficient of mutual influence of additives in the mixture, and
(c) concentration.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 11 2003

1758 EKILIK et al.

Table 6. Value of K in relation to E and nature of salt
anion. Salt concentration 1 mM
����������������������������������������

�E, V
� Value of K for indicated salts
��������������������������������
� KClO4 � KCl � KBr

����������������������������������������
1.06�1.02 � 2.4 � 2.0 � 1.5

0.95 � 2.3 � 4.1 � 4.3
0.90 � 2.2 � 1.8 � 3.0
0.80 � 2.4 � 2.3 � 3.1
0.50 � 0.020 � 0.016 � 0.015
0.00 � 0.006 � 0.006 � 0.006

����������������������������������������

action of the additives (Fig. 5e).

In the presence of KCl and KBr, the polarization
curves are similar to those shown in Fig. 1 for pyridi-
nium and potassium perchlorates; the corresponding
values of K are listed in Table 6.

Compared with KClO4, KCl and, especially, KBr
additives hinder active dissolution to a lesser extent
and are more effective in passivation; they lower the
potential of local depassivation by 100 mV and ac-
celerate somewhat this process. The limiting anodic
current is virtually independent of the nature of salt.

CONCLUSIONS

(1) In the active state, zinc dissolves in the initial
period of time with comparable rates of ionization and
nonstationary diffusion; then the second of these
becomes rate-limiting and, finally, gives way to sta-
tionary diffusion. Substituted pyridinium perchlorates
hinder ionization to a greater extent.

(2) In the passive region, the time dependence of
the dissolution rate is characterized by two portions.
The sequence of pyridinium salts arranged in order of
their increasing inhibiting action changes to the op-
posite one when zinc passes from the active to passive
state, which is due to competition of two processes:
chemisorption of additives and passivation by oxygen.

(3) It is advisable to correlate the performance of
substituted pyridinium perchlorates in dissolution of
zinc with parameters of the long-wave absorption
band in the UV part of the electronic absorption spec-
trum of the dissolved additives.

(4) Mixtures of potassium and substituted pyridini-
um perchlorates give lower values of K in active dis-
solution of zinc, and higher values in passivation and
in the passive state. Irrespective of the type of the
process, the mixtures are characterized by mutual
weakening of the influence exerted by the constituent
compounds. This weakening is the most pronounced
for the 1 : 1 composition.
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Abstract�The corrosion behavior in alkaline media of St.3 steel with various conversion coatings in concrete
was studied.

Reinforced concrete structures are widely used in
construction of buildings and bridges. It is traditional-
ly believed that steel in concrete is protected by pas-
sivation compounds formed in the strongly alkaline
medium in pores (pH 12.6 at 25�C). However, carbon
dioxide CO2 present in the Earth’s atmosphere en-
hances the corrosiveness of the medium toward rein-
forced concrete structures working under normal and
humid conditions [1�5]. Penetration of carbon dioxide
into concrete leads to its carbonation. Acid gases, e.g.,
SO2, Cl2, NO2, etc., are frequently present in working
spaces. Their interaction with concrete occurs similar-
ly to the carbonation process. It has been established
that the pH of the pore liquid decreases to 10.5 and
less at high humidity in the presence of acid gases or
chloride ions. It was shown in [6] that the threshold
concentration of chloride ions at which iron corrosion
begins depends on pH. With decreasing pH, the con-
tinuity of the protective layer on steel, which is com-
posed of iron oxide �-Fe2O3, is disturbed [1]. Accord-
ing to the results obtained by most of researchers, the
corrosion rate of steel in carbonated concrete is the
highest at periodic moistening of structures or in the
case of condensate formation [2, 4, 5]. This problem
has been studied extensively [6�10]. Analysis of pub-
lished data makes it possible to state that steel is in
the passive state only in uncarbonated concrete at low
concentrations of chlorides.

Steel is commonly protected from corrosion with
paint-and-varnish materials, electroplated and immer-
sion coatings composed of Zn and its alloys, and con-
version coatings deposited prior to painting. In [11], it
was suggested to subject zinc coatings, in order to
improve their corrosion resistance, to anodizing in
solutions containing silicates, tetraborates, and alkali.
The resulting anodic coating enhances by 20% the
hardness of the zinc coating, exhibits good adhesion

to the base, and possesses excellent corrosion-protec-
tive properties.

Conversion phosphate coatings [12�14] are films
composed of difficultly soluble salts Zn3(PO4)2 �
4H2O, Fe3(PO4)2 �2H2O, and Zn2Fe(PO4)2 �2H2O,
formed in reaction of the metal with free phosphoric
acid and with acidic Zn and Fe phosphates.

The phosphate layer formed improves the adhesive
and protective properties of paint-and-varnish coatings
and hinders corrosion when the paint film is damaged.
Phosphate coatings are classified into two groups:
crystalline coatings based on zinc phosphate, with
mass of 1.4�7.5 g m�2, and amorphous, based on the
FePO4, with mass of 0.2�1.4 g m�2. Corrosion tests in
a salt-spray chamber (5% NaCl) demonstrated that the
corrosion resistance of steel with crystalline and
amorphous phosphate coatings increases by a factor of
several tens [15]. With properly chosen composition
of the phosphating solution and conditions of its ap-
plication, phosphate coatings with prescribed proper-
ties can be obtained in any particular case. Apparent-
ly, a certain structure and composition of a phosphate
layer must correspond to each method of phosphating.

The aim of this study was to analyze the corrosion
behavior in alkaline media of steel protected with
various conversion coatings in concrete.

EXPERIMENTAL

The solutions used were prepared using analytically
pure chemicals. The working electrodes were made of
St.3 steel. Polarization curves were measured in the
potentiodynamic mode at potential sweep rate of
0.1 mV s�1 in an aerated 0.1 M NaOH + 0.1 M NaCl
solution at 25�C. A platinum electrode served as
auxiliary electrode, and saturated silver chloride
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Table 1. Composition of solutions and phosphating conditions
������������������������������������������������������������������������������������

Phosphating � Composition,* M � pH � T, �C � �, min � m, g m�2

������������������������������������������������������������������������������������
F11 crystalline �Zn2+ 10.084, Ca2+ 0.03, PO4

3� 0.17, NO3
� 0.2 � 2.4�2.6 � 45�55 � 10 � 3�5

FA5O amorphous �PO4
3� 0.16, MoO4

2� 0.0005 � 4.7�5.2 � 45�50 � 5 � 0.4�0.8
� � � � �F36 black �Zn2+ 0.17, PO4

3� 0.34, NO3
� 0.28 � 2.2�2.4 � 45�55 � 10 � 8�10

F16 amorphous black �PO4
3� 0.13, NO3

� 0.28 � 1.8�2.0 � 18�20 � 0.5�2.0 � 0.4�0.8
������������������������������������������������������������������������������������
* Concentration of Se4+, Cu2+, and Ni2+ salts (color modifiers), M: F36 0.048, F16 0.35.

Ag/AgCl electrode, as reference. Prior to each meas-
urement, samples were kept for 15 min in the solution
under study. The corrosion current density was found
by extrapolation of the Tafel portions of the anodic
and cathodic polarization curves. Numerous studies
have shown that the passivity of steel is commonly
accompanied by a positive shift of the electrode poten-
tial of the metal. Therefore, the corrosion potential
Ecor of steel in concrete can serve as indicator of its
state. In measurements in concrete, the variation of
Ecor of steel with time � was studied. A saturated

�E, V (a)

log i [A cm�2]�E, V
(b)

log i [A cm�2]
Fig. 1. (1�8) Anodic and (1��8�) cathodic polarization
curves obtained on St.3 steel in aerated 0.1 M NaOH solu-
tion containing 0.1 M NaCl at pH (a) 13 and (b) 9. Poten-
tial sweep rate Vs = 0.1 V s�1. (i) Current density and
(�E) polarization. (1) No coating; conversion coating:
(2) FA�As�Al, (3) F16, (4) FA�As, (5) FA50(n), (6) F36,
(7) FA50, and (8) F11.

Cu/CuSO4 electrode served as reference. All the po-
tentials are given in the hydrogen scale.

The composition of the electrolyte used to deposit
conversion coatings onto steel plates, component
concentrations, deposition modes, and coating masses
are listed in Table 1.

Part of samples with amorphous phosphate coatings
were dried at 100�C for 1 h (FA50), and another part
remained untreated ([FA50(n)]. Silicate anodizing [11]
of steel samples coated with FA50 was performed in
a solution of composition (g l�1): NaOH 30, Na2B4O7
90, and Na2SiO3, at solution temperature not exceed-
ing 25�C in the course of 10 min with ac current of
20 A dm�2 for FA�As, and with ac and, additionally,
pulsed current for FA�As�Al.

Reinforced concrete samples in the form of cylin-
ders were made from portland cement of composition
(%): SiO2 21.4, Al2O3 3.9, Fe2O3 2.2, CaO 62.5,
MgO 0.5, SO2

3
� 4.7, Na2O 0.8, K2O 0.6, and Cl� 0.3,

and steel reinforcement (10 � 10 � 0.5 mm St.3
steel plate). Cement cylinders 50 mm in diameter
and 50 mm high were formed from a mixture with
cement : sand ratio of 1 : 3 and water : cement ratio of
1 : 2. A steel plate with various conversion coatings
was embedded in concrete cylinder at a height of
30 mm. Such a reinforced concrete sample was kept
in a mold for 24 h. Then it was extracted, stored under
laboratory conditions for 84 h, and placed in water or
a 3.5% solution of NaCl in such a way that its lower
part (10 mm) was submerged. With the cylinder in
this position and good aeration of the external medi-
um, diffusion of the solution into concrete is ensured,
to the level of the steel plate. The potential of the steel
reinforcement with various conversion coatings was
measured daily over the course of 33 days. The degree
of concrete carbonation was determined using the
phenolphthalein indicator [12].

The values of icor of the samples under study in
an aerated NaOH solution containing 0.1 M NaCl at
pH 13 (Fig. 1a) and 9 (Fig. 1b), found by extrapola-
tion of the Tafel portions of the anodic and cathodic
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Table 2. Electrochemical parameters* of St.3 steel with conversion coatings in NaOH solutions containing 0.1 M NaCl
������������������������������������������������������������������������������������

Coating
� bA, mV � bC, mV � icor, A cm�2 � bA, mV � bC, mV � icor, A cm�2

������������������������������������������������������������������������
� pH 13 � pH 9

������������������������������������������������������������������������������������
No coating � 170 � 120 � 1.4�10�6 � 72 � 104 � 1.3�10�5

F16 � 57 � 158 � 3.2�10�6 � 39 � 144 � 1.2�10�5

FA50(n) � 160 � 130 � 9.1�10�7 � 56 � 233 � 8.0�10�6

FA�As � 125 � 80 � 8.9�10�7 � 55 � 140 � 9.1�10�6

FA�As�A1 � 221 � 76 � 6.8�10�7 � 50 � 107 � 1.3�10�5

F36 � 160 � 118 � 5.0�10�7 � 87 � 105 � 5.4�10�6

F11 � 106 � 104 � 4.4�10�7 � 59 � 84 � 1.4�10�7

FA50 � 174 � 76 � 3.0�10�7 � 49 � 150 � 4.6�10�6

������������������������������������������������������������������������������������
* bA and bC are the anodic and cathodic Tafel constants.

polarization curves in the log i��E coordinates, are
listed in Table 2. It can be seen that at pH 13 the
lowest corrosion currents are observed for steel sam-
ples with F11 and FA50 coatings, and the highest, for
samples without conversion coating and with F16
coating. With the solution pH decreasing to 9, icor
grows by an order of magnitude for all of the samples
studied (from 10�7�10�6 A cm�2 at pH 13 to 10�6�
10�5 A cm�2 at pH 9). The only exception are samples
with F11 coating, for which icor at pH 9 is 1.4�
10�7 A dm�2 (Table 2). Thus, the lowest corrosion
currents at pH 13 or 9 are observed for samples with
conversion coatings F11 and FA50. Changes in the
solution pH also affect the anodic (bA) and cathodic
(bC) Tafel constants. At pH 13, bA varies from 57 to
221 mV, and bC, from 76 to 158 mV. At pH 9, bA =
39�87 mV and bC = 84�233 mV (Table 2).

Before carrying out measurements with steel in
concrete, the rate of concrete carbonation was meas-
ured with phenolphthalein indicator. It was established
experimentally that only in 7 days the pH value of
the pore liquid in concrete decreased to 10 and/or less
(pH �9). The electrode potentials of samples without
conversion coating and with F11, FA50, and F36
coatings, embedded in concrete, were measured in
an NaOH solution (pH 13) (Fig. 2a) or 3.5% NaCl
solution (pH �9) (Fig. 2b) during 33 days.

Measurements of the dependence Ecor�� for rein-
forced concrete samples submerged in an NaOH solu-
tion (pH 13) demonstrated that the potential of steel
without conversion coating (Fig. 2a, curve 1) de-
creases from 0 to �30 mV in the first 5 days, and then,
during the following 28 days, gradually increases to
30 mV. A similar behavior was observed for steel
with various conversion coatings. In the case of an
FA50 coating (Fig. 2a, curve 4), Ecor increases to
140 mV in 33 days. In the case of an F36 coating
(Fig. 2a, curve 2), Ecor decreases from 70 to �150 mV

(a)

�, days

Ecor, V

�, days

(b)

Ecor, V

Fig. 2. Corrosion potential Ecor of St.3 steel with various
conversion coatings in concrete vs. time � of keeping in
(a) NaOH and (b) 3.5% NaCl solutions. pH: (a) 13 and
(b) 9. (1) Without coating; conversion coating: (2) F36,
(3) F11, and (4) FA50.
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(a) (b)

(c) (d)
Fig. 3. Surface micrograph of St.3 with various conversion
coatings after keeping in a 3.5% NaCl solution for 59 days.
(a) Without coating; conversion coating: (b) F36, (c) F11,
and (d) FA50.

during the first 5 days, then starts to grow to become
110 mV after 20 days of tests, and remains virtually
unchanged during the subsequent 13 days. It should
be noted that a steeper run of the Ecor�� curve is
observed in the given case. According to the results
obtained, FA50 coatings show the highest corrosion
resistance.

A study of the dependence Ecor�� in a 3.5% NaCl
solution (pH �9) demonstrated that, in all cases, a
rather steep decrease in Ecor, from 0�60 mV to the
value ranging from �200 to �340 mV, is observed in
the first 10�15 days (Fig. 2b). During the remaining
15�20 days, Ecor fluctuates within the range from
�300 to �350 mV. However, the corrosion potential of
samples with FA50 coating is more positive during
33 days than the Ecor of the other samples under study
(Fig. 2b, curve 4). This suggests that the FA50 coat-
ing has the best protective properties.

St.3 carbon steel can be represented, in the media
under study over the whole range of potentials, as
a system of the type metal�oxide or metal�metal
phosphate, although the composition and structure of
corrosion products may be more complex [14, 17].
It was established that the best protective properties in
an NaOH solution containing no chloride ions (pH 13)
are exhibited by the FA50 conversion coating (Fig. 2a,
curve 4). In a 3.5% NaCl solution (pH �9), all the
conversion coatings studied disintegrate during
33 days (Fig. 2b). However, the disintegration of the

FA50 conversion coating (Fig. 2b, curve 4) occurs at
a lower rate.

Figures 3a�3d show surface micrographs of steel
samples extracted from concrete after 59 days of tests
in a 3.5% NaCl solution. The samples without con-
version coating and with F36 coating are completely
corroded (Figs. 3a, 3b). The F11 and FA50 coatings
(Figs. 3c, 3d) exhibit better protective properties, and,
therefore, St.3 steel is less subject to corrosion. Using
the above results of the electrochemical measure-
ments, it was established the lowest corrosion currents
are observed in an NaOH solution containing 0.1 N
NaCl at pH 13 and 9 for samples with F11 and FA50
conversion coatings (Table 2). A study of steel in
concrete placed in water (pH 13) or 3.5% NaCl solu-
tion demonstrated that preference is to be given to
FA50 coatings, since they exhibit the best protective
properties.

CONCLUSIONS

(1) The lowest corrosion currents in an NaOH
solution containing 0.1 M NaCl at pH 13 and 9 are
observed for St.3 steel samples with conversion phos-
phate coatings F11 and FA50.

(2) Among the coatings studied, amorphous phos-
phate conversion coating FA50 ensures the best cor-
rosion protection of a steel reinforcement in concrete
placed in NaOH solution (pH 13) or 3.5% NaCl solu-
tion (pH �9).
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Abstract�The inhibiting action of N-phenacylmethylpyridinium bromides on corrosion of carbon steel in
a 3 M sulfuric acid solution was studied. A relationship between the structure of the compounds under study
and their corrosion-protective properties was revealed. Compounds ensuring high degree of corrosion protec-
tion of steel in acid media were found.

Despite that the relationship between the structure
of organic compounds and their corrosion-protective
properties have been studied for a relatively long time
[1�3], this problem still remains topical. Particularly
promising is a search for effective corrosion inhibitors
among substances exhibiting the so-called intra-
molecular synergism [4�6]. This effect consists in
that the presence of functional groups of varied nature
in the inhibitor molecule enables multidimensional
action on the corrosion process and ensures effective
protection by the inhibitor.

As objects of study were chosen phenacylmethyl-
pyridinium bromides I�XI, which are of interest in
that they are simultaneously quaternary pyridinium
salts and aromatic carbonyl compounds, i.e., belong to
such types of organic compounds whose inhibiting
action is well known [1, 2, 7].

Compounds I�XI were synthesized by alkylation
of 2-substituted pyridines with the corresponding
�-bromoacetophenones:

�
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����
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��
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where R = H, CH3, NH2, COCH3; R1 = H, CH3,
OCH3, Br, Cl, NO2.

The presence in these compounds of a methylene

bridge separating the pyridinium and benzoyl moieties
makes it possible to act upon each of them separately
by varying the substituents R and R1 and to reveal
factors positively affecting the inhibiting action of
the molecule as a whole.

EXPERIMENTAL

Compounds I�IV were synthesized by published
procedures; compounds V�XI were uknown previous-
ly, and their structure was confirmed by IR and 1H
NMR spectroscopy.

2-Amino-1-phenacylmethylpyridinium bromide
V, 2-amino-1-(4-methylphenacyl)methylpyridinium
bromide VII, 2-amino-1-(4-methoxyphenacyl)meth-
ylpyridinium bromide VIII, 2-amino-1-(4-bromo-
phenacyl)methylpyridinium bromide IX, 2-amino-
1-(4-chlorophenacyl)methylpyridinium bromide X,
and 2-amino-1-(4-nitrophenacyl)methylpyridinium
bromide XI. Solutions of equimolar amounts (0.02 M)
of 2-aminopyridine and appropriate �-bromoaceto-
phenone in ethyl acetate were mixed. The reaction
mixture was refluxed for 3 h for V and VII and for
5 h for IX�XI. The next day, the reaction mixture was
treated with ether, and the precipitate formed was
separated and recrystallized from ethanol�ether. For
pyridium bromides V and VII�XI, the yields (%) and
melting points (�C) are as follows: V, 82, 218�220;
VII, 75, 191�193; VIII, 80, 232�234; IX, 77, 215�
217; X, 82, 220�222; and XI, 60, 252�254.

2-Acetyl-1-phenacylmethylpyridinium bromide
VI. A mixture of equimolar amounts (0.02 M) of
2-acetylpyridine and �-bromoacetophenone was heated
to 125�130�C for 20 min and treated with a minor
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Table 1. Hindrance factors � and degree Z of corrosion protection of 08KP steel in 3 M H2SO4 solution in the presence of
phenacylmethylpyridinium bromides I�XI
������������������������������������������������������������������������������������

Com-
�

R
�

R1

� 20�C � 40�C � 60�C � 80�C
� � ���������������������������������������������������������������

pound � � � � � Z, % � � � Z, % � � � Z, % � � � Z, %
������������������������������������������������������������������������������������

I �H �H � 11.3 � 91.1 � 12.7 � 92.1 � 221.2 � 99.5 � 88.3 � 98.7
II �H �NO2 � 1.7 � 41.2 � 2.2 � 54.5 � � � � � 15.7 � 93.6
III �CH3 �H � 15.5 � 93.5 � 18.7 � 94.7 � 209.1 � 99.5 � 150.4 � 99.3
IV �CH3 �NO2 � 2.3 � 56.5 � 2.9 � 65.5 � � � � � 21.7 � 95.4
V �NH2 �H � 23.7 � 95.8 � 29.0 � 96.5 � 200.3 � 99.5 � 144.6 � 99.3
VI �COCH3 �H � 7.6 � 86.8 � 10.4 � 90.4 � 262.8 � 99.6 � 198.3 � 99.5
VII �NH2 �CH3 � 26.5 � 96.2 � 34.1 � 97.1 � 413.6 � 99.8 � 207.1 � 99.5
VIII �NH2 �OCH3 � 32.0 � 96.4 � 35.4 � 97.1 � 643.2 � 99.8 � 626.7 � 99.8
IX �NH2 �Br � 3.4 � 70.6 � 3.6 � 72.2 � 25.4 � 96.1 � 63.0 � 98.4
X �NH2 �Cl � 1.8 � 44.4 � 2.2 � 54.5 � 23.8 � 95.8 � 60.0 � 98.3
XI �NH2 �NO2 � 9.7 � 89.7 � 12.3 � 91.9 � 44.9 � 97.8 � 31.3 � 96.8

������������������������������������������������������������������������������������

amount of ethanol; the precipitate formed was sepa-
rated. Yield 35%, mp 198�200�C (from ethanol�
ether).

To evaluate the corrosion-protective properties of
the compounds under study, the hindrance factors �
and the degree Z of corrosion protection of steel were
determined in the presence of 1 � 10�2 M of inhibitors
in 3 M H2SO4 solutions at 20, 40, 60, and 80�C. The
corrosion was monitored gravimetrically using 08KP
steel samples with the working area of 14 �10�4 m2.
The test duration was 24 h at 20�C, 2 h at 40 and
60�C, and 1 h at 80�C. Polarization curves were meas-
ured in the potentiodynamic mode at the potential
sweep rate of 2 mV s�1 on a steel electrode in the ini-
tial and inhibited sulfuric acid solutions.

The test performed demonstrated that most of the
compounds under study show noticeable inhibiting
properties which are largely determined by the nature
of substituents in their molecules (Table 1).

As is known [7], adsorption of quaternary pyridini-
um salts may occur both through electrostatic attrac-
tion of the pyridinium cation to the negatively charged
metal surface and via specific � interaction of the
pyridine with the metal. Attempts were made, by in-
troducing substituents of varied electronic nature into
the position 2 of the pyridine ring of I and thereby
changing the charge on the nitrogen atom and the
�-electron density of the pyridine ring, to reveal the
role played by the pyridinium moiety of the molecule
and evaluate the effect of the substituents introduced
on the inhibiting effect of the forming compounds. It
was found that, in going from I and II to the corre-
sponding compounds with a CH3 group heading the

series of electron-donor substituents, the hindrance
factor of steel corrosion grows somewhat. It increases
at 20�C from 11.3 to 15.5 for compounds I and III
and from 1.7 to 2.3 for II and IV. In the case of such
a relatively strong electron-donor substituent as NH2
group, the protective effect is enhanced substantially,
with the corrosion hindrance factor for V and XI
being 23.7 and 9.7, respectively.

This can be accounted for by the electronic influ-
ence of the amino group on the � system of the pyri-
dine ring, which favors its �-electronic interaction
with the steel surface. Also possible is the direct in-
volvement of the amino group in free or protonated
state in adsorption processes. On introducing a
CH3CO group into position 2 of the pyridine ring
(compound VI), the corrosion hindrance factor de-
creases to 7.6.

It was established that the observed changes in the
inhibiting action of I, III, V, and VI are strictly deter-
mined by the electronic nature of substituents R.
There exists a linear relationship (r = 0.994) between
the corrosion hindrance factors for these compounds
and the constants �c

0 characterizing the combination of
the mesomeric and �-induction effects of the substit-
uents R [8]. The fact that this dependence is observed
suggests that adsorption of the compounds studied
onto steel at room temperature is due to �-electronic
interaction of the pyridinium ring with the metal sur-
face, favored by the presence of electron-donor sub-
stituents in the pyridinium ring. This also indicates
that the amino group in V is not involved directly in
the adsorption, and the decisive role is played by its
influence on the � system of the pyridine ring.
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T, �C
Fig. 1. Hindrance factor � vs. temperature T in corrosion of
08KP steel in a 3 M solution of H2SO4 in the presence of
1 �10�2 M phenacylmethylpyridinium bromides. Com-
pound: (1) VIII, (2) VII, (3) VI, (4) III, (5) V, (6) I, and
(7) XI.

It should be noted that the linear dependence ���c
0,

observed for compounds I, III, V, and VI, is also
preserved at 40�C, but the correlation coefficient falls
in this case to 0.985. At 60�C, the inhibiting action
of the compounds studied increases dramatically
(Table 1), but the ���c

0 relationship is strongly dis-
turbed, being completely eliminated at 80�C. Possi-
bly, raising the temperature leads to manifestation in
the corrosion process of a number of other factors.
This may be, e.g., reorientation of molecules bound to
the metal surface via the � system of the pyridinium
moiety, enhancement of the role played by electrostat-
ic interaction of pyridinium cations with the metal
surface, and increasing share of the specific adsorption
of compounds via the carbonyl group.

As is known [1, 2], the corrosion hindrance under
the action of carbonyl compounds is mainly due to
involvement of the oxygen from the carbonyl group in
adsorption processes because of the presence of a sub-
stantial electron density on this atom. Electron-donor
substituents make higher the nucleophilicity of
the oxygen atom of the carbonyl group, thereby
enhancing the donor�acceptor interaction of carbonyl
compounds with the metal surface, whereas electron-
acceptor substituents passivating the carbonyl group
make this interaction weaker. Introduction into the
para position of the benzene ring of V of CH3 or
CH3O groups, which exhibit electron-donor effect,
enhances the protective action of the inhibitor, with
the result that the corrosion hindrance factor increases
to 26.5 and 32.0 for VII and VIII, respectively, at
20�C. If these substituents are replaced with a brom-
ine or chlorine atom, the corrosion-protective effect
decreases dramatically, with the corrosion hindrance

factor for IX and X being as low as 3.4 and 1.8,
respectively.

A comparison of the protective effects of com-
pounds I, III, and V and the corresponding nitro
derivatives II, IV, and XI demonstrated that introduc-
tion of an NO2 group into the para position of the
benzene ring makes their inhibiting action weaker.
Since the nitro group is a much stronger electron
acceptor than a bromine or chlorine atom, it would be
expected that the protective properties should be com-
pletely eliminated on replacing these atoms with a
nitro group. However, it was found that such a re-
placement not only fails to make the hindrance factor
lower, but even raises it substantially. For example,
the corrosion hindrance factor for XI is 9.7.

Variation of the substituents R1 revealed for com-
pounds V, VII, IX, and X at 20 and 40�C a correla-
tion between their �1 constants and � values, with the
correlation coefficients equal to, respectively, 0.998
and 0.990. The exception are compounds VIII and
XI. Possibly, the substituents R1 in these compounds
are involved, in addition to exerting influence on the
carbonyl group and the � system of the benzene ring,
in some other processes. For VIII, this may be, e.g.,
independent involvement of the MeO group in the free
or protonated form in adsorption, whereas in XI, as
also in II and IV, the observed corrosion hindrance,
probably, results from the combined influence exerted
on corrosion both by these compounds themselves and
by the corresponding amino compounds, which could
be formed under the experimental conditions.

The results of the corrosion tests demonstrated that,
with the temperature increasing to 60�C, the inhibiting
action of most of the compounds studied increases
substantially (Table 1) and remains rather high at
80�C. The observed temperature dependence of the
inhibiting effect of the compounds studied (Fig. 1) is
probably associated with a change in the mechanism
of their adsorption onto the metal and a transition
from physical (or first-order specific) adsorption to
chemisorption as a result of the enhanced donor�
acceptor interaction between the carbonyl oxygen and
d levels of iron. A certain decrease in the inhibiting
action of some compounds at 80�C is possibly due to
desorption of inhibitors from the metal surface, result-
ing from the high rate of metal dissolution at this
temperature.

Voltammetric measurements on steel in the pres-
ence of compounds V, VIII, and XI demonstrated that
these compounds are inhibitors of mixed type, which
inhibit both the cathodic and anodic reactions of the
corrosion (Fig. 2). Under stationary conditions, they
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affect the process to a greater extent by shifting the
free corrosion potential Ef of steel in the positive
direction. The hindrance factors calculated from the
intersection of the Tafel portions of polarization
curves for V, VIII, and XI are, respectively, 22.5,
29.2, and 4.0, and those for V and VIII are close
to those obtained from gravimetric measurements
(Table 1).

The nature of substituents in these compounds
strongly affects the run of the cathodic polarization
curves, and to a lesser extent, that of the anodic
curves. The influence of compound XI containing a
nitro group on the cathodic reaction is low, which
may be due to its partial reduction on the steel sur-
face. The extent to which compound XI affects the
cathodic reaction of steel corrosion decreases marked-
ly when the electrode potential is shifted in the nega-
tive direction, which may also be due to the reduction
of XI. Inhibitors V and VIII enhance substantially the
electrode polarization of the cathodic reaction of the
corrosion process, thereby markedly changing the run
of the cathodic curves at high polarizations. When
the electrode potential is shifted in the negative direc-
tion, inhibition of the cathodic reaction of the corro-
sion process is enhanced in their presence. This can be
accounted for by an increase in adsorption of V and
VIII onto steel and their reorientation on the metal
surface, which ensures formation of a more closely
packed protective layer of an inhibitor [7].

The strongest influence on the rate of acid corro-
sion of metals is commonly exerted by the energetic
(���1

) and blocking (��) inhibition effects, whose
contribution to the overall corrosion hindrance factor
can be calculated using a system of equations reported
in [7]. The corrosion hindrance associated with the
appearance of an additional step of potential, ��1,
can be calculated using simple kinetic relations taking
into account the Tafel slopes of the polarization
curves, bc and ba, and the shift of the free corrosion
potential, �Ef, caused by the inhibitor (Table 2).

A comparison of the experimental (�e) and cal-
culated (�c) hindrance factors demonstrated that the
compounds studied hinder acid corrosion of steel
mainly by the energetic mechanism, and the effect of
blocking of the metal surface is only of secondary im-
portance in their presence. As also for other cation-
like compounds, this is probably due to the presence
in the phenacylmethylpyridinium bromides of pyri-
dinium cations ensuring the appearance at the metal�
solution interface of a positive adsorption step of
potential. The excess of �c over �e, observed for some
compounds, is possibly due to the influence exerted

log i [A cm�2]

E, V
Fig. 2. Polarization curves measured on 08KP steel in a
3 M solution of H2SO4 at 20	C in the presence of 1�
10�2 M phenacylmethylpyridinium bromides. (i) Current
density and (E) potential (vs. standard hydrogen electrode).
(1) Supporting electrolyte solution; compound: (2) XI,
(3) VIII, and (4) V.

on �Ef by a number of additional factors: conjugated
reduction of oxygen, occurring in an acid medium in
the presence of effective inhibitors; selective adsorp-
tion of surfactants on active centers of the metal; etc.

CONCLUSIONS

(1) Phenacylmethylpyridinium bromides are effec-
tive inhibitors of acid corrosion of steel, whose pro-
tective action depends on the nature of substituents
present in these compounds.

(2) The inhibiting properties of the compounds
under study are enhanced by electron-donor sub-

Table 2. Experimental (�e) and calculated (�c) corrosion
hindrance factors for 08KP steel in a 3 M solution of
H2SO4 in the presence of V, VIII, IX, and XI
����������������������������������������

Com- �
c, M

�
Ef, mV

�
�e

�
�c*pound � � � �

����������������������������������������
V � 1 � 10�2 � 60 � 23.7 � 26.8

� 4 � 10�3 � 56 � 23.2 � 21.4
� 1.6 � 10�4 � 45 � 17.0 � 11.8
� 6.4 � 10�4 � 17 � 2.6 � 2.5

VIII � 1 � 10�2 � 71 � 32.0 � 48.9
IX � 1 � 10�2 � 21 � 3.4 � 3.2
XI � 1 � 10�2 � 50 � 9.7 � 10.2

� 4 � 10�3 � 31 � 7.8 � 5.4
����������������������������������������
* It was taken in calculations that �c = 10K��1, K = bc/b0(ba +

bc), ��1 = �Ec/[1 � bcba /b0 (ba + bc)], where bc and ba are
the Tafel slopes of the cathodic and anodic polarization curves
in a 3 M solution of H2SO4, b0 = 2.3RT/F [7].
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stituents introduced both in the pyridinium and in
benzoyl moieties of their molecules and weakened by
electron-acceptor substituents. The key role in the cor-
rosion-protective action of the compounds under study
at room temperature is the pyridinium moiety, with
the corrosion hindrance by the energetic inhibition
mechanism, and the benzoyl moiety of the molecule
ensures their chemisorption and high performance at
elevated temperatures. Such a polyfunctionality of
phenacylmethylpyridinium bromides allows them to
preserve their strong inhibiting action in a 3 M solu-
tion of sulfuric acid in a wide range of solution tem-
peratures (20�80�C).

(3) The most effective of the compounds studied
are 2-amino-1-phenacylmethylpyridinium bromide V,
2-amino-1-(4-methylphenacyl)methylpyridinium brom-
ide VII, and 2-amino-1-(4-methoxyphenacyl) methyl-
pyridinium bromide VIII.
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Abstract�The structure of mixed catalysts for sulfuric acid production, with various types of raw materials as
supports, was studied by electron microscopy.

Sulfuric acid is widely used in production of min-
eral fertilizers, dyes, explosives, and other chemical
products. One of the main directions in the progress of
sulfuric acid technology is development of new more
effective catalysts and optimization of the existing
catalysts [1].

Mixed catalysts for sulfuric acid production of the
SVD type are the most widely used in our country.
They contain vanadium in the highest oxidation state,
alkaline promoters, and natural diatomite as support
[2]. However, an urgent problem is extension of the
scope of raw materials, in particular, replacement of
natural diatomite by other materials. Furthermore,
the problem of utilization of spent catalysts becomes
more and more pressing. Finally, to increase the
final conversion of sulfur dioxide and the productivity
of contact apparatus, it is necessary to develop im-
proved catalysts active at both high and low tempera-
tures. This study is aimed at solving the above prob-
lems.

To study what types of raw materials could be ap-
propriate as supports, we prepared three samples
(Table 1): sample nos. 1 and 2 were prepared from
diatomite of the Inza deposit, and sample no. 3, from
the waste from electrothermal smelting of crystalline
silicon Siw (98�99% SiO2, trace amounts of alkali
metal oxides, and Al2O3). Into sample nos. 2 and 3,

Table 1. Characterization of support samples
������������������������������������������������������������������������������������

Sample no.
� Charge composition, wt % � Activity X, % at indicated T, �C
���������������������������������������������������������������������������
� Inza diatomite � SVDsp � V2O5 � Rbw � Siw � 420 � 485

������������������������������������������������������������������������������������
1 � 89.3 � � � 10.7 � � � � � 18.0 � 78.0
2 � 51.4 � 34.3 � 10.3 � 4.0 � � � 53.0 � 87.5
3 � � � 44.6 � 10.7 � � � 44.7 � 50 � 87.5

������������������������������������������������������������������������������������

we additionally introduced the spent contact mass of
SVD catalysts. The catalysts were prepared similarly
to SVD, by dry mixing of components [diatomite
support and vanadium(V) oxide] and promoters [alkali
metal oxides]. Apart from traditional promoter, K2O,
we used a rubidium promoter (rubidium production
waste). After molding, the catalysts were dried and
then calcined for 4 h at 550�C.

The results (Table 1) show that sample no. 2 has
the optimal content of components in the charge,
ensuring the maximal activity over the entire tempera-
ture range. The high activity of this catalyst at 485
and 420�C arises from additional introduction of a
rubidium promoter, which makes lower the viscosity
of the molten active component and decreases the
degree of the vanadium(V) reduction [1, 2].

Apparently, the low activity of the catalyst based
on Inza diatomite (sample no. 1) without additional
promoter may be due to the high Al2O3 content (up
to 12 wt %) in this raw material. As a result, potas-
sium ions of the molten active component are re-
moved from the melt in the form of potash alum, and
crystalline V2O5 is separated [1, 2].

Owing to a unique combination of alkali metal
oxides in the silicate waste, the catalyst based on
spent SVD and Siw (sample no. 3) is active in a wide
temperature range even without additional promotion.
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Table 2. Structural characteristics of catalysts*
����������������������������������������
Sam- � �true � �app � Vpor

� Pore radius, nm
������������� ����������������ple
� g cm�3 � cm3 g�1

� rmin � rmax � ravno. � � � � �
����������������������������������������

1 � 2.16 � 1.41 � 0.27 � 45 � 1050� 547
2 � 2.39 � 1.04 � 0.55 � 6.5 � 3500� 1753
3 � 2.39 � 1.03 � 0.44 � 7.5 � 1000� 503

����������������������������������������
* (�true) True density, (�app) apparent density, and (Vpor) pore

volume.

As known, the chemical composition is not the
only factor determining the catalyst activity. The
activity also depends on the inner surface area deter-
mined by the pore structure [2]. Therefore, we studied

Fig. 1. Electron micrographs of sample nos. (a) 1, (b) 2, and
(c) 3. Magnification 500�.

the pore structure of the samples synthesized by dif-
ferent procedures.

The data obtained by mercury porosimetry are
presented in Table 2.

As seen, the catalysts have a multidisperse struc-
ture [1�3]. Coarse pores ensuring access of reagents
and back diffusion of reaction products are present
along with small pores making the corresponding con-
tribution to the surface area.

The pore structure was also studied by electron
microscopy on a Napolab 7 scanning electron micro-
scope (Opton, Germany). The electron micrographs of
the catalyst based on Inza diatomite (sample no. 1)
and the catalyst into which SVD spent contact mass
and a rubidium promoter were additionally introduced
(sample no. 2) are shown in Fig. 1.

The electron-microscopic study shows that, for the
sample synthesized from Inza diatomite without addi-
tional introduction of SVD spent catalyst and a rubi-
dium promoter, the distribution of the active com-
ponent throughout the catalyst grain is nonuniform
(Fig. 1a). Owing to higher content of M2O3 oxides in
the Inza diatomite, potassium ions of the melt are re-
moved from the melt in the form of potash alum, and
crystalline V2O5 is separated.

The surface tension forces accompanying crystalli-
zation of the active component cause the melt to move
toward crystallization centers. After heat treatment,
agglomerations of the active component crystals reside
in the place of drops (Fig. 1a, the center of mi-
crograph).

As compared to the sample prepared without spent
contact mass and a rubidium promoter, the modified
catalyst (sample no. 2) has a coarser-pore structure
(Fig. 1b).

The electron-microscopic examination of the cata-
lyst containing silicate waste (sample no. 3, Fig. 1c)
shows that its pores are coarser than those in sample
no. 1 but smaller than those in catalyst no. 2.

The distribution of elements of the catalyst active
components, V and K ions in particular, over the sup-
port surface was studied on an electron-beam scanning
microscope with a Kevex microanalyzer.

In the case of the catalyst synthesized without
spent SVD and a rubidium promoter (sample no. 1),
the distribution of K and V ions over the polished
section is nonuniform (Fig. 2, I).

The catalyst modified with a rubidium promoter
(sample no. 2) is more uniform (Fig. 2, II). This is
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I II III

Fig. 2. The distribution of (a) vanadium and (b) potassium elements throughout the catalyst grain. Sample no.: (I) 1, (II) 2, and
(III) 3.

apparently due to the lower content of Inza diatomite
and, correspondingly, of M2O3 oxides.

The same pattern is observed with the catalyst con-
taining a silicate component (sample no. 3; Fig. 2, III).
Probably, the presence of alkali metal oxides in Siw
completely compensates the negative effect produced
by the minor amount of Al2O3 present in it. More-
over, alkali metal oxides present in a large amount
lower the melting point and viscosity of the active
component, which results in its uniform distribution
over the inner surface.

Thus, we have prepared catalysts (sample nos. 2
and 3) active in a wide temperature range (X420�C =
50�53, X485�C = 87�88%) owing to unique chemical
composition, multidisperse pore structure, and uni-
form distribution of the active component over the
inner surface of grains.

Hence, partial or complete replacement of diatom-
ite by other raw materials seems feasible; it would
also favor the waste utilization.

CONCLUSIONS

(1) A possibility of using silicate promoter (waste)
as a new support for SVD catalyst was examined. It is
appropriate to introduce rubidium production waste as
promoter. (2) The catalysts synthesized are active in
a wide temperature range (X420�C = 50�53, X485�C =
87�88%) owing to unique chemical composition,
multidisperse pore structure, and uniform distribution
of the active component over the inner surface of
grains.
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Abstract�Stages of synthesis of a copper-containing catalyst for electrocatalytic oxidation of acetone in
waste gases were studied. The course of the extrusion and calcination and their influence on electrocatalytic
oxidation of acetone on the catalyst synthesized were analyzed.

Traditionally, waste gases and air are purified to
remove volatile organic compounds (VOCs) by ther-
mal afterburning, catalytic oxidation, sorption, and
a sorption-catalytic method [1]. Together with the
conventional methods, such techniques as, e.g., VOC
oxidation in barrier discharge plasma are also used
[2]. Thermal afterburning and sorption purification to
remove VOC involve high maintenance expenditure,
secondary pollution of the environment with
nitrogen oxides, and difficult utilization of the caught
components. Advantageous in this regard are sorption-
catalytic and catalytic methods, including catalytic
oxidation of VOCs under nonstationary conditions [3].
Platinum or oxide (less expensive) catalysts are used
in oxidation. As oxide catalysts commonly serve
catalysts containing copper(II) and manganese(IV)
oxides [4]. Supported catalysts are fabricated using
oxides of aluminum, titanium, etc. Activated carbon is
occasionally used as support [5]. In this study, pri-
mary attention is given to analysis of synthesis stages
of a copper-containing catalyst for electrocatalytic
decontamination of hydrocarbon-containing gases,
which is prepared using technical carbon (TC) as
support.

The catalyst was prepared using TC of PM-750
brand. Molded TC grains were impregnated with
Cu(NO3)2 solutions of concentration 100�200 g l�1

and mixed with basic copper carbonate (CuOH)2CO3,
with the subsequent addition of a plasticizer (1.25�
5.00% solution of polyvinyl alcohol). Further, the
catalyst was molded at the optimal molding humidity
in the form of grains 0.5�1 mm in size, and the grains
were calcined in a CO2 flow at 350�C.

The rheological characteristics of the molding paste
were determined with a plasticity meter with an in-

parallel-shifted plate of the Tolstoy design. The struc-
tural-mechanical characteristics were calculated from
kinetic curves of deformation development and served
as a basis for making a complete structural-mechan-
ical analysis of disperse systems and obtaining in-
formation about the viscoelastoplastic properties and
stability of dispersed structures in the molding paste.
The strains were calculated using the Maxwell�Shve-
dov�Kelvin equation. The strains are related to P =
1 �105 Pa and � = 1000 s. The sum of relative elastic,
viscoelastic, and plastic deformations served to deter-
mine to which of the six structural-mechanical types
by S.P. Nechiporenko belongs a given molding paste
[6].

A thermogravimetric analysis of catalyst samples
was carried out on a Q-1500D derivatograph at a heat-
ing rate of 5 deg min�1. As a model gas mixture
served air containing 1�2 g m�3 acetone vapor. The
concentration of acetone in the gas�air mixture was
determined by nephelometry on a KFK-2MP photo-
electrocolorimeter at a wavelength of 320 nm [7].
The conversion of acetone on the catalyst samples
synthesized was determined in an isothermal plug-
flow reactor. The tests were performed with ac electric
voltage applied to the catalyst. The total specific sur-
face area of the catalysts was determined on a Tsvet-
211 sorption meter [8]. The surface area of the cata-
lysts was measured by low-temperature selective sorp-
tion of helium. The sorption measurements were per-
formed in pulsed mode at �136�C. An X-ray phase
analysis of the catalyst samples was carried out on
a DRON-UM1 diffractometer with a CuK� tube (� =
0.154 nm). The interplanar spacings d were calculated
using RFA software written in BASIC. The com-
pounds obtained were identified on the basis of their
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Table 1. Structural-mechanical properties of catalysts prepared by mixing basic copper carbonate with TC, with addition
of a plasticizer (PVC)
������������������������������������������������������������������������������������

Parameter
� Sample
��������������������������������
� A � B � C

������������������������������������������������������������������������������������
Elastic modulus E1, MPa � 0.48 � 3.00 � 3.43
Viscoelastic modulus E2, MPa � 0.56 � 3.00 � 8.01
Highest plastic viscosity �1, MPa s � 0.65 � 1.57 � 1.58
Plasticity �c, s�1 � 2.9 � 1.19 � 1.19
Elasticity �, fraction units � 0.46 � 0.50 � 0.30
Relaxation period �, s�1 � 2500 � 1050 � 658
Fraction of elastic strain �el, % � 38.7 � 25.6 � 14.6
Fraction of viscoelastic strain �ve, % � 32.9 � 25.6 � 6.26
Fraction of plastic strain �pl, % � 28.4 � 48.8 � 79.1
������������������������������������������������������������������������������������

interplanar spacings and comparison of these with
the published data [8]. Changes in the phase composi-
tion of the samples, depending on their preparation
conditions, were judged from the intensity of the most
characteristic reflections. The products formed in elec-
trocatalytic oxidation were determined by their ab-
sorption with hexane and analysis of the resulting
mixture on a SATURN-2000R gas chromatograph�
mass spectrometer.

Since molding of TC-based grains is rather a
complicated task, the rheological characteristics of
the catalyst samples (40% CuO and 60% TC) were
studied in relation to the content of the plasticizer,
polyvinyl alcohol (PVC). The results obtained by
experimental data processing are listed in Table 1 and
shown in Fig. 1. It is demonstrated that, with the con-
tent of PVC from 5.0 wt % for sample A and to 2.5
and 1.25 wt % for samples B and C, respectively, the
structural-mechanical type of the catalyst paste pre-
pared for extrusion changes correspondingly. Sam-
ple A, which can be related to zero structural-mech-
anical type, is characterized by medium values of the
elastic and viscoelastic moduli (0.48 MPa, 0.56 MPa)
and relaxation period of 2500 s�1. Samples B and C
can be related to fourth and fifth structural-mechanical
types, in which plastic deformations predominate.
Sample B is characterized by medium value of the
elastic and viscoelastic moduli (3.0 MPa) and relaxa-
tion period of 1050 s�1, and sample C, by high values
of the elastic and viscoelastic moduli (3.43, 8.01 MPa)
and short relaxation period (658 s�1). The best sample
for extrusion molding is sample A of the catalyst of
zero structural-mechanical type. For the given sample,
the relative elastic, viscoelastic, and plastic strains lie
within the range of optimal values (shown by the
circle in Fig. 1).

To determine conditions of thermal treatment of
the catalyst samples synthesized, they were studied by
thermogravimetry. The results obtained in thermo-
gravimetric measurements are shown in Figs. 2 and 3.
The experimental data suggest that, for the catalyst
samples impregnated with copper nitrate solutions, the
decomposition temperature of copper nitrate decreases
from 180�220 to 60�90�C (Figs. 2a, 2b). This is, in
all probability, due to the presence of highly dispersed
TC, which can accelerate the process in question. By
contrast, for the catalyst samples prepared by mixing
TC with basic copper carbonate (CuO)2CO3 (Fig. 3),
the decomposition temperature of the basic Cu(II)
carbonate increases somewhat from 260 to 330�C. All
the catalysts prepared are characterized (Figs. 2, 3) by
weight loss in the temperature range 350�900�C,
which is due to burning-out of TC contained in a
sample. The catalyst samples prepared by impregna-
tion with a copper nitrate solution start to lose weight

�pl �ve

�el

Fig. 1. Diagram of development of viscoelastoplastic
strains in the catalyst samples prepared. (�el, �pl, �ve) Frac-
tions of elastic, plastic, and viscoelastic strains, respec-
tively. PVC content (wt %): (A) 5.0, (B) 2.5, and (C) 1.25.
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(a)
T, �C

�, min

(b)
T, �C

�, min

�m,
mg

Fig. 2. (a) DTG curves and (b) TG curves of catalyst samples prepared by impregnation with copper nitrate solutions. (T) Tem-
perature, (�) time, and (�m) weight loss; the same for Fig. 3. Samples impregnated at 80�C for 1 h with Cu(NO3)2 solution
(g l�1): (1) 200, (2) 150, and (3) 100; (4) Cu(NO3)2 sample.

at temperatures 100�150�C lower than those for sam-
ples obtained by mixing with the basic Cu(II) carbo-
nate (CuOH)2CO3.

In the experiments, the specific surface area of the

T, �C

�, min

�m,
mg

Fig. 3. TG curves of catalyst samples obtained by mixing
TC with basic copper(II) carbonate. (CuOH)2CO3 content
(wt %): (1) 100, (2) 40, and (3) 10.

2�, deg
Fig. 4. X-ray diffraction patterns of a catalyst sample con-
taining 20 wt % CuO, calcined at (1) 350, (2) 500, and
(3) 700�C. (I) Intensity and (	) Bragg angle. (A) TC,
(B) CuO (Cu2O), and (C) metallic copper.

catalyst samples was determined. The experimental
data (Table 2, Figs. 4 and 5) indicate that the decrease
in the degree of acetone conversion on catalyst sam-
ples calcined at high temperature is not caused by
catalyst caking, since the specific surface areas of the
samples calcined at 350 and 700�C are the same. The
high specific surface area of the catalyst sample con-
taining 60 wt % CuO is, in all probability, due to de-
composition of basic Cu(II) carbonate, whose content
in the catalyst is high. The specific surface area
(35 m2 g�1) of the catalyst sample containing no
copper oxide is virtually equal to the specific surface
area of the starting TC (35 m2 g�1), which indicates
the absence of any pronounced influence of the mix-
ing and molding procedures on the specific surface
area of the catalyst.

To determine the phase composition of the catalyst
samples synthesized, they were subjected to X-ray
phase analysis. Samples with 20% content of the
active component, calcined at 350, 500, and 700�C,
were studied. Comparison of the experimental diffrac-
tion patterns (Fig. 4) with reference data for various
compounds showed that the samples contained crys-
talline CuO (B; 2� = 62�) or Cu2O (B, 2� = 36�).
With increasing calcination temperature, the amount

Table 2. Specific surface area of catalyst samples
����������������������������������������

Sample � Calcination �
CuO, %

�
Ssp, m2 g�1

no. � temperature, �C � �
����������������������������������������

1 � 700 � 20 � 28
2 � 500 � 20 � 37
3 � 350 � 20 � 28

4 (TC) � � � 0 � 38
5 � 350 � 60 � 47

6 (TC) � 350 � 0 � 35
����������������������������������������
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	, %

T, �C
Fig. 5. Degree of acetone conversion � vs. calcination tem-
perature T of the catalyst. Input electric power (W cm�3):
(1) 4, (2) 2, and (3) 0.6.

of the crystalline phase of these compounds decreases,
since the intensities of peaks characteristic of these
compounds become lower. The decrease in the
amount of copper oxides is due to their reduction in
a catalyst at high temperature to metallic copper
(C; 2� 43�, 51�). Correspondingly, in the X-ray dif-
fraction patterns the intensity of peaks associated with
metallic copper grows with temperature. The catalyst
support, TC (A), in the catalyst is in amorphous or
weakly crystalline state, which can be judged from the
halo corresponding to a diffraction angle 2� = 25�.

A study of the extent to which acetone is converted
on the catalyst samples obtained demonstrated (Fig. 5)
that, for specific input electric power of less than
2 W cm�3, the degree of acetone conversion decreases
with increasing catalyst calcination temperature. Con-
sequently, a conclusion can be made that, in electro-
catalytic oxidation of acetone, the CuO and Cu2O
phases enhance the influence exerted by the electric
power. The phase of metallic copper has no effect on
electrocatalytic oxidation of acetone. For input electric
power exceeding 2 W cm�3, the calcination tempera-
ture does not affect the degree of acetone conversion
on the catalyst. This can accounted for by the prev-
alent influence of the electric component at high
specific input power. These modes are characterized
by predominance of plasma-enhanced catalytic proc-
esses, since effects characteristic of plasma formation
are observed under these conditions.

CONCLUSIONS

(1) Rheological characteristics of catalyst samples
were obtained, which indicate that making lower the

percentage content of plasticizer (polyvinyl alcohol)
impairs viscoelastoplastic properties of the catalysts.

(2) Thermogravimetric studies of the samples
yielded information about the temperatures of decom-
position of copper nitrate and basic Cu(II) carbonate
and of burning-out of technical-grade carbon, which
makes it possible to select calcination conditions for
copper-containing catalysts synthesized on the basis of
technical-grade carbon.

(3) The calcination temperature has no effect on
the specific surface area of the samples, since this
parameter is the same, and equal to 28 m2 cm�3, for
samples calcined at 350 and 700�C.

(4) An X-ray phase analysis revealed that the de-
crease in the catalytic activity of the catalyst samples
with increasing calcination temperature is due to
reduction processes occurring in the catalyst at high
temperatures and leading to formation of metallic
copper, which is inactive in acetone oxidation.
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Abstract�Factorial analysis of the results obtained in numerical simulation of ozone layer depletion by
spacecraft was carried out. The mechanism, chemical agents, and kinetic characteristics responsible for the
dynamics of ozone level in the perturbed region were studied. A mathematical model of the processes, in-
tended for engineering-ecological estimates, was suggested.

The topicality of structural-informational develop-
ment of mathematical models (MM) of ozone layer
depletion by spacecraft is due to a significant rise in
the anthropogenic impact of this kind. The principal
factors in this case are the following: steadily increas-
ing number of launches and their increasingly diverse
geography; use of phased-out solid-propellant carrier
rockets for injection of objects into upper layers of the
atmosphere and into space; possibility of successful
use in the near future of an aerospace plane intended
to simplify the procedure dramatically and raise the
intensity of space flights. In the situation at hand, the
simulating capacities of the existing models and, in
particular, those described in [1�3] are insufficient.
However, the capacity of modern personal computers
and the possibilities of information technologies
enable improvement of these models both in their
mathematical structure and in the database for simula-
tion.

A detailed analysis of studies concerned with
destruction of the ozone layer by launches of carrier
rockets was made in [1]. It is admitted that the most
important factor of the influence exerted by carrier
rockets on the photochemistry of the ozone layer is
the trail cloud formed via mixing of the propulsive jet
with background gases. Another important result [1] is
associated with analysis of modern MMs of photo-
chemical processes in a stratosphere perturbed by
spacecraft. According to [1], most of MMs of this
kind are characterized by common structural-informa-
tional imperfections and/or limitations: (1) simplified
mathematical formulation of the kinetics�diffusion
problem or the so-called box model of photochemical
transformations and turbulent transfer of reagents in
the rocket trail; (2) inclusion into the kinetic scheme

of a comparatively small number of reactions domi-
nating in the photochemistry of unperturbed stratos-
phere and supposedly retaining their relative sig-
nificance in the case when the stratosphere is per-
turbed by spacecraft. Therefore, it is impossible to
obtain, in terms of the known MMs, answers to a
number of questions concerning, in particular, the
adequacy of the modeling process itself and of the
identification of physicochemical mechanisms in-
volved in breakdown and regeneration of the stra-
tospheric O3. For example, a detailed MM of photo-
chemical processes in the ozonosphere was suggested
in [2]. Based on the model of [2], a set of computer
simulations [3] was performed in order to determine
the scale-dynamic characteristics of perturbations in
launches of Proton carrier rockets, which use 1,1-di-
methylhydrazine and N2O4 as propellant components.
However, beyond the scope of these studies remained
the problems associated with mechanisms by which
the rocket trail acts upon the ozonosphere and with
the adequacy of MM to real processes, whose under-
standing becomes increasingly important because of
the rise in the number of launches and the growing
diversity of carrier rockets and propellants used.

The present study is devoted to (1) essential struc-
tural improvement of the models [2, 3]; (2) assess-
ment of the adequacy of the modified MM and proto-
type models [1�3] to real processes of ozone break-
down in the rocket trail; (3) identification of mechan-
isms of ozone loss in the trail cloud of liquid-propel-
lant rockets; (4) construction of a minimum MM [4]
for practical estimates of parametric perturbations
of the ozonosphere and radiation field, caused by
launches of various types of liquid-propellant rockets.
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A structural modification of the diffusion model [3]
consists in using a transfer�dissipation equation of
more general form: first, the box model is replaced by
a discrete diffusion one, and, second, the initial gas-
dynamic stage of interaction between the propulsive
jet and the ambient gas is taken into account. This
shifts the start of simulation from the instant of termi-
nation of the gas-dynamic expansion�deceleration�
mixing of the propulsive jet with stratospheric gases
in the model [3] to the beginning of exhaust of com-
bustion products from nozzles.

The discrete diffusion model assumes that, by the
instant of exhaust, the component concentrations
in the rocket trail are characterized by step-like distri-
bution along the jet radius. The model considers N
concentric ranges uniform in chemical composition
and temperature, bounded by circles with radii R1,
R1�21/2, ..., R1 N1/2 and evolving following the same
law Rn = R1(t)N1/2, n = 1 ... N. In the case, the masses
of gas within the zones thus defined can be considered
always the same with accuracy sufficient for the pur-
poses mentioned, and the initial concentrations of ith
combustion product in nth zone, c�in, can be specified
by the distribution

e�2(n � 1)N

c�in = c�i 1�����������. (1)
e2/N � e4/N� 2

Apparently, the box model of diffusion [3] is a par-
ticular case of the step-like or discrete diffusion model
at N = 1.

The preserved simulation limitations of the model,
which are determined by the nature of atmospheric
turbulence [3, 5], constitute several hours for forecast
longevity. Thus, the suggested MM can describe
parametric perturbations with fast photochemistry, to
which belong perturbations of the ozone layer by
liquid-propellant rockets.

The discrete diffusion MM of interaction between
the propulsive jet trail and substances of the stratos-
phere is expressed by the equations

dcin
��� = f (ckn, Tn) + [(cin � 1 � 2cin + cin + 1)/2
dt

d ln V
+ (0.44�Rn)�1 (m/u0�)1/2 c�in]����, (2)

dt

dTn 1
��� = ���� fi (ckn, Tn)�Hi + [(Tn � 1 � 2Tn + Tn + 1)/2
dt CV

d ln V
+ (0.44�Rn)�1 (m/u0�)1/2 T �n]����, (3)

dt

dciN + 1
������ = fi (ckN + 1, T), (4)

dt

d ln V d ln Vn d ln Rn
ci0 = ci2, ���� = ����� = 2�����,

dt dt dt

R1 = {[R0 + (0.22/w)(mu0/�)1/2 ln (1 + wt/R0)2/3]

+ (�t/3)}3/2,

where n = 1... N is the number of a chemically and
thermodynamically uniform region, with n = N + 1
corresponding to unperturbed stratosphere; cin, fi, and
�Hi, concentration, rate of formation (decomposition)
in chemical reactions, and standard heat of formation
of ith substance, respectively; Tn, temperature; CV,
specific heat of the stratospheric gas; Rn(t) = R1(t)n1/2,
radius, and Vn = Vn(t), running volume of nth zone
contaminated by the rocket trail; m, u0, and �, flow
rate of the propellant, outflow velocity of the propul-
sive jet, and density of ambient air, respectively; w
and �, rocket motion velocity and coefficient of tur-
bulent dissipation of the solar energy [3]; R0, radius of
the channel displaced by the rocket; the primed con-
centration and temperature variables correspond to the
parameters of the propulsive jet proper, which are
imparted to the stratosphere through deceleration�
mixing.

In contrast to the models of [1, 3], Eqs. (1)�(4)
contain terms related to the initial gas-dynamic stage
of formation of the contaminated region. After the ini-
tial stage of evolution of the discharge is over, MMs
(1)�(4) reduce to the model of [3]. It is important that
the chemical unit of the model is nonisothermal:
changes in the temperature in the reaction zone are
affected not only by mixing processes, but also by
energy parameters of the occurring chemical transfor-
mations, which determine the kinetics of the initial
gas-dynamic stage of interaction.

The constants of photoreactions forming the ma-
terial flows fi in Eqs. (2)�(4) were calculated pre-
liminarily and used in simulating the evolution of the
rocket trail in the form taking into account the diurnal
variations in solar illumination [3]:

kk
ph(H, t) = kk

ph0(H) sin2 (�l/�), 2n� < t < 2n� + �, �
� (5)

kk
ph(H, t) = 0, 2n� + � < t < 2n� + 2�, 	

where kk
ph0(H) is the effective constant of kth photo-

chemical reaction at the instant of time corresponding
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Relative content of a component in the propulsive jet of liquid-propellant rockets
������������������������������������������������������������������������������������

Ozone-depleting
� Fuel pair
�����������������������������������������������������������������������

product � N2(CH3)2H2 + N2O4 � N2H4 + N2O4 � C14H30 + O2 � H2 + O2
������������������������������������������������������������������������������������
OH, I stage � 8.1 
 10�8 � 9.3 
 10�8 � 8.3 
 10�8 � 1.8 
 10�7

NO, I stage � 3.0 
 10�7 � 5.1 
 10�7 � � � �
OH, II stage � 7.7 
 10�9 � 9.0 
 10�9 � 7.9 
 10�9 � 2.3 
 10�8

NO, II stage � � � � � � � �
������������������������������������������������������������������������������������
Note: All other components of the propulsive jet affect the kinetics of O3 breakdown insignificantly, as demonstrated below.

to the highest solar altitude, i.e., at noon; H is the alti-
tude; � = 24 h.

The possibility of such a solution of the problem is
due to the fact that the perturbation of the ozone
layer in launches of liquid-propellant rockets is in-
significant, which allows use of unperturbed constants
of photoreactions and radiation field of the Sun. The
resulting limitations mainly refer to the level of O3
perturbation, which must not exceed 20%. Stronger
perturbations lead to a shift of the O3 concentration
maximum, enhanced heating of lower lying layers,
and disturbance of stratification; possibly, they cause
vertical mixing. The fact that the perturbation level
of the ozonosphere in launches of liquid-propellant
rockets is insufficient for initiating the above proces-
ses has been confirmed by many numerical calcula-
tions, e.g., in [1, 3].

The informational improvement of the previous
models consists in that both the range of photochemi-
cal reactions taken into account and the variety of
propellants allowed by the numerical simulation
become wider. In particular, each of the reactions de-
scribed in [3] is now accompanied by a reverse reac-
tion and the constants of oppositely directed transfor-
mations are thermodynamically matched. The final
kinetic scheme of photoinduced transformations com-
prises 932 reactions between 74 components and
photons in the wavelength range 180�700 nm.

Among the possible fuel�oxidant pairs, MM
considers, together with the traditional pair 1,1-di-
methylhydrazine + N2O4, also N2H4 + N2O4, H2 +
O2, and C14H30 + O2. The chemical composition of
the propulsive jet, calculated on the assumption of
complete combustion of the components, partial dis-
sociation of products, and �frozen	 reactions in gas
exhaust from the nozzle, is presented in the table (for
components essential for the kinetics of ozone trans-
formations).

The improvements of the model extended the range
of its validity, as regards the temporal factor, to the

instant of propulsive gas exhaust from the nozzle, and,
as regards the variety of vehicles and nature of their
impact on the ozonosphere, to possibility of adequate
description of all the potential hazards among the
modern and the most promising spacecraft. This
makes it possible to use this model for revealing and
classifying the threats to the state of the ozone layer,
resulting from the economic use of the space and up-
per atmosphere, and to develop recommendations for
reducing the environmental risk and damage inflicted
by impacts of this kind.

The MM was tested for mathematical adequacy and
correctness of its computer implementation in
accordance with a complex procedure [3]. The
correctness of mathematical formulation, reliability of
the information database, and adequacy of software
were verified. Model calculations of the known
parameters of the ozonosphere and, in particular, the
altitude profiles of minor gas components of the
stratosphere (MGCS), and comparison of the results
obtained with data of other authors confirm that the
model suggested is well substantiated and reliable.

Practically important results obtained in testing the
predecessors of the given MM [2, 3, 6] are the
following: (1) altitude profiles of some poorly studied
MGCS (Figs. 1a, 1b) [2, 3], calculated for the first
time; (2) solution of the disputable issue concerning
the diurnal kinetics of NO2 in the ozone layer and the
elementary reactions governing this kinetics [6];
(3) establishment of the important role played by
excited O2* species in the kinetics of stratospheric
ozone [2]; (4) substantiation of the validity of dividing
the model into two independent submodels, of radia-
tion-induced transfer and chemical kinetics, and also
calculation of the effective constants of photoreactions
[2]; and (5) evaluation of the impact of a single launch
of a Proton-type rocket [6] (Figs. 2a, 2b).

Fundamentally new results obtained in terms of
models (1)�(5) are the following: (1) the initial gas-
dynamic stage of formation of the trail cloud is in-
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(a)
H, km

(b)

cj, arb. units

H, km

44

28

Fig. 1. Altitude (daytime) profiles of poorly studied com-
ponents of the stratosphere. The O2* concentration is re-
duced by a factor of 10. (H) Altitude and (cj) relative con-
centration of a component.

significant for the overall process of O3 breakdown;
(2) box models are applicable to solution of the prob-
lem of evolution of the rocket trail in the stratosphere;
(3) temperature perturbations in the rocket trail are
insignificant; (4) the models developed can be used
as tools for computer simulation of multiple launches
of diverse types of liquid-propellant rockets; (5) the
physicochemical mechanism of O3 breakdown by
combustion products of liquid propellants can be iden-
tified; (6) the influence of a number of components
in the propulsive jet on the kinetics of atmospheric
ozone is insignificant; (7) simplified MM for rough
calculations and estimates can be constructed.

Result 1 was obtained in a set of calculations in
terms of models (1)�(5) with N = 1 and that described
in [3]. By the instants of time corresponding to 1�3 s
after exhaust of the propulsive jet, the gas-dynamic
parameters and the chemical composition of the con-
taminated region, yielded by models (1)�(5), ap-
proached to within 
30% the values obtained by
analytical estimates and chosen as initial conditions in
calculating identical perturbation in terms of the model
of [3]. In later stages, the kinetic curves obtained in
terms of models (1)�(5) and [3] for all the components

(a)[O3] 
 10�12, cm�3

(b)[O3] 
 10�12, cm�3

t, s
Fig. 2. Dynamics of the ozone concentration [O3] in the
stratosphere upon a single rocket launch at altitudes of
(a) 25 and (b) 30 km. (t) Time. Curves 2 and 4 describe the
evolution of the ozone concentration in a region of stratos-
phere contaminated when a rocket passed it at noon and
midnight, respectively; curves 1 and 3 determine the
dynamics of diurnal variations of [O3] in unperturbed
stratosphere (curve 1, beginning at midnight; curve 2,
at noon).

important for the photochemistry of ozone coincided
within the calculation error. This indicates that the
chemistry of O3 loss is not affected by fast processes
in the initial gas-dynamic stage of formation of a
rocket trail and, simultaneously, confirms the validity
of the simplified MMs of the kinetics�diffusion type
[1, 3].

Fact 2 was established by comparing the results of
calculations with identical initial conditions (of
perturbation) and N = 1, 3, and 5. This comparison
suggests that raising the number of individually con-
sidered zones does not reveal any new effects. Con-
versely, it becomes possible, for liquid-propellant
rockets, to detail the results of simulations in terms of
the box model a posteriori, by analytical methods of
mathematical physics. It is noteworthy that this fact is
due to the relative small perturbations of the stratos-
phere kinetics in single launches of typical liquid-
propellant rockets. In practice, using the box model
saves computational resources, e.g., by shortening
100-fold the time in which a solution is found
numerically by passing from N = 5 to N = 1 and
obviating numerous concomitant difficulties.

The smallness of the temperature component of the



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 11 2003

1780 YATSENKO

stratospheric perturbations on completion of the jet
deceleration�mixing stage, mentioned above as result
3 and expressed as a short-time cooling of the trail
cloud by fractions of a degree, is also a consequence
of the low level and short duration of the initiating
impact.

Practical result 4, obtained in terms of specialized
CASE-technologies of physicochemical kinetics [3],
consists of a software for widely used personal com-
puters, which implements the concepts of the present
study, and the most important results [1�3]. In com-
puter implementation of the MM, the function of a
source is developed both for simulations of several
repeated launches from the same site and for varied
physical nature of a contaminant and method of its
introduction. In this stage, the following forms of the
source function are allowed: hypersonic propulsive jet,
liquid drop dispersed in flight, explosion cloud, and
combinations of these. The first type of source cor-
responds to the goals of the present study; second,
to contamination of the ozonosphere with unburned
components of liquid propellants; and third, to prod-
ucts of their forced explosive elimination.

Result 5 and the ensuing results 6 and 7 are aimed
at avoiding, wherever possible, complicated simula-
tions and at replacing them with approximate analyt-
ical calculations or simple calculations on personal
computers using the standard engineering mathematics
software.

The principal hypothesis underlying the model of
O3 breakdown is as follows. The propulsive exhaust
of rockets contains one or several components of
those exerting predominant influence on the loss of
O3 under natural conditions, with the concentrations
of these components in the rocket trail much exceed-
ing the background values. As a result of strongly
accelerated loss of O3, its concentration in the per-
turbed zone is �adjusted	 to the concentration of the
ozone-depleting components, with the relative devia-
tion of the ozone concentration from the unperturbed
level being comparatively low (�20%). Since the level
of ozonosphere perturbation by components depleting
O3 is assumed to be rather high, its decrease cannot
occur exclusively via stratospheric chemistry, being
also determined by turbulent dissipation of the trail
cloud.

To the above hypothesis, qualitatively accounting
for the kinetic of perturbed O3 in Fig. 2, corresponds,
in the simplest variant, the equation

d[
O3] k[O3]0c0 3b[
O3]
����� = �������� � ������, (6)

dt (1 + bt)3 1 + bt

where c0 is the effective initial concentration of
ozone, which is assumed to be comparatively stable
chemically or long-lived; k, the rate constant of O3
loss; b = �/3Rgd

2/3, the constant of turbulent smearing of
the trail [3]; Rgd, the rocket trail radius upon comple-
tion of the gas-dynamic deceleration of the jet; [



O3] =

[O3] � [O3]0, the deviation of the ozone concentration
from the background value [O3]0.

A solution to (5) is given by

[
O3]0 � k[O3]0c0t
[
O3] = �������������, (7)

(1 + bt)3

where [


O3] is the primary nonchemical, through

dilution of the stratosphere by combustion products,
deviation of the ozone concentration from the back-
ground value, and c0 is the initial concentration of
the depleting agent.

According to Eq. (7), the degree and dynamics of
O3 perturbation are affected by three parameters: level
of perturbation by ozone-depleting agent (agents) and
time factors responsible for removal of the depleting
agent via chemical reactions and turbulent dissipation.
The competition of the reactions of O3 loss and dif-
fusion forms the temporal dynamics of perturbed
ozone, qualitatively coinciding with that in Figs. 2a
and 2b.

Finer formulations also take into account the
chemical loss and/or generation of the ozone-depleting
substance by means of an analytical equation similar
to (6). In particular, detailed analysis of the numerical
solution for Proton rocket requires that the mechan-
ism (6) should be discarded for the following reasons.
In MM (6), the minimum concentration of O3 occurs
at the instant of time t*gd = 1/2b, corresponding to the
characteristic duration of turbulent dissipation of the
rocket trail. For rockets of the type under considera-
tion, the gas-dynamic scale t*gd varies from 65 s at
altitude of 20 km to 190 s at the upper boundary of
the stratosphere. Direct integration of Eqs. (1)�(5)
leads to much shorter times of extremal concentration
of ozone, from 10 to 75 s, respectively. Thus, the
O3-depleting agent is a highly active substance, which
enters into various reactions at a severalfold higher
rate, compared with its dissipation in a purely mech-
anical way.

The apparent mathematical formulation of the case
described is as follows:

d[
O3] 3b[
O3]
����� = �k[O3]0c0 � ������, (8)

dt 1 + bt
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dc 3bc
��� = �k1c

�
c � k2c2 � �����, c(0) = c0 (9)

dt 1 + bt

(k1 and k2 are the rate constants of chemical loss of
the depleting substance, and k1c� is the effective rela-
tive rate of depleting agent loss in first-order reac-
tions). These equations reflect both the adjustment of
the O3 kinetics to that of the depleting agent and the
kinetics of depleting agent proper, which is consumed
in bimolecular first- and second-order reactions with
rate constant t*ch.k = (k1c� + k2c0)�1. Solutions to
Eqs. (8) and (9) can be obtained in finite form in the
case of predominance of one of the mechanisms of
depleting agent loss, i.e., at k1c� >> k2c0, or, vice
versa, k1c� << k2c0. In particular, for chemical loss of
depleting agent via a first-order reaction, the dynamics
of ozone is given by

k[
O3]0c0(e�k1c�t � 1)(k1c
�
)�1 + [
O3]0

[
O3] = ��������������������������. (10)
(1 + bt)3

It can be readily seen that the results of (7) and
(10) coincide at short times; however, it follows from
Eq. (10) that, at t � t*ch.k, the decrease in the concen-
tration of the depleting agent switches off the loss
channel. In other words, the characteristic lifetime of
ozone-destroying substances is included in the key
parameters of the problem. A similar situation takes
place for loss of depleting agent in binary recom-
bination.

Model (9), (10), combined with kinetic curves and
input data of [3], makes it possible to reliably identify
as main O3-depleting agents the following two spe-
cies: OH and NO radicals. Both these species (i) con-
tain valence-unsaturated atom, (ii) have radical struc-
ture and, correspondingly, high chemical activity, and
(iii) are present in propellant combustion products and
in the propulsive jet in amounts much exceeding the
background.

For the first stage of a Proton carrier rocket, the
perturbation in NO is about 200%, and that in OH
exceeds four orders of magnitude. With account of the
relative importance of both the channels and the cor-
responding reaction constants, this makes it possible
to completely disregard the chemical loss of NO and
regard as the main channel of OH removal from the
stratosphere the bimolecular reactions of the type
OH + OH 
 Products, with the characteristic constant
k2 � 10�11 cm3 s�1. It is also possible to obtain the
extremal time for the state of depleted ozonosphere,
t*ch.k � 10�30 s, in good agreement with the results of
a numerical simulation [3, 6]. It should be noted that

this result contradicts the conclusion of [1] about the
dominating role of NO in the breakdown of stra-
tospheric ozone. However, the authors of [1] used
simplified kinetic schemes of the chemical cycles in
the stratosphere and also the integration procedure
based on splitting of the problem by the small-param-
eter method, which is unacceptable in the case of large
strongly nonlinear systems.

When the second stage of the rocket is working, the
amount of discharged OH decreases, and there is no
discharge of NO at all. However, the relative perturba-
tion of the concentration profile at altitudes of 40�
45 km and its duration in daytime launches are greater,
which is due to outstripping decrease in the efficiency
of OH elimination by chemical reactions in view of
the high rarefaction of the atmosphere upon opening
at high altitude of a channel for photochemical re-
production of OH from water, hydrogen peroxide,
and other products of binary reactions between OH
radicals. This tendency is confirmed by comparison of
the constants of photochemical and purely chemical
reactions with OH [2] at different altitudes.

The significance of the influence exerted by OH
and NO radicals discharged by a rocket on the break-
down kinetics of stratospheric ozone was verified both
via perturbation of the initial data (regular for the
candidates for depleting agents and random for all
other components of propulsive exhausts) and by
numerical characterization of the leading (in the sense
of material circulation) reactions involving O3.

It is noteworthy that, for a chemically stable deplet-
ing agent, e.g., a chlorine-containing substance,
Eqs. (6) and (7) should be used as the working MM,
with the instant of the minimum content of ozone in
the rocket trail determined exclusively by transfer
process; models (6), (7) and (8)�(10) well account for
the results of detailed computer simulations [3, 6] and
give estimates of the O3 perturbation by liquid-propel-
lant rocket, which are one to one and a half orders of
magnitude lower than those predicted by [7]. The pos-
sible reason for these discrepancies is the imperfect
algorithmic implementation of the MM and strongly
limited kinetic schemes of atmospheric transforma-
tions [7] as compared to the models used in [2, 3, 6],
which manifest themselves in a distortion of the
physical meaning and dynamic characteristics of the
perturbation process.

Figures 3a and 3b show the dynamics of an integral
perturbation of O3 at altitudes in the range 20�50 km,
caused by a single launch of a Proton rocket, which is
calculated in terms of MM (1)�(5). It can be seen that
the impact has local nature, is short, and its level is
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Fig. 3. Variation in space and time of the total content of
ozone in the stratosphere in a single rocket launch.
(��[O3]dH) Integral perturbation of ozone content along
height, (R) radius of the contaminated zone, and (t) time.
(a) Dynamics obtained in the box approximation [calcula-
tion by (1)�(5) at N = 1] and (b) that according to discrete-
diffusion model (1)�(5) at N = 5.

low, which fully justifies the phenomenological as-
sumptions made in constructing the MM. Nonlocal
impact and dissipation processes depress the level and
make longer the duration of an integral (over the
range 20�50 km) perturbation to 
4% and 70 s, re-
spectively (see, for comparison, the local perturbation
parameters in Figs. 2a and 2b).

It is also important that the result of action of dif-
ferent fuel�oxidant pairs is qualitatively the same, and
the perturbation level is proportional to the amount
of OH radicals discharged.

The validity of the simplified approach (8)�(10)
was confirmed by results of a test numerical simula-
tion for a Proton rocket with kerosene�oxygen fuel:
the error in the reproduction by the model of the data
of detailed computations in terms of MM (1)�(5) does
not exceed 20%. This allows use of elementary models
of the type (8)�(10) for evaluation of the integrated
impact of multiple launches of liquid-propellant
rockets by various scenarios.

The inapplicability of the models presented here to

direct simulation of the kinetics of the ozonosphere
perturbed by solid-propellant rockets is due to the fact
that, in this case, the main combustion products are
chlorine-containing substances which catalyze ozone
breakdown and, therefore, are not subject to chemical
loss within the ozone layer. Here, the mechanisms by
which the perturbation is localized and subsequently
dissipated are processes of global atmospheric circula-
tion, and, therefore, parametric estimates of the impact
are to be based on a knowledge of the corresponding
space and time scales. In this case, the decrease in
the content of ozone in the atmosphere is found in
terms of a simpler model [2], which disregards local
turbulent transfer, but, simultaneously, assumes a
higher (corresponding to the perturbation level) con-
centration of chlorine as an MGCS component, com-
pared to the background.

Detailed calculations of the O3 concentration fields,
induced both by single and by multiple launches of
liquid-propellant rockets of the same and different
types, can be performed not only using MM (1)�(5) at
N = 5 and more, but also in terms of a box approxima-
tion and elementary models of the (8)�(10) type, with
subsequent smearing of the steplike profile into a
Gaussian curve. The calculation errors associated with
such an approach do not exceed 20%.

CONCLUSIONS

(1) The mathematical model of perturbations in
the stratosphere, caused by rocket launches, was
modified and used to identify the mechanism of ozone
breakdown by combustion products of liquid propel-
lants and suggest methods for approximate engineer-
ing-ecological estimates of the scale and level of im-
pacts of this kind for various operation scenarios.

(2) A computer simulation confirmed, on the
whole, the validity of the previously employed simula-
tion models, made wider the range of situations that
can be simulated, and, simultaneously, enabled more
detailed simulation.

(3) The insignificant impact of liquid-propellant
rockets on the stratospheric chemistry and, in par-
ticular, the ozone cycle was confirmed.
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Abstract�The flocculation properties of chitosan (cationic component) and its copolymers with (meth)acrylic
acid were studied. The flocculation power of grafted chitosan copolymers with dimethylaminoethyl methac-
rylate in mixtures with an anionic polyacrylic flocculant was evaluated.

In most cases, treatment of industrial and domestic
wastewaters is based on flocculation of negatively
charged dispersions [1]. The range of cationic floc-
culants commercially produced in Russia is limited to
synthetic (co)polymers based on amino derivatives of
acrylic and methacrylic acids, vinylpyridines, and
polyethylene amines. Expansion of the assortment and
performance of cationic flocculants is still urgent. In
this respect, much promise is shown by chitosan [CTS,
�-(1�4)-2-amino-2-deoxy-D-glucose], the product of
deacetylation of the natural polymer chitin. Chitosan is
widespread in nature; it comes second after cellulose
among polysacharides, and it can form chelates [2].

In this work, we studied the flocculation power of
CTS, grafted copolymer of chitosan with dimethyl-
aminoethyl methacrylate (DMAEM) dimethyl sulfate
and their mixtures with anionic polyacrylic flocculant
(PAF, copolymer of acrylamide with sodium meth-
acrylate). The latter product is probably a terpolymer
due to partial uncontrolled hydrolysis of acrylamide
units.

EXPERIMENTAL

In our work we used CTS* (molecular weight 1.4 �
105, degree of deacetylation 0.82), grafted copolymer
of CTS with DMAEM dimethyl sulfate prepared by
radical polymerization [3], and PAF.

The flocculant solutions were prepared by dissolu-
tion of CTS and its copolymer in 1�2% aqueous
acetic acid, and PAF was dissolved in water.

The flocculation power of compounds was studied
������������

* Purchased from the Sonat Company, Moscow, Russia.

using model and real systems. The model systems
were dispersions of clay, kaolin, and Redoxide dye in
water with the concentration of the dispersed phase
of 0.5 wt %; industrial and domestic wastewaters were
used as real systems.

The flocculation power was evaluated spectro-
photometrically by changes in the optical transmission
(%) of the suspension with time. The aqueous suspen-
sions were prepared by dispersion of the appropriate
system in distilled water for 30 min with stirring at
180�200 rpm. Then, the suspensions were placed into
a cell of an FEK-M photocolorimeter, the required
amount of a flocculant was added, the mixture was
stirred, and the optical transmission of the system was
recorded.

First we determined the optimal concentrations of
polymeric flocculants and found that it was �10�3,
�10�4, and 10�6% for CTS, its grafted copolymer,
and PAF, respectively. At higher concentrations, the
dispersions are stabilized. This is confirmed by the
data given in Fig. 1, which suggest that the grafted
copolymer is the most effective single-component
flocculant.

The flocculating power of macromolecular com-
pounds can be enhanced by �double addition� of
the flocculant [1]. It is considered that agglomerates
formed on adding the first portion of the polymer
solution become coarser upon addition of the second
portion; as a result, the clarification rate of the disper-
sion is higher than at the single-stage procedure. It
seemed advisable to use different compounds, e.g.,
cationic and anionic flocculants in the first and second
stages, respectively. We suggested that the formation
of interpolymeric complexes between a cationic poly-
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mer sorbed on dispersed particles and linear macro-
molecules of an anionic flocculant would increase the
efficiency of the dispersion sedimentation [3]. Such a
structure can be described as a �bunch on the branch�.
Thus, the dispersions were treated by three different
modes: (1) copolymers were added simultaneously,
(2) CTS was added before PAF, or (3) PAF was
added before CTS.

The performance of various flocculants in clarifica-
tion of the clay suspensions is illustrated in Fig. 2. As
seen, the flocculant mixtures showed higher floccula-
tion performance as compared to individual compo-
nents, and the best result was observed for mode 1
(CTS : DMAEM = 5 : 1). We proposed that, in
this case, labile networks of macromolecules of the
grafted (cationic) and random (anionic) copolymers
are formed, and the dispersed particles are trapped by
this network and aggregate in it. It should be taken
into account that these networks do not spread through
the whole solution, and their size is comparable with
the size of the particle aggregates. We found that the
above mixture acts as efficient flocculant at pH 2�9.

Based on the data obtained for model systems, we
tested the flocculant mixtures in clarification of the
industrial and domestic wastewaters.

The electrokinetic potential of the disperse phase in
wastewaters was determined by electrophoresis using
a Ken device. It was found that the colloidal particles
were negatively charged and the electrokinetic poten-
tial was about 70 mV. This fact explains high stability
of industrial wastewaters; they are stable without floc-
culation and clarification for several months (D =
2�3). Since the dispersed particles are negatively
charged, first the cationic and then the anionic floc-
culants were added. It should be noted that, in contrast
to the model tests, no clarification was observed on
adding the flocculant mixture. Upon addition of CTS
or its grafted copolymer, coarse �curdled� bunches
were formed, which did not precipitate in 1 h. After
addition of the anionic flocculant, we observed the
densification of the initial loose aggregates and their
sedimentation in 3�4 min (Fig. 3). Apparently, in this
case, the coagulation�flocculation mechanism is real-
ized providing formation of the structures of �bunch
on the branch� type. Since the light transmission of
the industrial wastewaters was very low (D >> 1
depending on the tank), the flocculation efficiency of
the double-stage addition of the polymers in question
was estimated at 14�26 depending on the molecular
weight of the flocculants:

� = V/V0 � 1,

I, %

t, s

Fig. 1. Optical transmission I of 0.5% clay dispersion in
water as a function of time t in the presence of (1) grafted
copolymer CTS�DMAEM (10�4%), (2) CTS (10�3%),
(3) PAF (10�6%), and (4) without flocculant.

I, %

t, s
Fig. 2. Optical transmission I of 0.5% clay dispersion
in water as a function of time t in the presence of PAF
(10�6%) and CTS�DMAEM (10�4%) mixture at the CTS:
DMAEM ratio of (1) 5 : 1 and (2) 1 : 1; (3, 4) dependences
obtained, respectively, with CTS (10�3%) and PAF (10�6%)
taken separately.

I, %

t, min
Fig. 3. Kinetics of the wastewater clarification by floc-
culant mixtures based on (1) CTS (molecular weight 2 �

105, 10�3%)�PAF (5 �10�3%) and (2) CTS (2 �104, 2 �

10�2%)�PAF (5 �10�2%). (I) Light transmission and
(t) time.
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where V and V0 are the clarification rates of the dis-
persion in the presence of flocculant and without it,
respectively.

CONCLUSIONS

(1) The flocculation powers of chitosan and its
grafted copolymer with dimethylaminoethyl methacry-
late dimethyl sulfate in their mixtures with anionic
acrylic polymer were compared, and a synergistic
effect was revealed. To attain the highest flocculation
power, the flocculants should be added successively,
first the cationic and then the anionic polymers.

(2) The clarification efficiency of the industrial
wastewaters is 14�26.
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Abstract�The kinetics of reduction of 4-nitrosodiphenylamine with sodium alkanesulfinates were studied,
and the reaction mechanism was suggested.

Reduction of 4-nitrosodiphenylamine (NDPA) to
4-aminodiphenylamine (ADPA) is of great practical
importance, since ADPA is an intermediate product in
preparation of antioxidants. In particular, condensation
of ADPA with acetone yields 4-isopropylaminodi-
phenylamine (commercial name Diafen FP) [1], which
is thermal stabilizer for polyethylene, polystyrene, and
synthetic rubber, inhibitor of tarring of motor fuel,
and stabilizer of leaded gasolines. In recent years,
derivatives of alkanesulfinic acids containing various
substituents at the first carbon atom were found to be
highly promising in reduction of organic nitro and
nitroso compounds. The feature of these compounds is
the presence of abnormally long C�S bond, which
under certain conditions ruptures to form active inter-
mediates having high reducing power: SO2

2� and
S2O4

2� ions and
�
SO2

� radical anions [2]. The use of
sodium hydroxymethylsulfinate as a reducing agent
allows preparation of ADPA from NDPA in almost
quantitative yield [3]. The mechanism of this reaction
was thoroughly studied. It was shown that the initial
substance can be reduced both with sulfoxylate anions
and directly with hydroxymethanesulfinate molecules
[4]. The absence of side reactions allows reliable
determination of the rate constants of the stages in-
volving decomposition of the reducing agent and the
reaction of sulfoxylate anions with the oxidant. These
parameters can be used for optimizing processes in-
volving such reducing agents.

In this connection, it is appropriate to study the
possibility of NDPA reduction with derivatives of
alkanesulfinic acids with the aim to compare their
reactivity and performance and also to elucidate the
process mechanism.

EXPERIMENTAL

NDPA was prepared by threefold recrystallization
of the commercial product from ethanol.

Sodium hydroxymethanesulfinate (SHMS), sodium
hydroxyethanesulfinate (SHES), and sodium amino-
methanesulfinate (SAMS) used as reducing agents
were prepared by the procedures described in [5, 6].
The concentrations of their solutions were determined
by iodometric titration [7].

NDPA was reduced directly in the colorimeter cell,
which was placed into a temperature-controlled jacket
connected to a UT-2 thermostat (the temperature was
maintained with the accuracy of �0.5�C). The reaction
rate was determined by measuring the optical density
of the NDPA solution at � = 400 nm, which corre-
sponds to the absorption maximum in its electronic
spectrum. It was found preliminarily that the reaction
products and the reducing agent do not absorb light at
this wavelength. The optical density was measured
on a KFK-2 spectrophotometer equipped with an
Shch-1516 digital dc voltmeter.

All kinetic measurements were carried out at more
than thousand-fold excess of the reducing agent,
which provides practically constant concentration of
the reducing agent in the course of the experiment.

Preliminary experiments showed that the reaction
of NDPA with SHMS in aqueous alkaline solution
yields a compound that can be isolated by distillation
in a vacuum at approximately 200�C. The melting
point of this compound is 66�67�C, the half-wave
reduction potential on a dropping mercury electrode
E1/2 = �0.23 V (anodic wave), and the appearance
of the product corresponds to published data for
ADPA [8, 9].

To determine the stoichiometry of the reaction
between SHMS and NDPA, we mixed the solutions of
these compounds in 1 M aqueous NaOH. The result-
ing mixture was kept under argon at 73�C until de-
colorization, after which the SHMS content was deter-
mined iodometrically.
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Table 1. Determination of the stoichiometric ratio of the
reactants in reduction of NDPA with SHMS. Initial amount
of NDPA 0.0147 mol
����������������������������������������

�*SHMS
� ADPA �

�**SHMS
�

NDPA: SHMS*

�
Yield of�obtained� � �
ADPA,���������������������� �

mole � � %

����������������������������������������
0.7178 � 0.0138 � 0.0799 � 1 : 1.9 � 94
0.1078 � 0.0145 � 0.0769 � 1 : 2.1 � 99
0.1051 � 0.0145 � 0.0742 � 1 : 2.1 � 99
����������������������������������������
* Before reaction.

** After reaction.

Table 1 shows that, under these conditions, ADPA
is formed in quantitative yield, with the ratio of the
reacted NDPA and SHMS being 1 : 2. Qualitative
analysis showed that, in the course of reduction, sul-
fite sulfur is formed.

These results suggest the stoichiometric reaction
equation

��N��
��
���NONa + 2HOCH SO Na2 2 + 2H O2

�= �NH���NH 2
(ADPA)

+ 2HOCH SO Na2 3 + NaOH.
(1)

��N��
��
���NONa + 2HOCH SO Na2 2 + 2H O2

�= �NH���NH 2
(ADPA)

+ 2HOCH SO Na2 3 + NaOH.
(1)

SHMS and SAMS are analogs of sodium hydroxy-
methanesulfinate [1]. Hence, there is good reason to
believe that the reduction of NDPA with SHES and
SAMS proceeds by a stoichiometric equation similar
to Eq. (1).

The kinetic curves of NDPA reduction with various
reducing agents are shown in Fig. 1. Contrary to re-

�, min

cNDPA � 105, M

Fig. 1. Kinetic curves of NDPA reduction. (cNDPA) NDPA
concentration; (�) time. (1, 2) SHMS, 309 K, cred = 0.5519,
cOH� = 0.37 M; (3, 4) SHES, 303 K, cred = 0.071, cOH� =
0.6 M; (5) SAMS, 313 K, cred = 0.414, cOH� = 1.02 M.
(2, 4, 5) In the absence of additives; addition of the corre-
sponding aldehyde, M: (1) 0.21 and (3) 0.02.

duction of 2-nitro-2�-hydroxy-5�-methylazobenzene
(NAB) [10], the reaction between alkanesulfinates and
NDPA proceeds without an induction period, with
the reaction order with respect to the oxidant being
fractional.

It is well known that reactions involving SHMS are
inhibited by formaldehyde. This is due to the fact
that the reducing species in some cases are not the
molecules of the reducing agent but the products of
their decomposition, sulfoxylate ions, formed by the
reversible reaction [1]

HOCH2SO2
� �
� HSO2

� + CH2O. (2)

Addition of formaldehyde and acetaldehyde in-
hibits the reaction in question (Fig. 1, curves 1 and 3),
and at sufficiently high concentrations of the additives
the reaction order with respect to NDPA becomes
equal to 1 (Fig. 2a).

However, attempts to completely inhibit the reac-
tion by adding aldehydes, as in the case of NAB and
indigocarmine, failed [10, 11]. For example, in reduc-
tion of SHMS, the reaction rate on adding formalde-
hyde decreases by 60% at maximum, and with further
addition of formaldehyde it remains constant. For
SAMS, according to the equation of its decomposition
with rupture of the C�S bond, aminomethanol should
be an additive shifting the equilibrium to formation of
nondissociated reducing agent molecules:

NH2CH2SO2
� + OH� �

� SO2
� + NH2CH2OH. (3)

Aminomethanol does not exist in the free state
[12]; therefore, it is impossible to carry out experi-
ments with its addition to SAMS.

For all the reducing agents studied, the reaction
rate varies in direct proportion to the concentration of
the reducing agent (Fig. 2b) both in the presence of
aldehydes and without them.

The above experimental data suggest that reduction
of NDPA with derivatives of alkanesulfinic acids
proceeds by two parallel pathways: direct reaction of
NDPA with molecules of reducing agent (associative
pathway) and reaction with the products of decom-
position of reducing agent molecules, sulfoxylate
anions (dissociative pathway). Based on the above and
also published data [13], which note that the nitroso
group is reduced in steps, we can propose the follow-
ing reaction pattern (for SHMS as an example):
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Associative pathway

��N��
��
��NO + HOCH SO2 2

� H O+ 2
�

I�
�N��
��
��NO + HOCH SO2 2

� H O+ 2
�

I

���

II

�NH���NHOH + CH O
2

SO3+
2�

, (4)
kas

���

II

�NH���NHOH + CH O
2

SO3+
2�

, (4)
kas

II + HOCH2SO2
�
� ADPA + HOCH2SO3

2�. (5)

Dissociative pathway

k1
HOCH2SO2

� + OH� �
� SO2

2� + CH2(OH)2,1 (6)
�k1

k2I + HSO2
� + 2H2O � II + SO3

2�, (7)

II + HSO2
� + 2H2O � ADPA + HSO3

2�. (8)

Since in the presence of aldehyde the reaction order
with respect to the reducing agent and NDPA is equal
to 1, we can assume that, in the associative pathway,
reaction (4) will be the limiting stage and the sub-
sequent fast stage (5) will not affect the overall rate of
the process. The first reaction order with respect to the
reducing agent in the absence of aldehyde additions
and the inhibiting effect of the aldehydes suggest, by
analogy with reduction of NAB, that in reduction by
the dissociative pathway the limiting stage is cleavage
of the reducing agent molecules (6). Applying the
steady-state concentration method to stages (6) and
(7), and considering the associative pathway, we
obtain the kinetic equation

dcNDPA k1 k2 cNDPA crcOH�
vov = ������� = vdis + vas = �������������

d t k
�1ca + k2 cNDPA

+ kas cNDPA cr, (9)

where vov, vdis, and vas are the overall reaction rate
and the reaction rates by dissociative and associative
pathways, respectively (mol l�1 s�1); cNDPA, cOH�, cr,
and ca are concentrations of NDPA, hydroxide ions,
reducing agent, and aldehyde (or aminomethanol),
respectively (M); k1 and k�1 are the rate constants of
stage (6) (l mol�1 s�1); k2 and kas are the rate constants
of stages (7) and (4), respectively (l mol�1 s�1).

Equation (6) can be experimentally verified for
the reducing agents studied by analogy with reduction
of NAB with SHMS [10].
������������
1 Methylene glycol is hydrated form of formaldehyde in alkali

solution.

vov � 107, mol l�1 min�1 �, min

(a)

(b)

cr, M

ln cNDPA [M]

Fig. 2. Dependences of (a) lncNDPA on duration of NDPA
reduction � and (b) the reaction rate vov on concentrations
of the reducing agents cr: (a) (1) SHMS, 309 K, cr =
0.5519, cOH� = 0.37, ca = 0.21 M; (2) SHES, 303 K, cr =
0.0634, cOH� = 0.17, ca = 0.013 M; (3) SAMS, 303 K, cr =
0.4088, cOH� = 0.86 M. (b) (1) SHES, 283 K, cOH� = 0.5,
cNDPA = 2.5 �10�5, ca = 5 �10�5 M; (2) SAMS, 303 K,
cOH� = 0.75, cNDPA = 2 �10�5; (3) SHMS, 308 K, cOH� =
0.37, cNDPA = 2.5 �10�5, ca = 0.21 M.

For this purpose, based on the results of experi-
ments performed at aldehyde concentrations sufficient
to suppress pathways (6)�(8), we found kas values
(Table 2). Then, from the difference between the
overall rate vov and the rate by the associative path-
way vas, we evaluated the reaction rates by the dis-
sociative pathway vdis, entering into the linear form
of the kinetic equation

1 Bca���� = A + ������, (10)
vdis cNDPA

Table 2. Kinetic parameters of NDPA reduction with
sodium alkanesulfinates
����������������������������������������

Reduc-
� T = 283 K � T = 293 K
�����������������������������������

ing � kas � k1 � kas � k1
�����������������������������������agent
� l mol�1 s�1

����������������������������������������
SHMS � 9.5�10�4 �1.13�10�9 � 1.3�10�3 � 2.5�10�9

SHES �1.13�10�3 � 2.2� 10�7 � 5.5�10�3 � 3.5�10�6

SAMS � 6.7�10�5 � 6.7� 10�9 �3.17�10�4 �1.43�10�8

����������������������������������������
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ca � 103, M; (1/cNDPA) � 10�4, l mol�1

(a)

(1/vdis) � 10�4, l mol�1 min

ca � 102, M; (1/cNDPA) � 10�4, l mol�1

(b)

(1/vdis) � 10�4, l mol�1 min

Fig. 3. Reciprocal reaction rate by dissociative pathway
1/vdis as a function of (1) concentration of aldehydes ca and
(2) reciprocal concentration of NDPA 1/cNDPA: (a) SHES,
283 K; cr = 0.1064, cOH� = 1.8; (1) cNDPA = 2.5�10�5,
(2) ca 3.6�10�3 M; (b) SHMS, 308 K; cr = 0.5519, cOH� =

0.37; (1) cNDPA = 6�10�5, (2) ca = 3.6�10�2 M.

cNDPA � 105, cNaOH, M

vov � 106, mol l�1 min�1

Fig. 4. Rate of NDPA reduction with HAMS vov as a func-
tion of (1) NDPA concentration cNDPA and (2) concen-
tration of hydroxide ions cOH� at 303 K. cr (1) 0.468 and
(2) 0.409; (1) cOH� = 0.75; (2) cNDPA = 2�10�5 M.

where A = 1/(k1crcOH�), B = k1/(k1k2crcOH�).

The linearity of the plots in the coordinates 1/vdis�
ca at cNDPA and cOH� = const and 1/vdis�1/cNDPA at
ca and cOH� = const (Fig. 3) confirms the validity
of Eq. (10).

Table 3. Kinetic parameters of NDPA reduction with
SAMS
����������������������������������������

� vov = f (cOH�) � vov = f (cNDPA)
���������������������������������

T, K � kas�103 � k1�108 � kas�103 � k1�108

���������������������������������
� l mol�1 s�1

����������������������������������������
303 � 1.5�0.3 � 2.3�0.6 � 1.1�0.2 � 4.0�1.0
308 � 2.6�0.3 � 4.0�1.0 � 2.5�0.5 � 4.0�1.0
313 � 6.0�1.0 � 6.0�1.0 � 4.0�0.8 � 6.0�2.0

����������������������������������������

Table 4. Angular coefficients of dependences vov = f (cr)
for NDPA reduction with SAMS
����������������������������������������

T, K
� Angular coefficient
���������������������������������
� evaluation by Eq. (1) � experimental

����������������������������������������
303 � 3.02 �10�6 � 2.88 �10�6

308 � 6.14 �10�6 � 5.2 �10�6

313 � 7.01 �10�6 � 7.86 �10�6

����������������������������������������

From the initial ordinates of the above linear
dependences, equal to the parameter A in Eq. (10), we
evaluated the rate constants k1 (Table 2).

As mentioned above, it is impossible to study how
aminomethanol inhibits NDPA reduction with SAMS
by shifting the equilibrium of decomposition of
SAMS molecules by reaction (3). However, the ex-
perimental data obtained suggest that two-pathway
scheme of reduction is realized in the case of this
reducing agent also and it is possible to determine the
same kinetic parameters that as in the case of SHMS
and SHES.

The dependences of the rate of NDPA reduction
with SAMS on the concentrations of NaOH and
NDPA are shown in Fig. 4. The observed linear
dependences with positive initial coordinates are in
good agreement with the kinetic model proposed. As-
suming that k�1ca << k2cNDPA, Eq. (9) is simplified:

vov = k1crcOH� + kas cNDPAcr. (11)

The equation adequately describes the experimental
data presented in Figs. 2 and 4.

The rate constants and activation energies were
evaluated by least-squares treatment of these depen-
dences for various concentrations of the reducing
agent and sodium hydroxide and various temperatures
(Table 3). Using the rate constants listed in Table 3,
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we evaluated the angular coefficient of the depen-
dence vov = f (cr) by Eq. (11) and compared with the
experimental data (Fig. 2b) (Table 4). Satisfactory
agreement of these results additionally confirms the
adequacy of the proposed kinetic model. From the
temperature dependences of the rate constants listed in
Table 3, we evaluated the activation energies for the
associative and dissociative pathways to be 106�10
and 53�2 kJ mol�1, respectively.

It should be noted in conclusion that the found rate
constants k1 (Table 2) characterize the ease of the
rupture of the C�S bond in alkanesulfinate molecule.
From the above data, the reducing agents can be
ranked in the following order with respect to stability:
SHES < SAMS < SHMS.

CONCLUSION

Based on the kinetic data for reduction of 4-nitro-
sodiphenylamine with sodium hydroxymethanesulfi-
nate, sodium hydroxyethanesulfinate, and sodium
aminomethanesulfinate, the kinetic equations were
obtained. These equations suggest that the reaction
proceeds by two parallel pathways: direct reaction of
the substrate with reducing agent molecule (associa-
tive pathway) and reaction with the product of reduc-
ing agent decomposition, sulfoxylate anion (dissocia-
tive pathway).
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Abstract�An attempt was made to prepare 4,4�-bis[5-alkyl(aryl)benzoxazol-2-yl]biphenyls by reaction of
dimethyl 4,4�-biphenyldicarboxylate with substituted o-aminophenols in a high-boiling solvent in the presence
of boric acid.

Compounds containing an oxazole fragment exhibit
a set of valuable properties [1]. In particular, benzoxa-
zoles are used in production of heat-resistant polymers
[2], scintillators [3, 4], and fluorescent whiteners [5�
7]. Of considerable interest as optical whiteners are
bis(benzoxazoles) in which benzoxazole cores are
linked via an ethylene, aromatic, or heterocyclic
bridge. These compounds exhibit high heat resistance
and lightfastness; they are used for whitening of virtu-
ally all polymeric materials. Synthesis of new com-
pounds of this series and their study in the context of
specific applications remain urgent problems.

Studies on synthesis of substituted benzoxazol-2-yl
compounds in which benzoxazole cores are linked to
biphenyl are relatively few [8, 9], although introduc-
tion of an additional aromatic core into the conjuga-
tion chain should enhance the whitening effect. One
of promising routes to bis(benzoxazoles) containing a
biphenyl bridge is that starting from dimethyl 4,4�-bi-
phenyldicarboxylate I, which became a cheap and
readily available substance after development of an
efficient procedure for its recovery from dimethyl
terephthalate production waste [10]. The known pro-
cedures for preparing 4,4�-bis(benzoxazol-2-yl)biphen-
yl derivatives are based on condensation of 4,4�-bi-
phenyldicarboxylic acid or its chloride with substi-
tuted o-aminophenols. The reaction is performed in
two steps (formation of acid arylamides followed by
cyclodehydration) or in one step, with polyphosphoric
acid used as solvent and cyclizing agent. The yields
of the target products, depending on the solvent and
cyclizing agent used, did not exceed 68% [9]. Isolation
of the pure target product involves prolonged (many
hours) extraction, which is a significant drawback.

The goal of this study was development of a pro-
cedure for preparing 4,4�-bis[5-alkyl(aryl)benzoxazol-
2-yl]biphenyls ensuring high yield and purity of the
target product, involving no aggressive cyclization
agents and sophisticated purification procedures, and
starting from readily avaliable ester I. We studied the
reactions of I with various o-aminophenols IIa�IId
in high-boiling solvents in the presence of boric acid
[11] (Table 1).

4,4�-Bis(benzoxazol-2-yl)biphenyl derivatives were
prepared by the scheme

�MeO C2
����CO Me2

I

+ �
�
��
�OH

NH 2
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��������O
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��
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The characteristics of IIIa�IIId are listed in
Table 2.

As solvents we used dimethylformamide, dimethyl-
acetamide (DMA), diheptyl ether, diphenyl ether, and



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 11 2003

PREPARATIVE SYNTHESIS OF 4,4�-BIS[5-ALKYL(ARYL)BENZOXAZOL-2-YL]BIPHENYLS 1793

Table 1. Yield of bis(benzoxazoles) IIIa�IIId in cyclization of ester I with aminophenols IIa�IId as influenced by
reaction conditions
������������������������������������������������������������������������������������

Reaction
� Bihenyl : diphenyl � Diphenyl � Boric acid, �

T, 	C
�


, h
�

Yield, %� ether : pyridine � ether : pyridine � mol % � � �
������������������������������������������������������������������������������������
I + IIa = IIa � 1 : 5 : 1 � � � 100 � 250 � 12 � 80.7
I + IIb = IIIb � 2.3 : 10 : 1 (Dinil) � � � 80 � 260 � 12 � 89.7
I + IIc = IIIc � 1 : 20 : 2 � � � 100 � 250 � 12 � 88.8
I + IIa = IIIa � � � 10 : 1 � 100 � 250 � 10 � 92.4
I + IIa = IIIa � � � 10 : 1 � 20 � 260 � 20 � 63.0
I + IId = IIId � 1 : 100 : 10 � � � 100 � 250 � 12 � 78.3
I + IIa = IIIa � 1 : 4 : 1 � � � 50 � 250 � 17 � 73.0
I + IIa = IIIa � � � 10 : 1 � 50 � 250 � 15 � 87.5
I + IIa = IIa � 2.3 : 10 : 1 (Dinil) � � � 100 � 250 � 10 � 91.0
I + IIb = IIIb � � � 30 : 1 � 75 � 250 � 24 � 86.4
I + IIc = IIIc � 1 : 50 : 2 � � � 100 � 250 � 12 � 79.1
I + IIa = IIIa � Diheptyl ether : pyridine = 8 : 1 � 100 � 250 � 17 � 54.0
������������������������������������������������������������������������������������

Table 2. Yields, constants, and elemental analyses of IIIa�IIId
������������������������������������������������������������������������������������

Com-
�

R
�

Yield,
�

Tm, 	C
�

�max,
� Found, %/Calculated, % �

Formula
�

Molecular� � � � ���������������������������� �pound � � % � � nm � C � H � N � � weight

������������������������������������������������������������������������������������
IIIa �R1 = Me, � 92.4 � 336�338 � 437 � 81.54/80.75 � 4.67/4.84 � 6.27/6.23�C28H20N2O2� 416.48

�R2 = H � � � � � � � �
� � � � � � � � �IIIb �R1 = Ph, � 89.7 � 305�306 � 440 � 83.97/84.43 � 4.21/4.47 � 4.87/5.18�C38H24N2O2� 540.62
�R2 = H � � � � � � � �
� � � � � � � � �IIIc �R1 = t-Bu,� 88.8 � 293�295 � 447 � 82.18/81.57 � 7.06/6.44 � 5.10/5.60�C34H32N2O2� 500.4
�R2 = H � � � � � � � �
� � � � � � � � �IIId �R1 = H, � 78.3 � 336�338 � 435 � 80.23/80.75 � 4.16/4.84 � 6.67/6.73�C28H20N2O2� 416.48
�R2 = Me � � � � � � � �

������������������������������������������������������������������������������������

Dinil (a mixture of 26.5% biphenyl and 73.5 �iphenyl
ether). In amide solvents and diheptyl ether, the reac-
tion is very slow, because their boiling point is too
low for the efficient reaction. Table 1 shows that the
ratio between ester I and boric acid strongly affects
the yield of bis(benzoxazoles) IIIa�IIId. Complete
conversion is attained with an equimolar amount of
the catalyst. At lower concentrations of boric acid and
optimal reaction temperatures, the yield is as low as
63%. The reaction can be accelerated by adding an
equimolar amount of pyridine; in this case, the maxi-
mal yield at 250�260�C is attained in 10�12 h. The
highest yield of IIIa�IIId is attained in diphenyl ether
(91%) or Dinil (92%) at the component ratio I : (IIa�

IId) : pyridine : Dinil = 1 : 2 : 1 : 5 and 100 mol %
amount of boric acid.

Compounds IIIa�IIId can be readily isolated from
the reaction mixture as follows. The mixture is cooled

to 150�180�C, diluted with DMA, refluxed for 2 h,
and then cooled to 80�90�C. Under these conditions,
the reaction product crystallizes. It is filtered off and
washed on the filter with hot DMA. Compounds IIIa�

IIId are colorless or light yellowish powders insoluble
in water and aqueous acids and alkalis and sparingly
soluble in organic solvents.

The reaction mechanism involves initial formation
of amides IVa�IVd followed by their cyclization with
formation of the benzoxazole fragment, as demon-
strated by the example of reaction of I with IIa. The
IR spectrum of the intermediate amide IVa contains
NH stretching bands at 3320 and 3270 cm�1, NH
bending band at 1560 cm�1, and amide �C=O band at
1680 cm�1.

The composition of benzoxazoles IIIa�IIId was
confirmed by elemental analysis, and their structure
was determined by IR and 1H NMR spectroscopy.
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The IR spectra are consistent with the suggested
structures. Transformation of I into IIIa�IIId results
in disappearance of a strong band at 1730 cm�1 and
appearance of a strong band at 1565�1580 cm�1, with
the bands of aromatic structures being preserved. The
band at 1565�1580 cm�1 belongs to vibrations of the
�N=C�O� fragment in the ring [12]. A strong band at
1470�1480 cm�1 is apparently due to conjugation of
the biphenyl fragment with the benzoxazole core of
the molecule. The stretching vibration bands of the
C�H bonds of the aromatic rings are observed at
3060�3020 cm�1.

In the 1H NMR spectra of IIIa�IIId, the protons
of the biphenyl fragment give doublets at 7.73�7.78
(4H) and 8.15�8.21 ppm (4H), with the coupling con-
stant of 8.0 Hz. The benzoxazolyl protons give multi-
plets at 7.15�7.60 ppm (4,6,7-H, 6H). The C5

�CH3
protons in IVa give a singlet at 2.24 ppm; C6

�CH3
protons in IVd, a singlet at 2.26 ppm; C5

�C(CH3)3
protons in IIIc, a singlet at 1.08 ppm (18H); and C5

�

Ph protons in IIIb, a multiplet at 6.92�7.38 ppm
(10H). Bis(benzoxazoles) IIIa�IIId are luminophores
emitting in the blue range, with the fluorescence max-
imum at 435�440 nm (Table 1).

EXPERIMENTAL

The 1H NMR spectra were recorded on a Tesla
BS-587A spectrometer (100 MHz, internal reference
HMDSO, � scale, solvent CF3COOD). The IR spectra
were taken on a Specord M-80 spectrophotometer in
the range 400�4000 cm�1 using KBr pellets. The
fluorescence spectra were measured on a Fluorat 02-
Panorama spectrometer, �exc = 350 nm. The melting
points were measured with a Boetius stage.

The reaction progress was monitored, and the
product purity checked, by TLC on Silufol DC-Plas-
tikfolien Rieselgel 60 F254 plates, eluent toluene�
ether, 3 : 1.

4,4�-Bis[5-alkyl(aryl)benzoxazol-2-yl]biphenyls
IIIa�IIId. The reaction vessel was charged with
30.0 g (0.11 mol) of ester I, 0.22 mol of substituted
aminophenol IIa�IId, 100 ml of Dinil, 10 ml of pyri-
dine, and 6.2 g (0.1 mol) of boric acid; a nitrogen
flow was passed. The mixture was heated with contin-
uous stirring to 160�170�C and kept at this tempera-

ture for 3 h until the volatiles (methanol, water, pyri-
dine, etc.) were completely distilled off. Then the
temperature was raised to 250�260�C and kept at this
level for 10�12 h. After the reaction completion,
the mixture was cooled to 150�180�C, diluted with
100 ml of DMA, and refluxed for 2 h. After cooling
to 80�90�C, the precipitate was filtered off, washed
on the filter with hot DMA, and dried in a vacuum.

CONCLUSIONS

(1) 4,4�-Bis[5-alkyl(aryl)benzoxazol-2-yl]biphenyls
are formed in quantitative yield by the reactions of
dimethyl 4,4�-biphenyldicarboxylate with substituted
o-aminophenols in a high-boiling solvent (diphenyl
ether or Dinil) in the presence of boric acid and pyri-
dine at 250�260�C for 10�12 h.

(2) High-purity substituted bis(benzoxazoles) can
be prepared by this procedure in one step in high
yield.
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Abstract�The possibility of converting dehydroabietic acid into the chloride by treatment with SOCl2, PCl3,
and PCl5 was examined.

Diterpenic (resin) acids are monocarboxylic acids
of the hydrophenanthrene series; their only available
source is rosin. Their reactions involve the hydrophen-
anthrene core (especially owing to the presence of
conjugated double bonds) and carboxy group. There-
fore, it is possible to prepare from rosin diverse valu-
able derivatives.

The chemical structure and properties of the main
representatives of resin acids and their most important
derivatives have been comprehensively studied [1�3].
A distinctive feature of resin acids is the presence of
the carboxy group at the tertiary carbon atom. There-
fore, with resin acids, many reactions characteristic of
aliphatic carboxylic acids (formation of esters, salts,
amides, nitriles, etc.) are sterically hindered and re-
quire severe conditions: high temperatures close to the
decomposition point (280�300�C), elevated pressure,
etc.

The reactivity of carboxylic acids can be enhanced
by converting the carboxy group into a more reactive
group. In this connection, it seems promising to pre-
pare resin acid anhydrides and chlorides, which can
be converted into the required derivatives more read-
ily than the initial acids.

However, preparation of resin acid anhydrides also
involves certain problems, since the reaction requires
contact of two carboxy groups at tertiary carbon atoms
[4]. Furthermore, anhydrides are less reactive than
acid chlorides.

Data on synthesis and properties of resin acid chlo-
rides are scarce and contradictory. In particular, crys-
talline tetrahydroabietic chloride (mp 69.5�C) was
prepared by the reaction of the acid with thionyl chlo-

ride [5]. Treatment of levopimaric acid with PCl3 in
the presence of pyridine gave the corresponding acid
chloride; it, however, was not isolated pure [6]. Prep-
aration of abietic and dehydroabietic chlorides was
attempted in [4, 7, 8]. It was noted that treatment of
abietic acid with SOCl2 gave virtually no acid chlo-
ride; therefore, subsequent experiments were per-
formed with PCl5 as halogenating agent. The purity
of the resulting abietic and dehydroabietic chlorides
isolated as viscous oily liquids was low (50�75 wt %
main substance). Goryaev et al. [9] reported that
SOCl2 did chlorinate dehydroabietic acid; the product
was obtained as yellow oil decomposing during distil-
lation and was identified by IR spectroscopy.

Here we report on the synthesis of dehydroabietic
chloride I in 90�98% yield by treatment of dehydro-
abietic acid II with SOCl2, PCl3, or PCl5:
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The rates of formation of chloride I with different
chlorinating agents differ considerably. On mixing of
II with PCl5 at room temperature, the reaction is so
fast that variation of the reactant concentrations can-
not be monitored. With SOCl2 and PCl3, the reaction
rates are comparable and depend on temperature. The
reaction progress was monitored by IR spectroscopy:
The concentration of I in reaction mixture samples
taken at definite intervals was evaluated from the
growing intensity of the C=O band of the chloride at
1790 cm�1, with simultaneous monitoring of a de-
crease in the intensity of the carboxyl C=O band at
1690 cm�1.

The experimental data are satisfactorily fitted by
the kinetic equation of an irreversible second-order
reaction. The apparent reaction constants calculated
from this equation (kapp � 105, l mol�1 s�1) are as fol-
lows (with the temperature, �C, given in parentheses):
SOCl2, 6.2�0.3 (40), 32.9�1.8 (50), 50.0�2.9 (60),
and 78.9�3.4 (70); PCl3, 4.1�0.2 (30), 6.0�0.3 (40),
31.1�1.4 (50), and 72.9�3.5 (60). The apparent acti-
vation energies of the reactions of II with SOCl2 and
PCl3 are 73�1 and 86�1 kJ mol�1, respectively.

The main substance content in the resulting chlo-
ride I is 99.2�99.5% (GLC data). It is a light-colored
highly viscous slowly crystallizing liquid. The product
is stable in storage in a sealed vessel; it crystallizes
within 30�40 days. The crystals of I isolated by
double recrystallization from acetone and single re-
crystallization from hexane melt at 44.5�45�C. The
molecular weight of the product, according to mass
spectrometry, is 318.17522, which corresponds to the
formula C20H27ClO (318.17503). The weight fraction
of chlorine, determined according to [10], is 10.4%
(calculated for C20H27ClO 11.2%).

The UV spectrum of I contains well-defined bands
at about 268 and 275 nm, characteristic of acid II and
corresponding to absorption of the aromatic core.
The IR spectrum of I contains a pronounced band at
1790 cm�1, corresponding to absorption of the C=O
bond in acyl chlorides [11] and absent in the spectrum
of II.

The 1H NMR spectra of I and II are virtually iden-
tical; some differences are observed in the 13C NMR
spectra.

Chloride I is not noticeably hydrolyzed in the cold,
which allows removal of excess halogenating agents
and the mineral acids forming in the synthesis by
washing with water. Compound I is readily soluble
in toluene, trichloroethylene, carbon tetrachloride,
diethyl ether, and dioxane. The product is thermally
stable and starts to decompose at a measurable rate

only at 140�C; it enters into reactions typical of all
acid chlorides.

The results of this study were used for developing
a commercial process for production of resin acid
chlorides and their mixtures.

EXPERIMENTAL

Dehydroabietic acid II was isolated by recrystalli-
zation [12] from disproportionated oleoresin rosin
commercially produced according to TU (Technical
Specifications) 13-00281074-265�95, revision 1.
We used acid II with mp 172�C (mp 172.5�173�C
[13]) containing 98 wt % main substance (GLC data).
The halogenating agents and other chemicals were of
chemically pure or analytically pure grade and were
used without additional purification.

The IR spectrum was recorded in CCl4 on a Per-
kin�Elmer 1310 spectrophotometer (NaCl cells, layer
thickness 1.05 mm), and the UV spectrum, on a Spe-
cord M-40 spectrophotometer in hexane. The 1H and
13C NMR spectra were recorded on a Bruker AC-200
spectrometer in CDCl3, and the mass spectra, on a
Finnigan MAT-8200 spectrometer.

The melting point was determined in a capillary
according to GOST (State Standard) 14618.12�78
with a PTP device.

Resin acid methyl esters were analyzed by GLC
(Chrom 5 device) following the procedure described
in [14, 15], using methyl margarate as internal refer-
ence. The relative error of single analysis at a confid-
ence level of 0.95 was within �2%. The results of five
replicate runs were averaged. The mixture components
were identified by addition of authentic reference
samples and by comparison of the relative retention
time with published data.

Reaction of dehydroabietic acid II with SOCl2.
Acid II (10 g, 0.033 mol) was gradually added to a
solution of 6.6 g (0.056 mol) of SOCl2 in 50 ml of
toluene. The solution was stirred for 20 h at 20�C,
after which the solvent and excess SOCl2 were dis-
tilled off at a pressure of 0.08 MPa. The remaining
yellow-brown viscous oil (10.3 g, yield 97.3%) was
stored at 20�25�C for 30 days. After double recrystal-
lization from acetone and single recrystallization from
hexane, crystalline product I was obtained; mp 44.5�
45�C. IR spectrum, �, cm�1: 1790 (C=O).

Found: M 318.17522 (by mass spectrometry).
C20H27ClO.
Calculated: M 318.17503.
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1H NMR spectrum, �, ppm (J, Hz): 1.20 s (C10
�

CH3), 1.29 d (C15
�2CH3, J 7), 1.31 s (C4

�CH3), 2.31
m (H5), 2.93 m (H7), 6.87 s (H14), 7.0 d (H11, J 5),
7.15 d (H12, J 5). 13C NMR spectrum, �, ppm: 37.7 t
(C1), 18.4 t (C2), 35.9 t (C3), 58.0 s (C4), 44.9 d (C5),
21.8 t (C6), 29.9 t (C7), 134.5 s (C8), 146.3 s (C9),
37.1 s (C10), 124.3 d (C11, C12), 146.2 s (C13), 127.1
d (C14), 33.6 d (C15), 24.1 q (C16, C17), 181.7 s
(C18), 17.9 q (C19), 25.2 q (C20).

13C NMR spectrum of acid II, �, ppm: 37.8 t (C1),
18.4 t (C2), 36.6 t (C3), 47.3 s (C4), 44.4 d (C5),
21.6 t (C6), 29.8 t (C7), 134.5 s (C8), 146.6 s (C9),
36.7 s (C10), 123.9 d (C11), 123.7 d (C12), 145.6 s
(C13), 126.7 d (C14), 33.3 d (C15), 23.8 q (C16, C17),
185.3 s (C18), 16.1 q (C19), 25.0 q (C20).

Reaction of dehydroabietic acid II with PCl3.
Acid II (10 g, 0.033 mmol) was gradually added to
a solution of 3.1 g (0.023 mol) of PCl3 in 40 ml of
toluene. The reaction was performed for 20 h at room
temperature. Then the mixture was washed with water,
NaHCO3 solution (two times), and again water to
neutral reaction of the wash waters. The toluene solu-
tion was dried over Na2SO4, after which the solvent
was removed at a pressure of 0.08 MPa. Compound I
was obtained as a viscous oily product (yield 9.8 g,
92.5%) which did not crystallize even on adding a
seed. The IR spectrum of the product contained a
band at 1790 cm�1 characteristic of acyl chlorides
[11]. Other functional groups were not revealed spec-
trophotometrically.

Reaction of dehydroabietic acid II with PCl5.
A solution of 5 g (0.017 mol) of II in 25 ml of diethyl
ether was added to 5 g (0.024 mol) of PCl5 over a
period of 2 h. The mixture was allowed to stand for
20 h at room temperature. Then it was washed with
water, NaHCO3 solution (two times), and again water
to neutral reaction of the wash waters. The ether layer
was dried over Na2SO4, and the solvent was distilled
off at a pressure of 0.08 MPa. The remaining acid
chloride I was a light yellow viscous mass which did
not crystallize even on adding a seed. The IR spec-
trum of the product contained a band at 1790 cm�1

characteristic of acyl chlorides [11]. Other functional
groups were not revealed.

CONCLUSION

Dehydroabietic chloride (yield 90�98%; main sub-
stance content 99.2�99.5 wt %, GLC data; mp 45�C)
was prepared by treatment of dehydroabietic acid with
PCl3, PCl5, or SOCl2.
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Abstract�Condensation of glutaric aldehyde with amino acids to form oligomers of glutaric aldehyde was
studied by differential microcalorimetry and analysis for the functional groups.

Carbonyl�amine reactions are important biochemic-
al reactions used, in particular, for chemical modifica-
tion of proteins with glutaric aldehyde (GA). The
mechanism of this process is poorly understood owing
to a complex structure of peptides and a great number
of possible reaction pathways. In this work we studied
this process with an example of simpler systems.

Condensation of bifunctional GA with amino acids
involves several parallel fast steps. In neutral aqueous
solutions, the aldehyde group of GA reacts with the
nonionized amino group of an amino acid to form
Schiff base (rate constant �4 �10�3 s�1). Parallel aldol
condensation of the second aldehyde group of GA,
activated by the first reaction, stabilizes the Schiff
base. This reaction yields �,�-unsaturated GA oligo-
mers with conjugated ethylene and aldehyde double
bonds. Trimers of GA are mainly formed (rate con-
stant �0.2 �10�3 s�1) [1, 2].

When the molar ratio of functional groups
[CHO/NH2] ranges from 0.5 to �4�6, single amino
group is spent per three aldehyde group to form GA
oligomer with three aldehyde and one carboxy groups:

HOOC�R�NH2 + 3[O=CH�(CH2)3�HC=O]
Amino acid GA

HC=O
�

HOOC�R�N=CH�(CH2)3�[HC=C�(CH2)2]2�HC=O

At a large GA excess ([CHO/NH2]0 >> 4 mol/mol),
5�6 aldehyde groups and more are spent per a reacted
amino group [5].

Our pervious study shows that, in aqueous neutral
solutions of GA, a zwitterion of amino acid is rapidly
deprotonated (recharged) to form the nucleophilic

nonionized aminogroup, which is atypical for neutral
solutions of free amino acids. The rate constant of
deprotonation of the zwitterion (0.1�0.2 s�1) is higher
by three orders of magnitude than that of its condensa-
tion. The resulting amino acid anions containing
carboxy group can catalyze oligomerization of GA
bound to the amino acid. With excess GA, pure GA
oligomers can be formed in the solution.

To determine the conditions under which GA is
condensed with amino acids by only two main path-
ways, namely, Schiff base formation and GA oligo-
merization, we used microcalorimetry and chemical
analysis of the functional groups of the products.

EXPERIMENTAL

Reaction of GA with differently charged amino
acids [glycine (monoaminoacetic acid), lysine (�,�-
diaminocaproic acid), and glutamic acid (�-amino-
glutaric acid) was studied at 21�C in neutral aqueous
solutions at the molar ratio of aldehyde and amino
groups [CHO/NH2]0 ranging from 0.5 to 7.0 mol/mol.
The amino acid concentration and the volume of the
reaction mixture were constant. The reactants were
mixed and samples of the reaction mixture were taken
at definite time intervals. The content of free amino
groups was determined by reaction with 2,4,6-trinitro-
benzenesulfonic acid [6], and the content of aldehyde
groups, by differential pH-metry with hydroxylamine
hydrochloride [7]. The number of functional groups
converted into stable Schiff bases was estimated by the
difference between the initial and current ([�CHO]t,
[�NH2]t) content of these groups. Commercial 25%
aqueous solution of GA was purified on activated
carbon. The purity was estimated from the ratio of
optical densities at two wavelengths D235 /D280 =
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Table 1. Consumption of functional groups in the course of condensation of GA with lysine, glycine, and glutamic acid
������������������������������������������������������������������������������������

t, min
� [�NH2]t /[�NH2]0 � [CHO]t /[CHO]0 �

[�CHO/�NH2]t, mol/mol
�

Fraction of [CHO]t, %�������������������������������� �
� % � �

������������������������������������������������������������������������������������
Lysine, [CHO/NH2]0 = 4.3 mol/mol

10 � 70.3 � 46 � 2.8 � 35/65*
20 � 78.6 � 53 � 2.9 � 34/66
30 � 81.4 � 59 � 3.2 � 32/68
40 � 83.0 � 59 � 3.1 � 32/68
60 � 84.0 � 67 � 3.5 � 30/70

Glycine, [CHO/NH2]0 = 5.3 mol/mol

10 � 45.8 � 38 � 3.5 � 28/72
20 � 72.6 � 45 � 3.2 � 31/69
30 � 77.1 � � � � � �
40 � 82.0 � 47 � 3.0 � 33/67
60 � 86.0 � 55 � 3.4 � 29/71

Glutamic acid, [CHO/NH2]0 = 5.0 mol/mol

10 � 10 � 21 � 10.4 � 10/90
20 � 12 � 28 � 12 � 10/90
30 � 14 � 30 � 11 � 9/91
40 � 20 � 31 � 7.7 � 13/87
60 � 30 � 38 � 6.3 � 16/84

1 day � 86 � 83 � 4.8 � 20/80
������������������������������������������������������������������������������������
* Fraction of [CHO]t spent for Schiff base formation in aldol condensation.

0.4�0.5, measured on an SF-26 spectrophotometer.
Glutaric aldehyde was stored in an acidified (pH 3)
aqueous solution at 4�C. Under these conditions,
GA was in the monomeric and hydrated forms.

The heat effects of the reaction of GA with glycine
were determined by microcalorimetry on a DAK 1-1
calorimeter at 21�C and 101.3 kPa. The reagent mixer
was described in [8]. The differential heat effects in
time t, �Ht, were estimated from the areas under the
microcalorimetric curves measured from zero time to
time t:

t

�Ht = �
	�Hdt.

0

The integral heat effects �H0 were determined after
the stationary thermal conditions were attained, by
integration in the range from 0 to teq. The calculations
were performed by the equation

teq

�H0 = �
	�Hdt.

0

The determination error of the heat effects at the
95% confidence level was 
2%.

The number of amino groups of amino acids,
reacted in time t, [�NH2]t, should be equal to that of
stable aldimine bonds of the Schiff base. Superstoichi-
ometric consumption of aldehyde groups [�CHO]t �
[�NH2]t can be due to GA oligomerization. As seen
from Table 1, at the initial ratio of the aldehyde
groups and amino groups of lysine (�,�-diamino-
caproic acid) and glycine (monoaminoacetic acid)
[CHO/NH2]0 = 4�5 mol/mol, the ratio of reacted
groups [�CHO/�NH2]t remains constant (�3 mol/mol)
up to the reaction completion. About 70% of amino
groups are spent within the first 10�20 min and 84�
86%, within 1 h.

About 30% of reacted aldehyde groups are spent
for formation of stable Schiff bases with the amino
acid; the other 70% are involved in aldol condensation
of GA. Data for the GA�glutamic acid system are
given for comparison. The presence of two carboxy
groups at the �- and �-positions can substantially
decelerate conversion of this acid into nucleopilic
agent with nonionized amino group. At the same time,
the Schiff base derived from a dibasic acid catalyses
more strongly the GA oligomerization in solution.
In this case, the Schiff base formation is inhibited and
90% of GA is spent for aldol condensation within
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Table 2. Consumption of aldehyde and amino groups and enthalpy of reaction of GA with glycine at different reaction
times
������������������������������������������������������������������������������������

[CHO/NH2]0,
�

t, min
� [�NH2]t � [�CHO]t �

[�CHO/�NH2]t,
�

[�CHO]t � [�NH2]t,
�

Qt ,* J� ������������������������ � �mol/mol � � mmol � mol/mol � mmol �
������������������������������������������������������������������������������������

0.5 � 1 � 0.03 � 0.08 � 2.4 � 0.05 � �0.2
� 10 � 0.06 � 0.14 � 2.3 � 0.08 � �1.5

1.0 � 1 � 0.06 � 0.14 � 2.4 � 0.08 � �0.4
� 10 � 0.09 � 0.27 � 2.9 � 0.18 � �2.9
� 30 � 0.11 � 0.31 � 2.7 � 0.19 � �4.0

2.0 � 1 � 0.05 � 0.20 � 4.1 � 0.15 � �0.3
� 10 � 0.14 � 0.42 � 3.0 � 0.28 � �2.1
� 30 � 0.16 � 0.53 � 3.3 � 0.37 � �3.1
� 60 � 0.18 � 0.58 � 3.3 � 0.40 � �3.6

4.0 � 1 � 0.10 � 0.28 � 2.8 � 0.18 � �0.6
� 10 � 0.20 � 0.58 � 3.0 � 0.38 � �5.0
� 30 � 0.23 � 0.77 � 3.3 � 0.54 � �9.5
� 60 � 0.26 � 0.85 � 3.3 � 0.59 � �12.4

7.0 � 1 � 0.08 � 0.24 � 3.1 � 0.16 � �0.2
� 10 � 0.19 � 0.72 � 3.9 � 0.53 � �1.6
� 30 � 0.24 � 1.32 � 5.5 � 1.08 � �3.8
� 60 � 0.26 � 1.96 � 7.4 � 1.70 � �11.0

������������������������������������������������������������������������������������
* Differential thermal effect.

10 min. This can be due to the third reaction: oligo-
merization of GA (at its excess in the reaction mix-
ture) in the solution, catalyzed by the carboxyl-con-
taining products. It should be noted that the GA
pentamer bonded with glutamic acid was isolated by
gel chromatography from the products of reaction of
GA with glutamic acid [5]. The other aldehyde groups
may be involved in GA oligomerization in the solu-

t, min

Qt, J

Fig. 1. Heat of reaction Qt of GA with glycine at 21�C as
a function of time t. Initial ratio of the functional groups of
the reactants [CHO/NH2]0 (mol/mol): (1) 0.5 and (2) 4.0.

tion. When the products of condensation of the amino
acid with GA oligomers are accumulated in a large
amount in the solution, the remaining aldehyde groups
can be spent for formation of condensation products
free of aldehyde groups.

The results of the study of condensation of GA
with glycine at the ratio of the functional groups of
the reactants [CHO/NH2]0 from 0.5 to 7 mol/mol are
presented in Table 2. When the ratio is small (0.5 and
1.0), GA is completely consumed in 10 and 30 min,
respectively. The ratio between reacted aldehyde
groups of GA and reacted amino groups of glycine
[�CHO/�NH2]t 10 min after the reaction start is 5�7
at [CHO/NH2]0 = 7.0 and 3 at lower initial ratio.

We studied condensation of GA with glycine by
differential microcalorimetry. In these experiments,
the time dependence of the reaction enthalpy was
measured at different concentrations of the initial
components. In all cases, the reaction is exothermic.
The differential heat effect of the reaction at the initial
ratio of the functional groups of the components of 5
and smaller (Tables 1, 2) can be normalized to the
number of moles of the resulting GA�glycine oligo-
mer (gly�GA3, molecular weight 293). The time de-
pendence of the reaction enthalpy is shown in Fig. 1.
The heat release is maximal in 1�2 min after the reac-
tion start. The reaction is complete in 1 h. The time
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Table 3. Thermodynamic parameters of reaction of GA with glycine at 21�C
������������������������������������������������������������������������������������

[CHO/NH2]0,
�

t,
�

�Ht,
�
�Ht /�H0,

� Kbond, �
ln Kbond

� �G � T�S �
�S,� � � � � �����������������

mol/mol � min � kJ mol�1
� % � mol�1

� � kJ mol�1 � J mol�1 deg�1

������������������������������������������������������������������������������������
0.5 � 1 � �6.9 � 10.3 � 8.9 � 2.2 � �5.3 � �1.5 � �5.1

� 6 � �20.9 � 31.1 � 37.3 � 3.6 � �8.8 � �12.0 � �40.0
� 10 � �32.6 � 48.8 � 94.4 � 4.5 � �11.1 � �21.4 � �72.0
� 30 � �55.2 � 82.5 � � � � � � � � � �

1.0 � 1 � �8.0 � 16.0 � 6.8 � 1.9 � �4.6 � �3.4 � �11.0
� 6 � �22.6 � 73.3 � 39.9 � 3.7 � �9.0 � �13.6 � �46.0
� 10 � �32.6 � 75.9 � 68.7 � 4.2 � �10.3 � �22.2 � �75.5
� 30 � �39.8 � 97.0 � � � � � � � � � �

2.0 � 1 � �4.6 � 31.0 � 3.8 � 1.3 � �3.2 � �1.4 � �4.7
� 6 � �12.2 � 69.0 � 13.3 � 2.6 � �6.3 � �5.9 � �20.0
� 10 � �14.2 � 70.5 � 26.4 � 3.3 � �8.0 � �6.2 � �21.0
� 30 � �17.5 � 96.0 � 84.1 � 4.4 � �10.8 � �6.7 � �22.8

4.0 � 1 � �6.7 � 12.1 � 3.0 � 1.1 � �2.7 � �4.0 � �13.6
� 6 � �21.9 � 39.0 � 7.6 � 2.0 � �5.0 � �16.9 � �57.0
� 10 � �26.3 � 48.0 � 16.9 � 2.8 � �6.9 � �19.4 � �66.0
� 30 � �36.8 � 81.6 � 48.0 � 3.9 � �9.5 � �27.4 � �93.0
� 60 � �42.6 � 95.0 � 110.6 � 4.7 � �11.5 � �31.1 � �106.0

������������������������������������������������������������������������������������

dependence of the differential enthalpy �Ht of the
reaction of GA with glycine is shown in Fig. 2. At the
initial ratio of the functional groups from 0.5 to 4, the
shape of the curves within the first 10 min is similar
(excluding the ratio of 2 and 7 mol/mol), which in-
dicates the similar reaction mechanism is all these
cases. At longer reaction time, the curves diverge
owing to occurrence of various side reactions. It
should be noted that the differential enthalpy �Ht
measured in the first 10 min ranges from 50 to 75% of
the total heat effect �H0 (Table 3).

The integral �H corresponding to the equilibrium
reaction mixture (in ca. 1 h) can be normalized to the
amounts (moles) of both the GA�glycine oligomer
(gly�GA3) and glycine amino groups converted into
the Schiff bases. The resulting dependences of �H0 on
the initial number of the aldehyde and amino groups
are shown in Fig. 3. Curve 1 shows how the enthalpy
changes assuming that only the Schiff bases are
formed. Curve 2 is the dependence assuming that the
reaction yields only the product of condensation of
glycine with GA trimer. The minimal enthalpy, equal
in the both cases, is registered at the initial ratio of the
functional groups [CHO/NH2]0 = 2 (or in the range
from 1 to 4 mol/mol/). Outside this range, the curves
go apart owing to parallel occurrence of side reactions.
At the glycine excess (the left branch of the curve),
glycine can be added to the double bonds of the con-
densation product (Michael reaction). At high GA

content in the initial mixture (right branch of the
curve), the reaction products containing carboxy
groups catalyze oligomerization of GA in the solution,
which is not the case in solutions of pure GA.

The difference between �H0 of the two curves can
be assigned to the enthalpy of aldol condensation to
form GA oligomers.

In the course of the reaction, a dynamic equilibri-
um between initial reactants and reaction products
is attained. The rate constant of formation of the
glycine�GA trimer derivative can be calculated at all
reaction times by the equation:

Kbind = [gly�GA3]/[gly]free[GA]free.

t, min

�Ht, kJ mol�1

Fig. 2. Differential enthalpy �Ht of the reaction of GA with
glycine as a function of reaction time t. Initial molar ratio
of the functional groups of the reactants [CHO/NH2]0:
(1) 0.5, (2) 1.0, (3) 2.0, (4) 4.0, and (5) 7.0.
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�H0, kJ mol�1

Fig. 3. Integral enthalpy �H0 of the reaction of GA with
glycione as a function of the initial molar ratio of the func-
tional groups of the reactants [CHO/NH2]0. T = 21�C,
t = 1 h. �H0 normalized to the (1) number of moles of
spent amino groups of glycine and (2) number of moles
of the condensation product of glycine with GA trimer
(gly�GA3).

The Gibbs energy of the reaction was calculated
from this constant by the equation �G = �RT lnKbind,
and the reaction entropy, by the equation �G = �H �
T�S. The results are summarized in Table 3. In the
course of the reaction, Kbind increases and hence ��G
also increases. The dependences of �Ht and �T�S on
the ratio of the functional groups are similar. The
negative values of these functions are minimal at
[CHO/NH2]0 = 2 mol/mol. Probably, htis ratio is the
most favorable for formation of pure gly�GA3.

CONCLUSIONS

(1) Oligomerization of glutraic aldehyde with
amino acids was studied by differential microcalorim-

etry and analysis for aldehyde and amino groups. Pure
condensation product of amino acid (glycine) with the
trimer of glutaric aldehyde is formed at the initial
ratio of the functional groups of the reactants of
2 or the ratio of [glutaric aldehyde]/[glycine] =
1.0 mol/mol.

(2) At the ratio of the functional groups from 0.5
to 5 mol/mol, two parallel reactions, formation of
stable Schiff bases from glutaric aldehyde and the
amino acid and oligomerization of glutaric aldehyde
catalyzed by the reaction products containing carboxy
groups, mainly occur within the first 10�20 min of
the process.
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Abstract�The dependence of the electrical conductivity of a platinum-containing polymeric nanocomposite
on the number of sorption�reduction cycles was studied, as well as its thermal properties.

Nanoparticles, whose properties differ from those
of macroparticles, are widely used in electrocatalysis,
photocatalysis, electrophotography, as components of
magnetic memory, etc. [1�3]. For example, the use of
electrodes coated with polymeric films with im-
mobilized platinum group metal nanoparticles [4, 5]
increases the currents of hydrogen and oxygen libera-
tion from aqueous solutions at relatively low content
of the platinum metal catalyst. The structure of mat-
rices usually used for preparing metal-containing poly-
meric nanocomposites consists of a system of inter-
penetrating pores providing higher specific surface
area and easy penetration of reagents in the bulk of
the matrix and determining the growth conditions of
the metal particles. Among these materials are porous
polyethylene prepared by localized crazing [6], per-
fluoroalkanelsulfonic acid (Nafion trade name) with
communicating ionic regions (nonuniformities)
formed by sulfonate groups [7], cross-linked polyac-
rylates with carboxy functional groups, etc. Catalytic-
ally active metal nanoparticles are introduced by sorp-
tion and reduction of the metal ions in a porous poly-
meric matrix (PPm) which can be considered as nano-
reactor [8]. Immobilization of growing particles on
the polymer prevents their aggregation. Association
of the metal cation with functional groups of the poly-
mer plays an important role in the formation of nano-
particles [9].

In this work, we used a polymeric matrix prepared
by copolymerization of methyl methacrylate (MMA)
with potassium methacrylate (KMA) in the presence
of polyethylene glycol (PEG) as an inert solvent and
blowing agent. The polymerization product is a gel
whose porous structure is formed by phase separation

via macro- and microsyneresis [10]. The parameters of
the porous structure are controlled by variation of the
component ratio in the initial mixture. At a high
degree of dilution of the ionic monomer (KMA) with
a mixture of MMA and PEG, the growing gel is col-
lapsed into a microgel at the critical point of phase
separation, i.e., macrosyneresis occurs. In this case,
polyethylene glycol acts as a dispersion medium.

In the course of polymerization, the polymeric par-
ticles agglomerate to form a heterogeneous gel con-
sisting of the blowing agent and copolymer. In the
course of polymerization at a high concentration of
the ionic monomer forming salt cross-links, the liquid
phase of PEG, at a definite density of cross-links,
forms dispersed drops inside the growing gel, i.e.,
microsyneresis occurs. In this case, PEG is partially
retained in the gel phase owing to formation of hy-
drogen bonds between OH groups of PEG and the
oxygen atoms of the carboxy groups of the copolymer.
The growing structure also contains two continuous
phases: blowing agent and the copolymer.

Porous materials prepared by macro- and micro-
syneresis of polymeric gels have different pore size
distribution. Pores formed in the course of macro-
syneresis are larger [10]. Since the blowing agent
forms a continuous phase, it can be extracted from
the matrix to form a porous polymer which exhibits
cation-exchange properties owing to the presence of
carboxy groups.

In this work we studied sorption and reduction of
platinum(IV) ions in porous polyacrylate matrices of
different structures. The properties of the polymeric
matrix before and after platinum reduction and proper-
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Table 1. Composition and properties of porous polyacrylate composites*
������������������������������������������������������������������������������������

Sample no.
�

[MMA]/[PEG]
�

cKMA, g ml�1
�

�, %
� cCO2

� � SC
� � � ������������������������
� � � � mmol g�1

������������������������������������������������������������������������������������
1 � 0.66 � 0.076 � 61.0 � 0.45 � 0.72
2 � 0.51 � 0.141 � 65.4 � 0.47 � 0.76
3 � 0.66 � 0.148 � 70.8 � 0.79 � 1.04

������������������������������������������������������������������������������������
* (�) Porosity and (SC) sorption capacity for platinum.

ties of the platinum-containing polymeric nanocom-
posites were also studied.

EXPERIMENTAL

The porous polymeric matrix was prepared by
block copolymerization of MMA with KMA at 70�C
in the presence of PEG-200 polyethylene glycol and
using benzoyl peroxide as an initiator. Polyethylene
glycol was extracted with water in a Soxhlet apparatus
for 10 h. The thickness of the resulting copolymers
was 15 mm. Platinum cations were sorbed on PPM
from aqueous solutions of platinum(IV) chloride at
room temperature and then were reduced to metal
with hydrazine hydrate by the Paal procedure. The
electrical conductivity of the composites � (S cm�1)
was measured with an E-711 apparatus operating at
1000 Hz ac current. The IR spectra of thin wet films
were recorded on a Specord-M80 spectrometer. To
determine the platinum content, the nanocomposites
were pyrolyzed at 800�C, and metallic platinum was
dissolved. The platinum content was determined
photometrically on a KFK-3 photometer by the rela-
tively sensitive procedure with tin chloride [11]. Ther-
mal analysis curves of the initial and the platinum-
containing polymeric matrices were recorded on a

�, cm�1

Fig. 1. IR spectra: (T) transmission and (�) wave number.
Matrix: (1) polymeric, (2) with sorbed platinum, and
(3) with reduced platinum.

Q-1500 MOM derivatoraph (Hungary) in air. The
samples (40�45 mg) were heated from 25 to 700�C at
a rate of 10 deg min1. X-ray diffraction patterns were
obtained on a D8 GADDS diffractometer (Bruker) in
the range 2� = 5��75� using CuK� radiation. The par-
ticle size was calculated by the Debye�Scherrer equa-
tion [12]. The content of CO2

� groups in the polymer
was determined by potentiometric titration.

The polymeric samples were prepared at different
[MMA] : [PEG] ratios and different content of car-
boxy groups, determined by the KMA concentration
in the initial mixture. At high KMA concentrations
(Table 1, sample nos. 2 and 3), the phases are sepa-
rated in the system by the microsyneresis mechanism
to form mainly micropores invisible with an electron
microscope. At a low salt concentration, the macro-
porous structure is formed by macrosyneresis.

Platinum nanoparticles were prepared in the poly-
mer bulk in two steps: (1) sorption of PtCl4 from
aqueous solution at room temperature, followed by
sorption of the reducing agent (hydrazine hydrate)
from toluene solution at 5�C, and (2) reduction of pla-
tinum ions by flash heating of the polymer in hexane
to 60�C.

This procedure was used to exclude migration of
platinum(IV) ions to the reduction front, causing
nonuniform distribution of platinum nanoparticles in
the bulk of the polymer. Polymeric composites were
washed with distilled water to remove the reduction
products. We experimentally found that the time re-
quired to attain the equilibrium in the PPM�PtCl4
solution system depended on the syneresis type: 2 h
for sample nos. 2 and 3 and 30 min for sample no. 1.

In solutions, PtCl4 forms an acid, H2[PtCl4(OH)2].
It is unclear how this complex anion is sorbed on the
polymer exhibiting cation-exchange properties. We
suggest that one or two OH groups of the anion are
substituted with the carboxy groups of the polymer. In
the IR spectrum of PPM (Fig. 1), the band of free
CO2

� groups is present at 1560 cm�1. After coordina-
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tion of the platinum complex anions, this band com-
pletely disappears and the band of coordinated CO2

�

group appears at 1640 cm�1. After reduction to metal-
lic platinum, the band at 1560 cm�1 appears again,
i.e., noncoordinated carboxy groups are regenerated
and can be involved in repeated chemisorption. As
seen from Table 1, the concentration of the CO2

� ion-
exchange groups is lower than the sorption capacity of
the matrix for platinum ions. Probably, platinum
chloride is also absorbed in the polymeric matrix by a
mechanism other than ion exchange. This assumption
is confirmed by the fact that the IR spectrum of PPM
kept in an aqueous solution of PtCl4 contains the band
at 670 cm�1 assigned to the stretching vibrations of
the Pt�Cl bond of the complex anion. The pore struc-
ture of the polymer affects the mobility of these
weakly bonded anions and hence affects the size of
platinum nanoparticles.

Hexachloroplatinic acid is reduced with hydrazine
hydrate by the following reaction:

H2[PtCl4(OH)2] + N2H4 �H2O

� N2H5H[PtCl4(OH)2]

� H[PtN2H4Cl3(OH)2] � Pt(0) + N2�.

Nitrogen is liberated from the pores of the poly-
meric matrix and nanoparticles of metallic platinum
are formed. Dispersions of metal-containing polymeric
composites in 2-methoxyethanol are stable for several
months.

The typical X-ray diffraction pattern of the poly-
meric matrix containing 10 wt % Pt is shown in
Fig. 2. The fact that only platinum reflections and
board reflections of the polymer at 13.8� and 30� are
present in the pattern suggests the absence of side
products. The average size of crystallites calculated
from the (111) reflection is 4 nm. The particle size is
almost independent of both the polymer structure and
its sorption capacity. Since the equilibrium in the
PPM�PCl4 solution is attained slowly, the mobility of
platinum ions sorbed by the non-ion-exchange mech-
anism is strongly restricted. Hence, surface complexes
between platinum ions and carboxyate anions of the
polymer can be considered as dissociated to a negligi-
ble extent, compared to bulk aqueous solution.

Since the CO2
� groups are regenerated after plati-

num reduction, repeated sorption�reduction cycles of
platinum(IV) ions are possible. The electrical conduc-
tivity of the nanocomposite increases with increasing

2�, deg

I, arb. units

Fig. 2. Typical X-ray diffraction pattern of platinum-
containing nanocomposite. (I) Intensity and (�) Bragg
angle.

content of platinum nanoparticles, which is important
for preparing electrodes from these materials. The
results of the first four sorption�reduction cycles are
presented in Table 2. As seen from Table 2, the elec-
trical conductivity of the composite increases with
increasing content of platinum nanoparticles. How-
ever, the value of the conductivity indicates that the
percolation threshold was not reached.

We studied the thermal properties of the polymeric
matrix and platinum�polymer composites. The most
intense thermal degradation of PPM by depolymeriza-
tion [13] was observed at 340�370�C. At the same
time, thermal analysis curves of the platinum nano-
composites contain a strong exothermic peak in this
range, which is absent in the thermal analysis curves
of pure polyacrylates. This is probably due to plati-
num-catalyzed oxidation with atmospheric oxygen of
the monomer formed by depolymerization. The maxi-
mum of thermal degradation of the PPM is shifted to
390�420�C. Thermolysis of PPM is completed at
670�C. The weight loss of the platinum nanocom-
posite stops at 460�C. Its decomposition products
contain carbon compounds.

Table 2. Sorption�reduction cycles of platinum in sam-
ple no. 1
����������������������������������������

Cycle no.
�
�, S cm�1 � Pt concentration, mmol g�1

� � of polymer
����������������������������������������

1 � 3.8 � 10�4 � 0.72
2 � 1.9 � 10�3 � 0.79
3 � 1.9 � 10�3 � 1.17
4 � 2.3 � 10�3 � 2.1

����������������������������������������
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CONCLUSIONS

(1) Platinum-containing polymeric nanocomposites
were prepared by sorption and reduction of platinum
ions in the bulk of porous polyacrylates with different
structures.

(2) The average size of platinum particles, deter-
mined by X-ray diffraction, is 4 nm.
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Abstract�Evaporation of binary aqueous�organic mixtures through composite membranes with coatings
based on polyelectrolytic complexes including different combinations of polyelectrolytic polycations and
polyanions was studied. The possibility of efficient dehydration of organic solvents by their pervaporation
was demonstrated.

Production of organic solvents (aliphatic alcohols,
ketones, esters, etc.) includes their dehydration in
the final stage. This procedure is complicated by the
fact that these organic solvents form, as a rule, aque-
ous azeotropic mixtures. In the common processes,
dehydration of these organic solvents is carried out
by power-consuming distillation combined with addi-
tional chemical treatment. At the same time, it is
known that organic solvents, including azeotropic
mixtures, can be dehydrated by pervaporation (evap-
oration through membranes of diffusion type). The
dehydration by this technique is less power-consum-
ing and is carried out without chemical treatment at
lower temperature.

When preparing pervaporation membranes, the fol-
lowing hydrophilic polymers are used: some cellulose
derivatives, polyacrylic acid (PAA), polyvinyl al-
cohol, aromatic polyimides, and polyamides and their
derivatives [1�5]. These polymers contain specific
ionic or nonionic functional groups (hydroxy, sulfo,
carboxy, amino) which are responsible for selective
transfer of water molecules through pervaporation
membranes. Published data show that the most ef-
ficient in dehydration of organic compounds by per-
vaporation are membranes with coating films based on
polyelectrolytic complexes (PECs) consisting of poly-
cations and polyanions.

The principles of the choice of polyanions and
polycations suitable for preparing polyelectrolytic per-
vaporation membranes, procedures for their prepara-
tion, and structural features and permeability of the
membranes were discussed in [6�12]. These works
showed also that the pervaporation membranes pre-

pared from PECs of similar chemical composition can
considerably differ in their permeability. This differ-
ence can be caused by differences in the content of
polycation and polyanion in the polyelectrolytic com-
plex, in their molecular weights, in the time of mem-
brane preparation (in advance or immediately before
pervaporation), in the temperature of thermal treat-
ment, and in other factors. The permeability and selec-
tivity of pervaporation membranes is influenced by
procedures used for their preparation. In this work we
used the composite membranes (CMs) with coating
films based on known and new PECs obtained by dif-
ferent combinations of polycations and polyanions.

EXPERIMENTAL

Polyanion-containing agents used in our experi-
ments were as follows: PAA with molecular weight
(MW) 1 �107, sulfoethyl cellulose (SEC) with MM
240 �103 and the degree of sulfonation � 41 or 100
(per 100 glucose units), carboxymethyl cellulose
(CMC) with MW 91.5 �103 and � = 46, and poly(2-
acrylamido-2-methylpropane)sulfonic acid (PSA) with
MW 4 �106. Chitosan (Ch) with MW 185 �103 (de-
gree of deacetylation 80%) and quaternized poly(2-di-
methylaminoethyl) methacrylate (PDM) with MW of
14 �106 were used as sources of polycations.

When preparing the composite membranes, com-
mercial ultrafilter based on UMP-20 aromatic poly-
amide was used as support.

The PAA/Ch stoichiometric polyelectrolytic com-
plex and the complexes with the PAA/Ch ratios of 2/1
and 1/2 were prepared using 0.1�0.2 and 0.5�1.0%
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solutions of PAA and Ch, respectively, in 30% aque-
ous acetic acid.

To prepare the composite membranes based on
PECs in advance, a thin layer of aqueous PEC of ap-
propriate composition was applied to a support, which
was followed by drying, keeping in excess of distilled
water for 1 day, and repeated drying [8]. Hereinafter,
the membranes prepared in advance will be referred to
as the homogeneous composite membranes.

The PAA/Ch composite membranes can be pre-
pared also immediately before pervaporation. In this
case, a thin layer of 0.1�0.2% aqueous PAA was ap-
plied to the support surface and dried at 20�C, after
which this layer was coated with a thin layer of 0.5�
1.0% Ch in 2% aqueous acetic acid. The resulting
coating film was kept for appropriate time and then
dried. Hereinafter, the membranes of this type will be
referred to as the laminated membranes.

In our experiments we also used the laminated
selective composite membranes based on other com-
posite polyelectrolytic complexes: PDM/SEC (pre-
pared from 0.1�0.2% aqueous PDM and 0.5�10%
aqueous SEC), PDM/CMC (prepared from 0.2% aque-
ous PDM and 1.5% aqueous CMC), and a ternary
PSA/PDM/PAA membrane (prepared from 0.2%
aqueous PSA, PDM, and PAA). When preparing these
complexes, the separate components were applied to
the support in the order corresponding to their posi-
tion in the complex designation. The composite mem-
branes with coatings based on single polymers were
used as references.

All the experiments on pervaporation of aqueous�
organic solutions were carried out on a temperature-
controlled laboratory device with stirring at the resi-
dual pressure above the membrane of 0.2 mbar. The
effective surface area of the membranes was 6.2 cm2.
The vaporous permeate that passed through a mem-
brane was condensed in a trap cooled with liquid nitro-
gen. The condensate was weighed, and the transmem-
brane vapor flow rate (�, kg m�2 h�1) was calculated.

In our experiments we studied dehydration of bin-
ary aqueous�organic (ethanol, 2-propanol, acetone,
methyl ethyl ketone, ethyl acetate, and methyl acetate)
mixtures with water content of up to 55 wt %. The
permeate composition was determined by refractomet-
ric or chromatographic (0.5-m column packed with
Porapak Q) methods. The selectivity factor of the per-
vaporation separation was calculated by the equation

� = (XA/XB)/(YA/YB),

where XA and XB are the weight content of water and

organic substance in the permeate, and YA and YB are
the weight content of water and organic substance in
the initial aqueous�organic mixture.

It is known that Ch/PAA poyelectrolytic complexes
can be used for preparing efficient homogeneous per-
vaporation membranes [8, 11]. For example, the stoi-
chiometric and nonstoichiometric complexes of this
type were used as 50-�m coatings in pervaporation of
aqueous 2-propanol or dioxane to remove water [11].
These experiments showed that, with membranes con-
taining PAA with MW 2�105, only nonstoichiometric
membranes [Ch/PAA ratios 2/1, 1/2 and 1/3] exhibit
high dehydration power. In contrast, according to the
data reported in [8], the membranes of both types,
homogeneous and laminated, based on stoichiometric
Ch/PAA complexes, exhibit high selectivity in per-
vaporation of aqueous ethanol of approximately azeo-
tropic composition to remove water. It was shown
also that, with increasing PAA molecular weight from
9 �104 to 45 �104, the separation factor significantly
increases, whereas the vapor flow rate decreases. In
evaporation of water�ethanol mixtures through the
membranes based on polyelectrolytic complexes of
PAA and several polymeric quaternary ammonium
salts [10], the permeability and selectivity increase
with increasing PAA molecular weight (to 4 �106).

In this work we prepared polyelectrolytic com-
plexes of different types from ultra-high-molecular-
weight PAA, PSA, and PDM. The pervaporation char-
acteristics of homogeneous PAA/Ch membranes with
the PAA/Ch ratios of 2/1, 1/1, and 1/2 are listed in
Table 1. This table also gives the pervaporation char-
acteristics of known PAA/Ch homogeneous mem-
branes with PAA of different molecular weights and
characteristics of membranes prepared from PAA and
Ch as single component, which are of interest because
there are published data on similar membranes [1,
2, 13].

The comparison of the data on separation of water�
ethanol mixtures by evaporation through our com-
posite membrane no. 1 and its known analog no. 2
(Table 1) shows that these membranes have compar-
able selectivity factors �, but the evaporation rate
through our membrane is noticeably higher. We be-
lieve that the advantage of membrane no. 1 is caused,
all factors being the same, by smaller thickness of its
coating due to ultrahigh molecular weight of PAA in
its composition. The decisive role of this factor is
confirmed by the pervaporation data reported in [10,
13] where the membranes based on PAA of identical
molecular weight as single component (Table 1, CM
no. 8) and in combination with various polymeric
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Table 1. Pervaporation characteristics of composite membranes with coatings prepared from PAA and Ch as single
components and from homogeneous PAA/Ch complexes at 40�C
������������������������������������������������������������������������������������

CM no.
�

PAA/Ch
� Initial mixture �

Permeate,
�

�, �
�H2O� ��������������������������������� � �

� ratio � H2O, wt % � organic component � H2O, wt % � kg m�2 h�1
�

������������������������������������������������������������������������������������
1 � 1/1 � 10 � Ethanol � 99 � 0.55 � 891
2 � 1/1* � 10 � � � 99.2 � 0.2 (30�C) � 1117
3 � 1/1 � 12 � 2-Propanol � 93 � 2.4 � 98
4 � 1/1 � 8 � Acetone � 99 � 1.0 � 1140
5 � 2/1 � 8 � � � 83 � 0.99 � 56
6 � 1/2 � 8 � � � 89 � 0.98 � 93
7 � PAA � 10 � Ethanol � 95 � 0.44 � 171
8 � PAA** � 10 � � � 99 � 1.6 � 891
9 � PAA � 8 � Acetone � 99 � 0.6 � 1140

10 � PAA** � 10 � � � 97 � 2.4 � 291
11 � Ch � 8 � � � 8 � 14.0 � 1
12 � Ch*** � 10 � Ethanol � 99.8 � 0.1 (60�C) � 6500

������������������������������������������������������������������������������������
* PAA with MW 45 � 104 [8]. ** Aromatic polyamido imide support [13]. *** Cross-linked Ch [1].

bases were studied. These data show (Table 1, CM
no. 3) that the membrane based on stoichiometric
PEC exhibits low selectivity for water�2-propanol
mixture. The similar negative effect found in [7] was
attributed to breakdown of stoichiometric CMs in
aqueous solutions enriched in 2-propanol. Table 1
(CM nos. 7, 9 and 11) shows that the selectivity of
membranes with coatings prepared from PAA as
single component considerably exceeds that of the
membranes prepared from non-cross-linked chitosan.
It should be noted that the selectivity of membranes
based on chitosan or polyacrylic acid of relatively low
molecular weight can be improved by their chemical
cross-linking (Table 1, CM no. 12). The membranes
based on PAA with molecular weight exceeding 1 �
106 exhibit fairly high selectivity without cross-link-
ing [1, 8]. Thus, when preparing pervaporation mem-
branes based on individual PAA or on its polyelectro-
lytic complexes, the use of PAA of ultrahigh molecu-
lar weight is preferable.

We found that, in pervaporation of a water�acetone
mixture through homogeneous membranes with coat-
ing film prepared from stoichiometric PEC or individ-
ual PAA, the dehydration of acetone is highly ef-
ficient (Table 1, CM nos. 4 and 9). These results are
consistent with the basic relations concerning contri-
bution of the thermodynamic factors to the pervapora-
tion selectivity. The main factor responsible for ef-
ficient separation of water from ethanol and acetone in
pervaporation of water�ethanol (acetone) mixtures is
the difference between the water permittivity (80.1)
and that of ethanol and acetone (24.3 and 20.7, respec-
tively). In pervaporation of aqueous�organic mixtures

with identical water content, the dehydration is the
more efficient, the larger the difference between water
and the organic component in polarity. With lower-
ing polarity of the organic component, its interaction
with the polar coating weakens and, therefore, the
selectivity of dehydration is improved. It should be
noted that the efficiency of the pervaporative separa-
tion is also a function of the difference in the diffu-
sion coefficients of the compounds being separated. In
pervaporative dehydration, this factor is controlled by
the difference between kinetic diameters of organic
and water molecules, among which the kinetic diam-
eter of water molecule, as a rule, is smaller.

It was of interest to study the difference between
the pervaporation characteristics of membranes with
homogeneous and laminated coating films. These
effects were studied in evaporation of water�acetone
mixtures with widely varied water content through
stoichiometric PAA/Ch membranes (Figs. 1, 2).

The PAA/Ch composite membranes (homogeneous
and laminated) used in our experiments exhibit high
permeability and selectivity. As seen from Fig. 1,
the acetone content in the permeate does not exceed
1 wt % at widely varied initial water content. This
figure shows that the efficiency of separation of
water�acetone mixtures by pervaporation (curve 1)
considerably exceeds the separation efficiency in a
common open evaporation (curve 2).

The pervaporation is also less power-consuming
process than open evaporation, especially in separa-
tion of aqueous�organic mixtures with low water
content. This is due to the fact that, in distillation, all
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c, wt %

c0, wt %

Fig. 1. Water content c in (1) permeate (evaporation
through PAA/Ch membrane irrespective of the membrane
type) and (2) in the vapor phase (common open evapora-
tion) as a function of the initial water content c0 in the
water�acetone mixture at 20�C.

�, kg m�2 h�1

c0, wt %
Fig. 2. (1, 3) Vapor flow rate � and (2, 4) selectivity factor
� at 40�C as functions of the water content c0 in the initial
water�acetone mixture. Membranes: (1, 2) PAA/Ch stoi-
chiometric homogeneous and (3, 4) PAA/Ch stoichiometric
laminated.

volatile components are transferred to the vapor phase,
whereas in pervaporation water molecules are selec-
tively transferred through the membrane.

Figure 2 shows that, with increasing water content
in the water�acetone mixture, the transmembrane
vapor flow increases and the pervaporation selectivity
decreases. Under these conditions, the PAA/Ch lami-
nated membrane exhibits higher selectivity and lower
permeability than homogeneous membranes (Fig. 2,
curves 4 and 3, respectively). These data show that the
procedures used for preparing pervaporation mem-
branes affect their permeability and selectivity.

It should be noted that, when preparing the lami-
nated membranes, it is difficult to control their chemi-

cal composition and the layer thickness. In this case,
we can only suggest the polyelectrolytic complexes are
formed, because these membranes, like stoichiometric
homogeneous membranes, ensure efficient water re-
moval from water�acetone mixture with a water con-
tent of 50% and more. At the same time the mem-
branes prepared from individual PAA are suitable for
dehydration only at low water content in acetone
(Table 1). When the water content exceeds 20 wt %,
these membranes completely lose their selectivity.

When preparing the PAA/Ch laminated coating
film, a thin layer of PAA/Ch polyelectrolyte complex
is formed over the layer of unchanged PAA. Although
this membrane has reduced permeability, when water�
acetone mixture passes through its multilayer struc-
ture, the selective transfer of water molecules is
reached at widely varied water content in the initial
mixture. The similar selectivity is attained by the
membranes prepared from individual PAA (Table 1).
In this case, the selectivity for water can be attributed
to formation of hydrogen bonds between PAA and the
surface polar molecules of the polyamide support. It
will be shown below that, with less polar polyacrylo-
nitrile used as support instead of polyamide, the per-
meability increases to a level close to that of the
homogeneous membranes.

Comparison of procedures used for preparing
homogeneous and laminated pervaporation mem-
branes shows that, as a whole, the membranes with
laminated coatings are preferable. The main draw-
backs of preparing the homogeneous membranes are
the necessity of using concentrated acidic PAA and
Ch solutions and prolonged washing of the resulting
coatings with water. Therefore, in further experiments
we used the PAA/Ch laminated membranes.

The lamination technique provides especial ad-
vantage in preparing PDM/SEC, PDM/CMC, and
PSA/PDM/PAA membranes containing components
unstable even in weakly acidic solutions. The presence
of polyelectrolytic complexes in the multilayer coat-
ing films is confirmed by the fact that, in application
of individual anionic (except for PAA) and cationic
polymeric agents to a support, the selective per-
vaporation membranes are not formed. Of particular
interest are the laminated membranes with ternary
PSA/PDM/PAA coatings consisting of ultra-high-
molecular-weight polymeric components. This coating
can be applied to a support as a very thin 0.1-�m uni-
form film exhibiting high permeability. In this coat-
ing, the polycationic layer (PDM) is located between
two polyanionic layers of different types. We believe
that the PSA/PDM and PDM/PAA polyelectrolytic
complexes are formed at interfaces.
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Table 2. Separation of dilute aqueous acetone solutions by evaporation through laminated composite membranes of
different compositions
������������������������������������������������������������������������������������

CM no.
�

PEC type
� H2O, wt % �

�, kg m�2 h�1
�

�H2O

�
��� �������������������������������� � �

� � initial mixture � permeate � � �
������������������������������������������������������������������������������������

1 �PAA/Ch � 8 � 99 � 0.37 � 1140 � 422
� � 4 � 99 � 0.16 � 2380 � 381

1�1 �PAA/Ch* � 8 � 99.3 � 0.94 � 1630 � 1534
2 �PDM/SEC � 8 � 95 � 1.9 � 218 � 414

�(� = 41) � 4 � 96 � 0.9 � 577 � 519
3 �PDM/SEC � 8 � 93 � 2.4 � 153 � 367

�(� = 100) � 4 � 94 � 1.4 � 377 � 527
4 �PDM/CMC � 8 � 98.5 � 1.05 � 755 � 793

� � 4 � 98.5 � 0.6 � 1578 � 947
5 �PSA/PDM/PAA � 8 � 99.5 � 2.3 � 2290 � 5267

� � 4 � 99.5 � 1.5 � 4780 � 7170
6 �Simplex** � 9 � 99.6 � 2.4 (50�C) � 2518 � 6043

������������������������������������������������������������������������������������
* Applied to polyacrylonitrile support. ** Prepared from SEC and poly(dimethyldiallylammonium chloride) [9].

Our experimantal data on pervaporative separation
of acetone-rich water�acetone mixtures with laminated
composite membranes of different compositions are
listed in Table 2. To evaluate the generalized char-
acteristic of the membrane performance reflecting
both the selectivity and permeability, we used the
productivity factor ��. Table 2 shows that this factor,
being approximately identical for CM nos. 1�3, no-
ticeably increases in going to PDM/CMC membranes,
and for ternary membrane PSA/PDM/PAA it becomes
commensurable with that of the best of known ana-
logs (Table 2, CM no. 6).

We found that the productivity factor of PAA/Ch
laminated membrane with the coating applied to a
polyacrylonitrile support with porous chracteristics
close to those of the polyamide ultrafilter (Table 2,
CM nos. 1�1) exceeds the productivity factor of
PAA/Ch membrane with the coating applied to a poly-
amide support (Table 2, CM no. 1). The productivity
factor of this membrane also exceeds that of the
PAA/Ch homogeneous membrane (1140 kg m�2 h�1)
(CM no. 4, Table 1). We believe that these effects are
caused by the fact that PAA interacts with the poly-
acrylonitrile support more weakly than with the poly-
amide support. Thus, the chemical features of a sup-
port material substantially influence the membrane
productivity factor. We do not rule out also that high
permeability of ternary composite membrane no. 5
(Table 2) is caused not only by its small thickness and
ultrahigh molecular weight of its polymeric consti-
tuents, but also by the order of application of the
laminated coating film to the polyamide support.

The service life of a pervaporation membrane was
determined in long-term (530 h) evaporation of a
water (1.5 wt%)�acetone mixture through laminated
membrane no. 2 (Table 2). In these experiments,
the removal of methanol traces present in acetone
(130 ppm) was monitored by IR spectroscopy. This
problem is important from practical viewpoint. Our
tests showed that the membrane exhibits the stable
permeability in the course of long-term pervaporation.
Upon successive evaporation of the water�acetone
mixture through three identical membranes, the water
and methanol contents were decreased to 0.3 wt %
and 80 ppm, respectively.

The published data on pervaporative dehydration
of organic solvents mainly concern water�aliphatic
alcohol mixtures. At the same time, it was of interest
to elucidate whether the pervaporation can be used for
dehydration of a wider set of organic solvents, includ-
ing aqueous azeotropic mixtures. With this aim, we
studied water removal from aqueous 2-propanol,
methyl ethyl ketone (MEK), methyl acetate, and ethyl
acetate (EtAc) by their evaporation through several
laminated composite membranes (Table 3).

Table 3 shows that the most versatile are the mem-
branes with the coating based on the PAA/Ch com-
plex. These membranes efficiently dehydrate all the
aqueous�organic mixtures studied by us. The perme-
ability of these membranes for water, all other factors
being the same, depends on the nature of the organic
solvent. For organic solvents under consideration, the
membrane permeability decreases in the order EtAc >
acetone > ethanol. We believe that the decrease in
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Table 3. Separation of aqueous�organic mixtures by evaporation through laminated membranes of different compositions
at 40�C
������������������������������������������������������������������������������������

CM no.
�

PEC type
� Initial mixture �

Permeate,
�

�, kg m�2 h�1
�

�H2O� ������������������������������� � �
� � H2O, wt % � organic solvent � wt % H2O � �

������������������������������������������������������������������������������������
1 �PAA/Ch � 7.5 � MEK � 99 � 1.4 � 1222

� � 10 � � 99 � 2.6 � 892
� � 3.3 � EtAc � 99.5 � 1.0 � 5850
� � 6.2 � MeAc � 99.5 � 1.3 � 3015
� � 12 � 2-Propanol � 99 � 0.3 � 728

2 �PDM/SEC (� = 41) � 3.7 � MEK � 97 � 1.5 � 842
� � 7.5 � MEK � Azeotrope � 7.1 � �

� � 7 � EtAc � � � 7.4 � �

3 �PDM/CMC � 7.5 � MEK � 99 � 1.7 � 1220
� � 9.4 � EtAc � 94 � 2.5 � 150

4 �PSA/PDM/PAA � 5 � MEK � 99.5 � 1.5 � 3783
� � 10 � EtAc � Azeotrope � 5.2 � �

������������������������������������������������������������������������������������

permeability is caused by formation of water associ-
ates with ethanol and acetone and their lack in the
case of ethyl acetate. The similar effects were found
in [4] for membranes with the coating prepared from
a sulfonated aromatic polyamide. Table 3 shows also
that, in evaporation of the aqueous�organic mixtures
through a PSA/PDM/PAA ternary laminated mem-
brane, especially efficient dehydration is reached for
acetone and MEK.

CONCLUSIONS

(1) New types of composite pervaporation mem-
branes ensuring the efficient dehydration of aliphatic
alcohols, ketones, and esters were prepared by differ-
ent combinations of polyanions and polycations.

(2) The permeability and selectivity of the pervap-
oration membranes is a function of the polyelectrolyte
complex type, molecular weight of polyanions and
polycations, and chemical features of polymeric sup-
port material.

(3) The permeation characteristics of the pervap-
oration membranes with coating films prepared from
ultra-high-molecular-weight polyacrylic acid and Chi-
tosan is a function of procedure of preparing the poly-
electrolytic complex.
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Abstract�Rheological, electrophysical, and sorption properties of magnetite dispersions modified with water-
soluble polymers were studied as influenced by the temperature of heat treatment in the 300�600�C range.

Composites sensitive to mechanical and magnetic
fields can be prepared from fluid systems with dis-
persed fillers modified with water-soluble polymers.
Such materials can be used as antivibrators, acoustic
sensors, measurement devices, and shock absorbers
[1]. Filler particles are modified by sorption of water-
soluble polymer on their surface; in this case, addi-
tional treatment, such as heating or water sorption,
can affect the filler properties. It is known that thermal
treatment can affect the crystal structure of the poly-
mer or cause more profound degradation with forma-
tion of new bonds. The oxidation and degradation
processes begin on heating in air to 170�220�C,
whereas the carbon structure is formed at temperatures
higher than 500�C.

Previously, we studied the rheological properties of
magnetite dispersions in transformer oil as influenced
by conditions of the filler surface modification with
water vapor and solutions of water-soluble polymers
such as polyvinyl alcohol (PVA) and carboxymethyl
cellulose [2]. We proposed that modification of the
magnetite surface with water-soluble polymers plas-
ticized with water molecules can yield systems exhib-
iting both plasticity and dilatancy, which is due to the
formation of a network of hydrogen bonds in the
mechanical field and subsequent structuring of the
system with increasing shear stress, with anisotropic
orientation of filler particles.

In this work we studied the rheological, electro-
physical, and sorption properties of magnetite disper-
sions modified with a water-soluble polymer as in-
fluenced by the temperature of heat treatment (300�
600�C).

EXPERIMENTAL

In our work we used dry transformer oil as disper-
sion medium and finely ground pure-grade magnetite

(5�10 �m particle size) dried at 100�5�C for 5 h.
Modification was performed as follows: magnetite was
mixed with 5 and 20% solutions of PVA (16/1 brand)
and a 0.5% solution of carboxymethyl cellulose
(Na-CMC, 70/300 brand); the PVA�magnetite ratio
was 5 and 10, and the Na-CMC�magnetite ratio, 2.5
(bath ratio). The mixtures were dried at 100�5�C for
5 h and treated for 2 h at 300�600�C. Then, the sorp-
tion of water vapor by the resulting magnetite com-
posites was studied. These samples were stored at
ambient temperature for 20 days in desiccators at the
relative humidity of 30, 60, 80, and 100%, maintained
by saturated solutions of appropriate salts.

The viscosity was measured on a Rheotest-2 rotary
viscometer in the shear rate range 3�1312 s�1 (5 wt %
solution concentration).

The conductivity of dispersions based on the pre-
treated composite of magnetite and water-soluble
polymer was measured on an HI 9032 (Hanna Instru-
ments) stationary conductometer at 20�5�C.

The dependences of the viscosity � of 5% magne-
tite dispersions modified with 5% PVA solution and
treated at 300�600�C on the shear rate �� are shown
in Fig. 1. As seen, thermal treatment of modified
magnetite does not affect the modes of the fluid flow
as compared to the untreated filler. The viscosity of
such fluid systems increases up to a certain limit; such
systems exhibit the dilatancy. Sorption of water vapor
by the treated magnetite�PVA composite changes the
fluid flow mode: � decreases with increasing ��. As
a result, the viscosity at small shear rates increases;
the higher the water content, the greater the system
viscosity. After heating to 300�C at sorption degree of
2.2%, the maximal viscosity �max is 32 mPa s, and
at 600�C and sorption degree of 10.4%, 55 mPa s.
At a shear stress >1 Pa, the viscosity is independent of
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(a) (b)

(c) (d)

(e) (f)
�, mPa s

�, mPa s

�, mPa s
�, mPa s

�, mPa s �, mPa s

�� � 10, Pa �� � 10, Pa
Fig. 1. Dynamic viscosity � as a function of the shear stress �

�
at (a, c, e) 30 and (b, d, f) 70�C for 5 wt % magnetite dispersion

in transformer oil. Magnetite modified with 5% PVA solution. Filler: (1) untreated, (2, 5, 8) thermally treated, and (3, 4, 6, 7, 9,
10) thermally treated and modified with water vapor; the same for Fig. 2. Temperature of thermal treatment, �C: (2�4) 300,
(5�7) 400, and (8�10) 600; the same for Fig. 2. Water content, %: (3) 1.0, (4) 2.25, (6) 1.58, (7) 9.84, (9) 2.20, and (10) 10.43.

the water vapor sorption by filler particles. The ther-
mal treatment of the magnetite�PVA composite with
steam provides formation of the structure more sensi-
tive to water vapor and causes a significant increase
in the system viscosity. It should be noted that the
flow curves recorded for 5%-magnetite dispersions
modified with 20% PVA, heated to 300�600�C, and
plasticized with water molecules are similar to those
given above.

The dependences of the viscosity � of 5% magne-
tite dispersions modified with 0.5% Na-CMC solution

and treated at 300�600�C on the shear rate �� are
shown in Fig. 2. As seen, thermal treatment at 300�C
of the magnetite�Na-CMC composites does not affect
the shape of the flow curves; the viscosity � increases
up to certain limit. With increasing temperature to
400�600�C, the shape of the flow curves of magnetite
dispersion changes, and a maximum appears at �� =
0.2�0.5 Pa; there are sections in which the fluid vis-
cosity decreases (plasticity) or increases (dilatancy).
With penetration of additional water molecules in the
magnetite�Na-CMC composite treated at 300�600�C,
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(a) (b)�, mPa s �, mPa s

�, mPa s
(c)

�, mPa s

(d)

�, mPa s
(e)

�, mPa s (f)

�� � 10, Pa �� � 10, Pa
Fig. 2. Dynamic viscosity � as a function of the shear stress �

�
at (a, c, e) 30 and (b, d, f) 70�C for 5 wt % magnetite dispersion

in transformer oil. Magnetite modified with 0.5% Na-CMC solution. Water content, %: (3) 0.7, (4) 1.8, (6) 1.4, (7) 1.9, (9) 1.34,
and (10) 4.0.

the flow mode strongly changes. With increasing
shear stress, the dispersion viscosity decreases. How-
ever, at small shear stresses (up to 2�10�2 Pa) the
system viscosity first increases and then decreases, in
contrast to untreated filler and magnetite�Na-CMC
composite plasticized with water molecules, for which
the peak in the flow curves is observed at greater ��
(up to 2�4 Pa). Upon heating of magnetite modified
with 0.5% Na-CMC solution at 300�C and subsequent
treatment with water vapor (1.8% water content), the
viscosity increases to 33 mPa s at maximum (system
temperature 30�C); upon heating to 400�C, at 1.9%

water content, to 45 mPa s, and upon heating to
600�C, at 4.0% water content, to 66 mPa s.

The thermal treatment of the magnetite�water-
soluble polymer system affects it hydrophilicity. The
sorption capacity of the thermally treated samples is
greater than that of the untreated sample, and this
effect is observed in the entire water vapor pressure
range studied. The greatest increase in the sorption
capacity is observed after heating to 600�C. In this
case, the sorption of water vapor in the magnetite�
PVA system comprises 2.2% (30% relative humidity)



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 11 2003

1816 LAZAREVA, SHINKAREVA

Table 1. Sorption capacity of the thermally treated magne-
tite�water-soluble polymer composite
����������������������������������������

Thermal treatment �Relative air� Sorption � Water
���������������� � �

T, �C � �, h �
humidity,

�
time,

�
content,

� � % � days � %
����������������������������������������
Modified with 0.5% solution of Na-CMC, 70/300 brand

100 � 2 � 30 � 20 � 0.3
� � 60 � 20 � 0.6
� � 80 � 20 � 0.8
� � 100 � 20 � 8.8

300 � 2 � 30 � 20 � 0.7
� � 60 � 20 � 1.5
� � 80 � 20 � 1.8
� � 100 � 20 � 12.3

400 � 2 � 30 � 20 � 1.4
� � 60 � 20 � 1.6
� � 80 � 20 � 1.9
� � 100 � 20 � 16.0

600 � 2 � 30 � 20 � 1.4
� � 60 � 20 � 2.0
� � 80 � 20 � 3.4
� � 100 � 20 � 4.0

Modified with 5% solution of PVA, 16/1 brand

100 � 2 � 30 � 20 � 0.1
� � 60 � 20 � 0.3
� � 80 � 20 � 1.0
� � 100 � 20 � 8.2

300 � 2 � 30 � 20 � 1.0
� � 60 � 20 � 1.2
� � 80 � 20 � 2.2
� � 100 � 20 � 20.0

400 � 2 � 30 � 20 � 1.8
� � 60 � 20 � 2.6
� � 80 � 20 � 9.8
� � 100 � 20 � 21.3

600 � 2 � 30 � 20 � 2.2
� � 60 � 20 � 3.3
� � 80 � 20 � 10.3
� � 100 � 20 � 25.8

����������������������������������������

and 10.4% (80%), whereas for magnetite�Na-CMC
composites it is 1.3 (30%) and 4.0% (80%). With de-
creasing treatment temperature to 300�C, the sorption
capacity decreases, but it remains higher than that of
the untreated filler. The sorption capacity with respect
to water vapor of the magnetite�PVA composites is
1.0 (30) and 2.25 (80%) and of the magnetite�Na-
CMC, 0.7 (30%) and 1.8 (80%) (Table 1). The effects
observed are probably due to changes in the nature of
intra- and intermolecular interactions and to related
changes in the molecular mobility in the thermally

Table 2. Conductivity of dispersions based on thermally
treated magnetite�water-soluble polymer composite
����������������������������������������

Modifying agent
� Treatment � Specific
� tempera- � conductivity,
� ture, �C � �S cm�1

����������������������������������������
5% solution of PVA, � 100 � 133.5
16/1 brand � 300 � 158.7

� 400 � 215.8
� 600 � 366.9

20% solution of PVA, � 100 � 132.6
16/1 brand � 300 � 154.6

� 400 � 224.3
� 600 � 425.8

0.5% solution of � 100 � 132.9
Na-CMC, 70/300 brand � 300 � 129.5

� 400 � 147.6
� 600 � 230.4

����������������������������������������

treated magnetite�water-soluble polymer composites,
and also to the formation of a carbon structure.

We also studied the suitability of the dispersions
based on thermally treated magnetite�water-soluble
polymer composites as conducting materials. For
example, thermal treatment of the filler in air at 300�
600�C increases its conductivity (Table 2).

Thus, our experimental data suggest that the struc-
tural and rheological properties of the magnetite�
water-soluble polymer system can be controlled by
additional thermal treatment and sorption of water
vapor.

CONCLUSION

Thermal treatment at 300�600�C and sorption of
water vapor increase the conductivity of magnetite
particles modified with water-soluble polymers and
change the flow mode of fluids based on them under
the mechanical stress. As a result, the systems exhibit-
ing both plasticity and dilatancy are formed depending
on modification conditions, which allows preparation
of systems with controlled flow mode in the mech-
anical field.
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Abstract�A study was made of the elastic and dissipative properties of epoxy-phenolic network polymers
in which the ratio of the chemical and physical cross-links was controlled by varying the ratio of epoxy and
phenol groups in the initial compositions.

Machine building development demands nonmetal-
lic polymer composite materials (PCMs) characterized
by high elasticity and strength. Specific conditions
of exploitation of articles manufactured from PCMs
pose additional requirements on them. They must
exhibit high dynamic and static fatigue resistance,
high fracture resistance, and other characteristics as-
sociated with the ability of the polymer matrix (PM)
in PCMs to dissipate the mechanical loading energy
[1]. This necessitates directed control of the elastic
and relaxation (dissipative) properties of not only
articles manufactured from composites as integral
structures [2, 3] but also of the PM in separate.

The aim of this work was to elucidate how the
chemical and physical networks affect formation of
the elastic and relaxation properties of epoxy-phenolic
polymers (EPPs) when the ratio of different cross-
linking bonds is varied by varying the ratio of the
epoxy and phenol groups in the initial composition
being cured.

EXPERIMENTAL

We studied an epoxy-phenolic compound based on
resorcinol diglycidyl ether (RDGE) purified by vacu-
um distillation and an SF-0113 novolac phenol�for-
maldehyde resin (PFR) [TU (Technical Specifications)
6-05-031-509�74] with a drop point Td = 75�90�C
and a free phenol content under 0.5 wt % [4]. As ter-
tiary amine we used N,N-diethylaniline efficiently
accelerating reactions of epoxides with phenol and
secondary alcohol groups [5].

The elastic and relaxation dynamic characteristics
of EPPs were studied by the bending resonance vibra-
tion method on a setup similar to that described in [6].
The static mechanical characteristics, i.e., tensile
strength �t, Young modulus Et, and breaking strain �t,
were determined on a 1231-U tensile-testing machine
at the clamp movement rate of 1 mm min�1. The
samples for testing were molded in vacuum molds
supplied with dumbbell-like fluoroplastic inserts (to
damp the shrinkage strains) with a 30-mm-long work-
ing unit. Prior to tests, the samples were annealed for
3 h in VM-1 vacuum oil at 160�C, which was fol-
lowed by cooling at a 0.2 deg min�1 rate. The anneal-
ing was controlled with a polarization setup. The sur-
face fracture energy � (identified with the fracture
viscosity [7]) was estimated by cleaving trapezoidal
samples having a longitudinal groove according to the
procedure described in [8, 9].

Three-dimensional cross-linking of network epoxy
polymers occurring in the glassy state at room tem-
perature is effected by various bonds: chemical co-
valent (stable) and physical (labile at the given tem-
perature). The labile physical bonds linking the chemi-
cal structure elements are so important that one can
speak of a network of physical bonds having its own
specific features and governing, for a significant part,
the set of physicomechanical properties of epoxy
polymers. Among physical labile bonds, the most im-
portant are hydrogen bonds characterized by a cohe-
sion energy of 29�40 kJ mol�1 [10]. Cured epoxy
resins contain abundant secondary alcohol groups
yielded by opening of epoxy rings in polycondensa-
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Egl � 10�9, Pa� T�, K

Ehe�

Egl�

cPFR, wt %

E �he � 10�8, Pa �
�
� 103, s

Fig. 1. Variation of the shear modulus in hyperelastic
(E �he) and glassy (E �gl) states, �-transition temperature T

�
,

and �-transition relaxation time �
�

with the content of PFR
cPFR in epoxy-phenolic compound.

tion. Thus, the hydrogen bonds formed by these
groups can be treated as the major effective cross-link-
ing sites of the labile physical network, supplementing
the chemical linking of the structural elements of
the polymer.

A specific feature of curing of epoxy resins with
polyphenols, in particular, PFRs [11], is that it allows
control of the content of the secondary alcohol groups
and, thereby, the number of effective linking sites of
the physical network. For example, at equimolar ratio
of the epoxy and phenol groups in the initial com-
pound, the epoxy groups at moderate temperatures
react, for the most part, with phenol groups, if the
latter are sterically accessible [12]:

(1)
�� �O�CH �CH�CH2 2

�O.�
OH

�O�CH �CH�CH2 2��
O

+

�
��CH2�

OH

�
��CH2�

(1)
�� �O�CH �CH�CH2 2

�O.�
OH

�O�CH �CH�CH2 2��
O

+

�
��CH2�

OH

�
��CH2�

When taken in excess over the phenol groups,
the epoxy groups can also react with the secondary
alcohol groups, especially at elevated temperatures
and in the presence of tertiary amines catalyzing this
reaction [5]:

�O�CH �CH�CH2 2
�O

�
��CH2�

�
OH

+�O�CH �CH�CH2 2��
O

(2)
�O�CH �CH�CH2 2 O

�
��CH2�

���

O

CH2�
CH�HO

.

�
�
�CH2
�O�

�O�CH �CH�CH2 2
�O

�
��CH2�

�
OH

+�O�CH �CH�CH2 2��
O

(2)
�O�CH �CH�CH2 2 O

�
��CH2�

���

O

CH2�
CH�HO

.

�
�
�CH2
�O�

In this case, a chemical cross-link appears instead
of a secondary alcohol group, which is a linking site
of a labile physical network. Evidently, with increas-
ing mass fraction of PFR, the density of the chemical
cross-links should decrease, and the number of the
physical linking sites, increase. It should be noted
that, in this work, in the presence of N,N-diethylani-
line and at stepwise increase in the curing tempera-
ture, virtually all the epoxy and phenol groups reacted.
This enabled more correct elucidation of how the con-
tents of different types of bonds providing three-
dimensional cross-linking (physical and chemical;
their contents vary in opposite directions) affect the
behavior of EPPs under mechanical loading in dif-
ferent modes. With a view to development of poly-
meric materials exhibiting high strength when sub-
jected to dynamic and static loads, it is important,
above all, to elucidate how the changes in the nature
of the cross-linking bonds affect the energy of the
cohesion interaction of the structural units and their
energy dissipation ability. It is believed [13] that these
factors make the greatest contribution to the resistance
of polymeric materials to high mechanical loads.

The EPP samples with varied content of PFR were
subjected to mechanical tests of two kinds, dynamic
and static. In the first case, we studied the temperature
dependences of the dynamic elasticity modulus E � and
the mechanical loss tangent tan�. Figure 1 shows that,
with increasing PFR content in the initial composi-
tion, the dynamic elasticity modulus tends to increase
in the glassy state (E �gl, 300 K) and to decrease in
the hyperelastic state of EPP (E �he, 420 K). These
findings are in line with the views on the deciding
influence of the physical bonds on the glassy state and
of the chemical bonds on the hyperelastic state of
network polymers [6].

It should be noted that other researchers also re-
ported that the dynamic elasticity moduli in the glassy
and hyperelastic states vary in the opposite directions
[14, 15] in the case of epoxy�amine polymers in
which the cross-linking density of the chemical net-
work was controlled by varying the structure of the
initial epoxy oligomer. It was supposed [14, 15] that
increasing the distance separating the chemical cross-
linking sites in epoxy polymers characterized by a
high cross-linking density tends to increase the num-
ber of physical contacts. In our case, increase in the
content of the secondary alcohol groups in parallel
with increase in the distance separating the cross-links
tends to additionally enhance the effect exerted by
physical links.

Thus, increase in the dynamic elasticity modulus in
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the glassy state with increasing PFR content and, con-
sequently, the number of labile physical links indicate
that the cohesion energy of interaction between the
structural units of EPPs grows [16].

The dissipative properties of EPPs can be assessed
from their relaxation spectra using different param-
eters. The first parameter is the internal friction back-
ground (IFB) for which one conventionally takes the
mechanical loss tangent measured at room tempera-
ture, tan�25, i.e., at the temperature at which the
strength of these polymers is tested. The IFB can
serve as an indicator of the structural organization and
intermolecular interaction in polymers [17]. The sec-
ond parameter is the energy dissipated during the
�-relaxation process [18] involving large-scale seg-
mental molecular motion. This parameter is conven-
tionally estimated as the intensity (or height) of the �
peak in the maximum, i.e., as tan�max, or, more pre-
cisely, as the �-peak area, which is approximated by
the product of tan�max by the FWHM of the � peak
�1/2 [18]. The energy dissipated during the � process
can also be estimated indirectly, using the parameters
of segmental mobility of the PM such as, e.g., the
effective activation energy U� [19] or the �-relaxation
time 	� [20]. Notably, the energy dissipated during
the � process can affect the room-temperature strength
of the PM [20].

Since it is difficult to correctly estimate �1/2 and
U�, we took tan�25, tan�max, and 	� as relaxation
(dissipation) dynamic indicators.

Figure 2 shows that, with decreasing PFR content,
i.e., with increasing number of the chemical cross-
links, tan�25 and, hence, the IFB tend to linearly
grow. This is in line with the observed decline in the
dynamic elasticity modulus in the glassy state and,
evidently, means that the local molecular mobility
tends to grow with increasing number of the chemical
bonds owing to weakening of the intermolecular inter-
action [6]. At the same time, tan�max tends to linearly
decline with increasing number of the chemical cross-
links, and this is accompanied by a decrease in the
�-process peak area. This could also be due to a de-
crease in the large-scale segmental molecular mobility
owing to an increase in the density of the chemical
cross-links. However, this contradicts the follow-
ing data. First, the temperature corresponding to
the �-peak maximum remains virtually unchanged
(Fig. 1), while it is known [21, 22] that the glass
transition point of epoxy polymers typically increases
with increasing chemical cross-linking density. Evi-
dently, this is due to mutual compensation of the
opposite changes in the number of different types of

� � 10�4, mol m�3

tan �25tan �max

tan �25 � 102 tan �max

Fig. 2. Variation of the mechanical loss tangent at room
temperature (tan�25) and in the �-transition maximum
(tan�max) with the number of the chemical cross-links �.

cross-links (and, possibly, to increase in the content of
the aromatic rings in the PFR structure).

Second, the 	� parameters calculated from the
resonance condition in the �-peak maximum tend to
decrease with increasing number of the chemical
cross-links (Fig. 1). This means that the segmental
molecular mobility, on the contrary, tends to grow
with increasing density of the chemical cross-links.
Therefore, a decrease in the mechanical losses (weak-
ening of the dissipative properties) during the � proc-
ess with increasing chemical cross-linking density is
due to increase, rather than decrease, in the molecular
mobility because of weakening of the intermolecular
interaction. In turn, enhancement of the dissipative
properties of EPPs with increasing number of labile
physical cross-links is, evidently, due to increase in
the effective size of the kinetic units of the �-relaxa-
tion process owing to increase in the interchain co-
operativity of the segmental motion.

Thus, the dynamic mechanical tests showed that,
with increasing PFR content in the initial composi-
tion, i.e., with increasing number of physical and de-
creasing number of chemical cross-links, not only the
dynamic elasticity moduli in the glassy and hyper-
elastic states, but also the mechanical loss tangent in
the glassy state (IFB) and in the region of the � transi-
tion from the glassy to hyperelastic state vary in the
opposite directions. In transition from the glassy to
hyperelastic state, the cohesion and dissipative proper-
ties of EPPs vary in the opposite directions.

Static tensile tests yielded the following character-
istics: Et, �t, �t, and �. Figure 3 shows that, with in-
creasing PFE content, �t, �t, and � tend to increase,
and Et remains unchanged.

Let us attempt to analyze in a simplified way these
results using the known Griffits formula of the critical
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	t, %

Et � 10�3,
GPa

cPFR, wt %


t, MPa


t

	t

Et

� � 10�2, J m�2

Fig. 3. Variation of the physicomechanical properties of
epoxy-phenolic polymers: surface fracture energy 	, tensile
strength 
t, breaking strain �t, and Young modulus Et, with
the PFR content cPFR in the epoxy-phenolic composition.

�� � 10�3, s

� � 10�2, J m�2

Fig. 4. Variation of the surface fracture energy 	 with the
�-transition relaxation time �

�
.

strength [13]


cr = 2E � /�lcr,

where E is the Young modulus; �, specific surface
energy; and lcr, critical defect size.

This formula interrelates the major parameters
governing the strength of solid materials: elasticity
parameter E, relaxation (dissipative) parameter re-
presented by � [13] (identified, according to the pub-
lished data, with the fracture viscosity [7, 9]), and the
parameter lcr characterizing the structure defects. The
latter parameter was calculated by substituting into
formula (1) the experimental Et, �t, and � values. It
should be noted that lcr is directly proportional to �.

The fact that the relaxation and structural param-
eters vary in the same direction (as early reported in
[5, 8]), in combination with larger lcr parameters
incomparable with the sizes of the supramolecular
formations in EPPs [12], can suggest that lcr charac-
terizes the size of the critical structural defect in the
preruptured, rather than in the initial, state. Hence, the
above-mentioned correlation can have the following
physical sense at the micromechanical level: The
stronger the relaxation (dissipative) properties of PMs,
the greater external mechanical load applied to the
material is required for preliminary initiation of the
catastrophic rupture event via rapid growth of the
propagating main crack forming a new surface and the
greater deformation work is spent for the preliminary
growth of the greatest structural defect to the critical
size or for preliminary opening of the crack to the crit-
ical state. This deformation energy should be added
to the surface fracture energy proper.

Thus, the specific surface fracture energy of poly-
mers reflects, to a significant extent, the relaxation
ability of the material, i.e., its ability for viscous dissi-
pation of mechanical energy at the top of the propagat-
ing crack owing to plastic deformation of the adjacent
regions.

Notably, there is no correlation between the
strength parameters and IFB, and there is a linear cor-
relation between � and 	� (Fig. 4). The physical sense
of this correlation at the molecular level, evidently,
consists in the following. Despite low (room) tem-
perature of static cleavage tests, large-scale molecular
motion substantially contributes to fracture via forced
plastic flows at the mouth of the propagating crack.
The greater the effective sizes of the kinetic units par-
ticipating in the relaxation process, the greater volume
they occupy (the greater proportion of the fluctuation
free volume they need [23]), the greater should be the
volume of the plastic zone at the top of the propagat-
ing crack, and the greater the dissipated energy.

Thus, increase in the number of labile physical
cross-links and the parallel decrease in the number of
the chemical cross-links are responsible for the EPP
fracture delocalization at the microlevel. This means
that larger microvolumes of the material are involved
into fracture (increase in � and lcr). At the macrolevel,
this is manifested in growth of �t and also of the total
deformation energy Ad including the fracture energy,
which is estimated from the integral area enclosed by
the fracture curve [5]. Therefore, in the case of static
tests, the suggested approach involving variation of
different types of cross-links in EPP also affords more
efficient dissipation of the mechanical energy. Evi-
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dently, increase in the EPP strength with increasing
PFR content is due to enhancement of the dissipative
properties of these polymers.

CONCLUSIONS

(1) Dynamic tests showed that increase in the con-
tent of phenol�formaldehyde resins in epoxy-phenolic
polymers tends to increase eventually the content of
labile physical and decrease the content of stable
chemical cross-links in the resulting three-dimensional
network polymer.

(2) Dynamic and static tests suggest enhancement
of the elastic and dissipative properties of these poly-
mers in the glassy state and their weakening in the
hyperelastic state.

(3) Analysis of the role of the dissipative proper-
ties of epoxy-phenolic polymers at the local and large-
scale (segmental) levels of the molecular mobility of
the polymer matrix during fracture upon extension of
these materials shows the following. Articles sub-
jected to large dynamic loads need the maximal
amount of labile physical bonds and, thus, the maxi-
mal content of phenol�formaldehyde resins. Articles
operating at elevated temperatures, when the deciding
role is played by chemical covalent bonds, need a
reduced content of phenol�formaldehyde resins and,
thus, an increased density of the chemical cross-links.
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Abstract�The kinetics of formation of strength properties were studied for a model glue joint based on
epoxy�amine binder cured by the polycondensation mechanism at various temperatures. The binder curing
kinetics were monitored. In the course of curing, shrinkage defects were studied and the glue joint fracture
surface was examined.

In [1�3], we attempted chemical designing of high-
strength epoxy-amine binders (EABs) for fiber glass
plastics by combining the structural contributions
from polycondensation and polymerization curing
mechanisms. It was shown in [1, 3] that, with attain-
ing the optimal structural microheterogeneity of the
materials combined, this markedly enhances the cohe-
sion strength of EABs, particularly their breaking
strain, and also the fracture work. This makes these
materials especially attractive as binders for compo-
sites [4]. However, high cohesion strength of the poly-
mer matrix in a composite should be combined with
high adhesion strength with respect to the reinforcing
filler surface [5]. Studying the adhesion strength for-
mation during composite molding is essential for
chemical designing of high-strength fiber glass
plastics. It is important to elucidate how different
structural contributions from the combined different
three-dimensional cross-linking processes affect the
origination, number, and size of shrinkage and thermal
defects, the corresponding strains, and their relaxation
processes.

As known [6�8], in models simulating the three-
dimensionally strained state of the matrix in com-
posite materials, shrinkage strains arising in the course
of curing of epoxy systems are responsible for shrink-
age defects of the cohesion, adhesion, and mixed
types. The type and pattern of evolution of shrinkage
defects in the course of curing depend on the sequence
of the two processes cross-linking the polymer matrix,
namely, gelation (formation of a network of chemical
bonds) and glass transition (formation of a network of

labile physical bonds). As known [9, 10], the sequence
of these processes is governed by the curing tempera-
ture, as well as by the chemical composition of the
binder [11].

The aim of this work was to elucidate how the
shrinkage defects and relaxation (dissipative) proper-
ties of the base epoxy�amine compound cured by the
polycondensation mechanism affect formation of the
strength properties of the model composites and their
fracture in the course of curing. This is particularly
important in view of the fact that shrinkage defects
arising immediately during formation of articles from
composite materials (CMs) are able of transformation
in the course of cooling under thermal strains into
extremely dangerous defects such as critical Griffits
defects [12]. The latter stimulate further cohesion and
adhesion fracture processes in CM articles operating
under loads.

EXPERIMENTAL

Strength properties of the composites were studied
with a glue joint model (GJM) obtained by gluing two
60�25�6-mm glass plates. The plates were arranged
crosswise and separated with an insert made of a
fluoroplastic film to control the glue seam thickness
(�120 �m). A hole cut in the insert allowed control of
the glue joint area (d = 5 mm). The binder was poured
into the hole in the insert, and the plates were pressed
with a 250-g load and placed into a special stand and
then into an oven. After keeping in the oven for a cer-
tain time, a batch of six samples was cooled to room
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temperature. The remaining samples were cooled for
some more time. Some samples were glued with pure
epoxy resins without curing agent. The resins were
heated to 120�C, poured into the hole in the insert,
whereupon the plates were laid, pressed with a load,
and cooled at a rate of 0.5 deg min�1. The tensile
strength of the glue joint �glue was determined at
20�C by extending the GJM with cross-shaped clamps
at a rate of 3 mm min�1. The average �glue was es-
timated from the data obtained in tests with six
samples.

As the basic binder we used a compound based on
ED-20 epoxy�4,4�-isopropylidenediphenol resin and
m-phenylenediamine (m-PDA). The curing kinetics of
the individual binder were studied calorimetrically on
an EK-2 low-inertia calorimeter [13], using a torsion
pendulum (torsion mass 9 g; a 60-mm-long VM-1
glass thread containing 25 wt % binder as the working
unit); on a Rheotest-II viscometer [plate�cone design;
gelation time at various temperatures was determined
by extrapolating the linear section, corresponding to
a sharp viscosity growth, to the abscissa (time axis)
and, additionally, as the time of achievement of a con-
ventional viscosity of 4000 P]; and tensometrically,
on a setup described in [14].

Shrinkage defects were observed immediately dur-
ing the isothermal synthesis in long glass tubes [8],
when chemical shrinkage in the middle of the tubes
creates an all-sided extended state [15] similar to the
strained state of a matrix in a fibrous composite [7].
A fairly high adhesion between the system being
cured and the glass surface afforded the initial shrink-
age cohesion defects which further, under certain con-
ditions, evolved into adhesion exfoliates.

Figure 1 presents typical kinetic plots of �glue for
the ED-20 + m-PDA binder at curing temperatures
lower than the limiting glass transition point for this
system (155�C).

Unexpectedly, the run of these curves proved to
significantly differ from that of the curing kinetic
curves. For example, a characteristic feature of the
time dependence of �glue was a maximum in the ini-
tial stage of the binder curing, preceding the gelation
stage (the corresponding gelation onset time is in-
dicated in the abscissa with arrows). Notably, the sub-
sequent sections are characterized by steadily low
�glue. At the same time, further growth and attainment
of saturation by the �glue vs. time plot seems to na-
turally stem from development and further inhibition
of the binder curing due to its vitrification (harden-
ing). Figure 1 shows that the time of attainment of the
maximum, �glue

max, tends to decrease and the corre-

�, min
�
60
g
�

�
80
g

�
�
�

�
100
g

�glue, MPa

Fig. 1. Glue joint strength �glue as a function of the curing
time �. (�g) Gelation time; the same for Fig. 2. T, �C:
(1) 60, (2) 80, and (3) 100.

sponding �glue
max, �glue

min, and �glue
��, to increase with in-

creasing experimental temperature Tcur. At Tcur =
100�C (Fig. 1, curve 3), the previously observed �glue
maximum is virtually degenerated. Notably, similar
nontrivial variation of the glue joint strength was
revealed for binders with other compositions such as,
e.g., N,N,N �,N �-tetraglycidyl-3,3�-dichloro-4,4 �-diami-
nodiphenylmethane (EKhD grade)�aniline, ED-20�
4,4 �-diaminodicyclohexylmethane, and ED-20�ben-
zyldimethylamine.

Curing was studied at temperatures of 40�120�C
differing from both the test temperature (20�C) and
the limiting glass transition point (155�C). Therefore,
when analyzing the pattern of variation of the glue
joint strength in the course of curing, it is necessary to
take into account the fact that the binder in the GJM
before the tests can generally change its physical state
by five different pathways: liquid state (LS) at Tcur �
LS at Ttest, LS at Tcur � glassy state (GS) at Ttest, LS
at Tcur � hyperelastic state (HES) at Tcur � HES at
Ttest, LS at Tcur � HES at Tcur � GS at Ttest, LS at
Tcur � GS at Tcur � GS at Ttest.

Realization of particular pathway depends on the
sequence of the two cross-linking processes, gelation
and glass formation, for a given composition of the
binder and specific curing and test temperatures.

The glue joint strength should be determined,
above all, by the physical state of the binder in GJM
at Ttest (LS, HES, or GS) governing the elasticity
modulus on GJM extension. However, essential is
also the final physical state of the binder at Tcur,
which determines the nature of the transition on cool-
ing to Ttest and, hence, the free excess volume and its
distribution over holes (voids) [16, 17], as well as the
residual (shrinkage and particularly thermal) internal
stresses. Thus, �glue can vary in the course of curing
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IB IC ID

�glue,
MPa

Ushr,
MPa

Geff � 10�3, arb. units

�g �, min

Fig. 2. Variation of the effective elasticity modulus Geff
at (1) 20�C (G20

eff) and (2) 60�C (G60
eff), and (3) shrinkage

stresses Ushr and (4) glue strength �glue with time � and
conversion 	. Fracture time intervals: (IA�ID) cohesion,
(II) cohesion�adhesion, and (III) adhesion.

not only with the conversion of the functional groups
and cross-linking density but also with the physical
history of the binder in GJM.

Figure 2 combines the results of the kinetic studies
at Tcur = 60�C. It should be noted that, to distinguish
more clearly between the two cross-linking processes,
we studied gelation in separate, on a highly sensitive
rotation viscometer. The kinetic viscosity curves
exhibited a typical run [18, 19] and consisted of two
sections corresponding to slow and fast viscosity
growth, respectively. The gelation onset time �g

T (T is
the temperature, �C) in these curves was estimated by
extrapolating to abscissa (time axis) the linear section
corresponding to fast growth. In Figs. 1 and 2, the
respective �T

g values are shown with arrows at the
abscissa, and the corresponding temperatures are in-
dicated. Glass transition (hardening) of the binder at
room and other temperatures was studied with a less
sensitive torsion pendulum adjusted to recording
changes in the torsion rigidity of the thread due to the
liquid�glass transition only. The growth of the binder
viscosity in the initial curing stages is due to enhance-
ment of its dissipative properties (the ability of dis-
sipating energy during the relaxation process) in the
liquid state. In this work, we did not estimate the dis-
sipative (relaxation) properties of the binder in the
hyperelastic and glassy states and gave them only
general consideration. Curve 1 in Fig. 2 shows how
the effective elasticity modulus at room temperature,
G20

eff, varies with swinging of the thread of the torsion
pendulum at room temperature. Notably, in these
experiments the set of impregnated threads was kept
at 60�C for a certain time. Next, one of the threads

was cooled for a certain time to room temperature, at
which G20

eff was measured.

Curve 2 in Fig. 2 shows how the elasticity modulus
at Tcur = 60�C, G60

eff, varies with thread swinging.
The G60

eff growth onset at � = �115 min corresponds to
the glass transition onset. Notably, this time coincides
with the hardening time determined for the system
by the method of penetration of a glass rod into the
binder being cured. The attainment of saturation by
curve 2 at � = �240 min suggests that glass transition
virtually terminates at this curing temperature.

To elucidate how the physical state (LS, HES, or
GS) of the binder in the GJM affects the glue joint
strength in various stages of the chemical and physical
cross-linking, we will analyze the whole set of the
kinetic data and also the pattern of fracture of the glue
interlayer in the GJM. This pattern can be derived
from optical studies of the fracture surface image at
�10 magnification. Notably, in the course of curing
the loaded GJM undergoes fracture of three major
types: (I) cohesion, (II) cohesion�adhesion, and
(III) adhesion. These fracture types generally corre-
spond to the defects arising from spontaneous fracture
of the binder due to shrinkage strains directly at Tcur
[6�8]. Thermal strains in the course of cooling and
the external load do not principally affect the GJM
fracture pattern at Ttest.

In early curing stages (until �30 min), the binder at
Tcur and Ttest occurs in the viscous-flow LS, and upon
cooling its viscosity increases only. The cohesion frac-
ture of GJM has a liquid nature. During separation of
the plates, bubbles are formed and degrade (Fig. 3a).
The time interval corresponding to this type of cohe-
sion fracture is designated in Fig. 2 as section IA.
A minor �glue growth is due to the viscosity growth
in the course of curing.

Within 35�60 min, the binder at Tcur and Ttest also
occurs in the LS. Upon cooling to Ttest, the viscosity
markedly increases, but the G20

eff growth rate remains
unchanged (Fig. 2, curve 1). The cohesion fracture in
this stage has a plastic nature and is characterized by
weakly manifested surface relief features. This frac-
ture type is illustrated in Fig. 3b, and its correspond-
ing time interval is indicated as section IB in Fig. 2.
This section is characterized by a major primary
growth of the glue joint strength.

In the 65�90 min interval, the binder, occurring in
the LS at Tcur, exhibits the onset of transition to the
solid state upon cooling. A fairly sharp inflection ap-
pears in curve 1. At Tcur, the viscosity begins to rapid-
ly grow to a conventional value of 4000 P (at 60�C
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(a) (b) (c)

(d) (e)

Fig. 3. GJM fracture surface image. �, min: (a) 0�25, (b) 25�65, (c) 65�90, and (d) 90�160, and (e) 160�240.

within 83 min); no growth of shrinkage stresses is
observed (Fig. 2, curve 3). Shrinkage defects in the
tubular model samples do not form yet, but the glue
joint strength drastically decreases. From the time at
which �glue begins to decrease till that at which it at-
tains saturation, fracture is brittle by nature and ex-
hibits clear shear bands typical for GJMs glued with
low-molecular-weight glassy substances (e.g., ED-8
glassy epoxy resin). This fracture type is illustrated
by Fig. 3c, and its corresponding time interval is
indicated as section IC in Fig. 2. The inflection in
curve 1, transformation of the binder into brittle state,
and a sharp decrease in the glue strength directly in-
dicate the onset of glass transition of the binder at
Ttest. Notably, this is the first physical transition in
the binder manifested at room temperature. The con-
version of the binder attained by that time can be
treated as critical for attaining the GS of the binder
(	ph1) [19]. This parameter is of practical importance
for predicting the life of intermediate prepregs in
storage.

To tentatively analyze variation of the glue joint
strength within the IA�IC intervals, we will take ad-
vantage of the Griffits formula for the critical strength
�cr [12]:

�cr =(2E �/� lcr)
1/2

were E is Young modulus; 
, specific surface energy;
and lcr, critical defect size.

This formula interrelates the major factors govern-
ing the strength of solid materials: elasticity factor E,
the lcr factor characterizing the structural defective-
ness, and the 
-relaxation (dissipative) factor (accord-
ing to Berry [12]). This equation was already used for
analyzing the glue joint strength of elastomers [21]. It
suggests that a sharp increase in the glue joint strength
in going from section IA to IB cannot be due only to
enhancement of the flexible properties of the binder,
as the G20

eff growth rate in curve 1 (Fig. 2) remains
unchanged. Thus, with invariant structural defective-
ness factor, the growth of the glue joint strength
should, evidently, be due to growth of the dissipative
factor 
 (owing to the binder viscosity growth). At
the same time, a sharp decrease in the glue joint
strength in going from section IB to IC (when the
fracture mechanism changed from plastic to brittle)
should, evidently, be attributed to a decrease in the
dissipative factor owing to the change in the physical
state of the glue interlayer. It should be noted that
transition from plastic to brittle fracture means transi-
tion from fracture involving relaxation processes char-
acterized by viscous energy dissipation and, corre-
spondingly, large 
 values, to fracture characterized by
small 
 values, which are virtually equal to the energy
of new surface formation proper.
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P, wt %

�glue, MPa

Fig. 4. Variation of the glue joint strength �glue with the
content P of ED-16 and ED-8 epoxy resins.

The changes in the physical state of the binder in
early curing stages were reproduced by plates glued
with straight epoxy resins ED-16 (simulating a highly
viscous liquid medium) and ED-8 (simulating fully
glassy medium at room temperature).

Figure 4 shows that, on varying the ED-16-to-ED-8
resin ratio, �glue passes through a prominent maxi-
mum at 25 wt % of ED-8, with �glue being fairly high
at a maximum.

Thus, the changes in the glue joint strength and in
the GJM fracture pattern in the IA�IC intervals can be
treated as due to the changes in the physical state of
the binder at Ttest owing to partial chemical transfor-
mations of the initial compound, namely, formation of
linear chains or local microgels, rather than to the
onset of the chemical cross-linking with formation
of a macrogel. The microgels can be formed in the
case of microheterogeneous chemical cross-linking.

It is believed [22] that formation of microgel struc-
tures is much less probable (and, correspondingly, the
degree of microheterogeneity of the network structure
is smaller) in the case of polycondensation than in the
case of radical polymerization [23]. However, under
the actual conditions [low curing temperature and high
viscosity, sharply increasing during vitrification
(hardening) of the binder], the probability of micro-
heterogeneous cross-linking of the binder should be
fairly high [24�26]. The microheterogeneous nature
of the network structure of the binder in the HES can
be responsible for microheterogeneous structure of the
binder in the GS upon cooling, when locally vitrified
microvolumes of the binder can be distributed in a
highly viscous liquid medium and act as viscous
energy dissipation sites. Their growth in number
before complete transition of the binder to the glassy

state (which can be treated as percolation) should ini-
tially favor substantial enhancement of the dissipative
properties of the binder followed by their weakening
upon transition of the binder to completely solid
(brittle) state. This process resembles fracture of
amorphous-crystalline polymers depending on the size
and number of crystallites [27].

Within 90�180 min (ID, II), the observed pattern
of variation of the glue joint strength was unexpected.
Despite doubling of the conversion of the functional
groups within this interval, �glue remains unchanged.
The GJM fracture in this interval is plastic by nature,
when the microrelief features of the fracture surface
are more pronounced (Fig. 3d; Fig. 2, section II).
At the same time, in the case of the tubular model
samples, shrinkage stresses begin to grow at Tcur, and
shrinkage defects appear. Also, glass transition of the
binder begins and intensively develops at Tcur (G60

eff
grows; Fig. 2, curve 2). Within this time interval,
a secondary physical transition is manifested in the
binder due to formation of a macronetwork of physi-
cal bonds (glass formation) at Tcur. The critical degree
of the transition was estimated at 0.63. At Ttest, the
elasticity of the binder in the GS continues to sub-
stantially grow (curve 1).

The reasons for the lack of growth of the glue joint
strength in the time interval of interest still remain to
be fully understood. The above-presented formula
suggests two major factors responsible for the �glue
invariance. The growth of the elasticity factor and the
constancy of the relaxation factor can involve the
compensation growth of the defectiveness factor (in-
cluding growth of the sizes of the defects and internal
strains localized in their vicinity). This is in line with
the growth of the number and size of the shrinkage
defects and shrinkage stresses observed within the in-
terval of interest in the case of tubular model samples.
The growth of the elasticity factor can also be com-
pensated by a decrease in the relaxation factor. How-
ever, this seems less probable in the considered stage
of the physical and chemical cross-linking of the
binder when the gel fraction has already started to
form. In terms of the model of microheterogeneous
cross-linking of the binder, 
 can be treated as con-
stant, under assumption that a uniform macronetwork
structure has not yet formed in this stage. The binder
consists of unlinked microgels and at Tcur occurs es-
sentially in a highly viscous LS, rather than in the
HES. Upon cooling, the binder entirely transforms to
the GS with presumably globular structure. Evidently,
this specifically predetermines the cohesion fracture
mechanism for GJM, with prominent surface micro-
relief features. The glass formation in the binder,
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which began at Tcur, is accompanied by �freezing-out�
of the mobility of the largest microstructure units.
This, evidently, is responsible for even greater locali-
zation of the chemical cross-linking and yields micro-
structure units with a small dimensionality, with the
concentration of elastically active chains remaining
virtually unchanged.

Within the time interval from the glass transition
onset (115 min) to virtual completion (260�270 min),
the conversion of the functional groups of the binder
increases from 0.3 to 0.65. Nevertheless, the final
macrostructurization (monolithization) of the binder
can proceed as a physical process of vitrification of
a microheterogeneous medium by formation of physi-
cal intermolecular contacts between glassy micro-
volumes based on the most strongly cross-linked
microgels that already lost their mobility, rather than
as a chemical process of formation of an infinite net-
work of covalent bonds. Evidently, at low curing tem-
peratures, the onset of monolithization of the binder,
i.e., formation of a macronetwork of physical bonds or
macrovitrification at Tcur, is specifically responsible
for the secondary growth of the glue joint strength.

At higher curing temperatures, the secondary
growth of �glue, taking into account the growth of the
elasticity factor E and defectiveness factor lcr, can be
due to the outrunning enhancement of the dissipative
properties of the binder owing to accelerated growth
of the gel fraction content.

Notably, the section corresponding to rapid sec-
ondary growth of �glue begins approximately in the
middle of the section corresponding to the G60

eff growth
at Tcur. The enhancement of the elastic properties of
the binder during glass formation owing to chemical
cross-linking is similar, in principle, to that of elastic
dynamic properties of network polymers during glass
transition upon cooling. In the latter case, the average
change in the elastic properties during glass transition
typically corresponds to the maximum mechanical
losses in the polymer [28]. The enhancement of the
dissipative properties and, correspondingly, of the
binder strength is specifically responsible for transi-
tion from cohesion to adhesion fracture for GJM, as
suggested by the appearance of adhesion defects in the
transition region II in Fig. 3e, observed in tubular
model samples.

After the GJM fracture changes eventually to adhe-
sion mechanism (�240 min, 	 = 0.62) until attain-
ing the limiting conversion at 60�C (	� = 0.72,
�420 min), the growth of the elasticity moduli in
swinging at 20 and 60�C virtually terminates, as well
as the growth of shrinkage stresses and glue joint

strength, but in tubular samples the adhesion defects
continue to slowly grow. Transformation of the func-
tional groups of the binder and growth of the content
of the gel fraction seem to be responsible for further
enhancement of the strength of the binder and, thus,
of the GJM. But the limiting stage of the GJM frac-
ture is fracture along the glass�binder interface. The
above-presented formula suggests that, with a constant
elasticity factor, the growth of the relaxation factor is
compensated by that of the defectiveness factor (with
the adhesion defects dominating). Also, further growth
of the degree of the binder curing in the glassy state
can deteriorate the relaxation characteristics of the
glue interlayer, enhance localization of stresses near
the glass�binder interface, and increase the importance
of the adhesion factors.

Evidently, the adhesion contribution to the GJM
strength and the adhesion defects are specifically re-
sponsible for a fairly low limiting glue joint strength.
For the actual curing temperature range and glue
composition range, it was estimated at 6�20 MPa, and
the strength of the binders proper, at 60�90 MPa.
This requires paying particular attention to strengthen-
ing of the glass�gluing seam interface in further
studies.

CONCLUSIONS

(1) With ED-20�m-phenylenediamine compound
cured by the polycondensation mechanism as a binder,
the glue joint exhibits substantially nonmonotonic
variation of the strength during isothermal curing.
This is due to the action of two relaxation processes
in the glue interlayer (vitrification of the binder at
room and curing temperatures) and gelation, as well
as to changes in the fracture mechanism of the model
glue joint.

(2) The first strength maximum for the model glue
joint corresponds to transition of the binder from the
viscous-flow to glassy state. It is due to the action of
two competitive factors: enhancement of the dissipa-
tive properties due to viscosity growth because of
proceeding of the curing reaction and hardening and,
correspondingly, transformation of the binder to brittle
state at the test temperature. These findings are inter-
preted in terms of the model of microheterogeneous
cross-linking of the binder.

(3) A fairly long section characterized by a low
and virtually constant �min

glue value is, evidently, due to
growth of the contribution from shrinkage defects and
stresses.
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(4) The revealed initial growth and further decline
of the strength of the model glue joints is of practical
importance: Forced cooling of glued and, correspond-
ingly, glass fiber plastic articles in the appropriate
time interval can produce dangerous defects irremov-
able by further heating.

(5) Worsened relaxation characteristics of the
binder and concentration of thermal stresses at the
glass�polymer interface predetermines inevitable tran-
sition to adhesion fracture of the model glue joints,
thus decreasing the overall strength of the glue joint.
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Abstract�Photoinitiation activity of uranyl sulfoxide complexes in polymerization of methyl methacrylate
and epoxy acrylate derived from ED-16 and acrylic acid, and also the postirradiation effects in photopolymeri-
zation of these monomers were studied.

The behavior of uranyl salts in radical polymeriza-
tion is of interest. These compounds are inactive in
the thermal initiation of polymerization, but they are
fairly active photoinitiators [1]. In this work, we
studied photopolymerization of methyl methacrylate
(MMA) initiated with uranyl sulfoxide complexes,
which are infinitely soluble in MMA monomer.

EXPERIMENTAL

Methyl methacrylate was purified to remove the
stabilizer by the method described in [3]. Uranyl sul-
foxide complexes were synthesized by the method of
[3]. Polymerization was performed in the bulk at a
temperature controlled with �0.05�C accuracy. The
photopolymerization kinetics was studied dilatomer-
tically with molybdenum glass dilatometers. Epoxy
acrylate polymer was synthesized as in [4]. A PRK-4
mercury lamp was used as a UV source; the distance
between the light source and reactor was 14 cm in
all experiments. The dynamic viscosity was measured
with a Rheotest 2.1 device. The spectra of the samples
were recorded on a Specord UV VIS spectrophotom-
eter.

Whyte and Melville were the first who studied
uranyl salts as photopolymerization initiators [5]. They
found that, at low concentrations of uranyl sulfate, the
rate of photopolymerization of vinyl acetate and meth-
acrylic acid is proportional to the square root of the
salt concentration. Okamura and Motoyama [6] con-
firmed this dependence when studying vinyl acetate
photopolymerization activated with uranyl nitrate and
oxalate in the systems with water and acetic acid.
They observed reduction of U(VI) to U(IV) and as-

sumed the following reaction scheme taking into ac-
count the presence of water:

UO2
2+ + 2H2O � U4+ + 2OH� + 2OH�.

Simionescu et al. [7] studied photopolymerization
of acrylonitrile in the presence of uranyl salts and
found that the initiation activity decreases in the series
UO2SO4 > UO2(OAc)2 > UO2(NO3)2.

Polymerization occurs by radical mechanism, and
the polymer obtained has amorphous structure. The
subsequent studies [8�10] on using uranyl salts as
polymerization photoinitiators were aimed at compre-
hensive elucidation of the initiation mechanism.

The kinetic curves of MMA polymerization in the
presence of uranyl nitrate sulfoxide complex under
UV irradiation are shown in Fig. 1. As seen, the poly-
merization rate increases by a factor of approximately

�, %

�, h

Fig. 1. Kinetic curves of MMA polymerization at 50�C
(1) in the presence of 0.05 wt % UO2(NO3)2 �2DASO
(DASO is diamyl sulfoxide) and (2) without additions.
(�) Conversion and (�) time; the same for Fig. 4.
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A, %

�, nm
Fig. 2. Transmittance spectrum of MMA (d = 5 mm) in the
presence of 0.08 wt % UO2(NO3)2 �2DHSO (DHSO is
dihexyl sulfoxide). (A) Transmittance and (�) wavelength.

�, %

�, min
Fig. 3. Kinetics of MMA photopolymerization in the pres-
ence of 0.05 wt % UO2(NO3)2 �2DASO under the irradia-
tion at � = 430 nm (arrows bottom-up) and � = 600 nm
(arrows top-down) at 50�C. (�) Conversion and (�) time.

�, %

�, %

�, h

�, h
Fig. 4. Kinetic curves of postirradiation effects in MMA
polymerization at 50�C in the presence of 0.5 wt % (1) UO2 �
(NO3)2 �2DASO and (2) diacetyl at various conversions.

2, i.e., this complex exhibits photoinitiation activity.
The photoinitiation mechanism probably involves
sensitization of polymerization of vinyl monomers
with uranyl (sulfate, nitrate, oxalate, etc.) and was
discussed previously in numerous papers [5�10].
The following photoinitiation mechanism presented
in [6] is apparently the most realistic:

+h�
UO2

++ �� [UO2
++]*, (1)

[UO2
++]* � UO2

++ + �, (2)

[UO2
++]* � UO2

++ + h�1, (3)

[UO2
++]* + M � [UO2

++ + M]*, (4)

[UO2
++ + M]* � UO2

++ + M*, (5)

[UO2
++ + M]* � UO2

++ + R*, (6)

M* + M � 2R�1, (7)

M* � �1, (8)

R�1 + M � R�2, (9)

R*m + R*n � Pm + Pn. (10)

Photoinitiation occurs only under the action of light
with � = 430 nm, which is absorbed by the central
atom of the complex (Fig. 2). The kinetic curves of
MMA polymerization in the presence of a uranyl ni-
trate sulfoxide complex under irradiation with light
at 430 and 600 nm are shown in Fig. 3. As seen, the
rate of MMA polymerization in the presence of the
amy sulfoxide complex under irradiation by light with
the wavelength in the region of uranyl absorption
(Fig. 2) is higher compared to irradiation at the wave-
length of the ligand absorption. This suggests the
major role of uranyl in the polymerization initia-
tion. Probably, sensitization with uranyl complexes
proceeds just by the above scheme. The stepwise
character of polymerization under irradiation by light
with different wavelengths suggests different poly-
merization rates and the possibility of performing
the reaction in the controllable mode.

It should be noted that the MMA polymerization in
the presence of uranyl complexes is accompanied
by strong postirradiation effects. For comparison, the
postirradiation effect of such well-known photoini-
tiator as diacetyl is shown in Fig. 4. The reason of
this effect is poorly understood.

Afterpolymerization is also characteristic for epoxy
acrylate oligomers, e.g., ED-16-AA (products of reac-
tion of diepoxide ED-16 with acrylic acid) after short
UV irradiation, especially in the presence of uranyl
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�, MPa s

�, min
Fig. 5. Kinetic curves of dynamic viscosity 	 of epoxy acry-
late oligomer ED-16-AA after UV irradiation for 15 s in the
presence of (1) 1.0 wt % benzophenone and (2) 0.08 wt %
UO2(NO3)2 �2DASO at 60�C. (�) Time; the same for Fig. 6.

q, g g�1

�, min
Fig. 6. Kinetics of swelling q in trichloroethylene of epoxy
acrylate polymer ED-16
AA prepared in the presence of
uranyl nitrate sulfoxide complex. UV irradiation of the
initial oligomer 15 min.

nitrate sulfoxide complex (Fig. 5). Benzophenone as a
photoinitiator gives a weaker postirradiation effect.
Variation of the dynamic viscosity of this oligomer in
time after 15 s of preliminary UV irradiation is an in-
direct evidence of postpolymerization in the presence
of photoinitiators. In the system studied, there are no
mechanisms other than postpolymerization under the
action of long-lived radicals that could be responsible
for variation of the dynamic viscosity.

The kinetics of swelling of the epoxy acrylate poly-
mer prepared by photopolymerization in the presence
of uranyl nitrate complex with petroleum sulfoxides is
shown in Fig. 6. As seen, this polymer weakly swells
in trichloroethylene and is classed with cross-linked
products.

Thus, uranyl sulfoxide complexes are photoini-
tiators of MMA polymerization and of photoinduced
cross-linking of epoxy acrylate oligomers. Cross-

linked polymeric products are formed under irradia-
rion of epoxy acrylate oligomers in the presence of
uranyl sulfoxide complexes. Polymerization of both
MMA and epoxy acrylate oligomers is accompanied
by increased postirradiation effects as compared to
standard photoinitiators (dibenzoyl, diacetyl, benzo-
phenone).

CONCLUSIONS

(1) Uranyl sulfoxyde complexes are fairly efficient
photoinitiators of polymerization of methyl methacry-
late and epoxy acrylate oligomer.

(2) The monomers studied show increased after-
polymerization effect.

(3) The polymerization rate can be controlled
by varying the irradiation wavelength.
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Abstract�The structural transformations of oligoglycol acrylates in the surface layers of polymethyl
methacrylate were studied.

Surface bursting resulting in development of cracks
with the depth of 1�2 mm and more (�silver� forma-
tion) is characteristic of polymethyl methacrylate
(PMMA) plexiglass. Under conditions of artificial and
natural aging, evaporation of low-molecular-weight
substances, and action of various factors, significant
defects are formed, altering the physicomechanical,
optical, and other characteristics of plexiglasses.
Factors deteriorating the strength of the surface layer
of glass play an extremely important part in appear-
ance of �silver.� The appearance of �silver� is es-
pecially affected by almost all organic solvents.

The real method of strengthening the surface layers
is creation of gradient interpenetrating networks
(IPNs) [1�3], blends of three-dimensional polymers in
which concentrations of components vary through the
cross section of the sample. Introduction of oligo-
glycol acrylates of various structures, polymers based
on which are characterized by increased softening
point and hardness [4], into the surface layers of
PMMA allows production of materials of the gradient
semi-IPN type with enhanced performance.

Diffusion swelling of PMMA in oligoglycol acry-
lates, ethylene glycol dimethacrylate (EGDMA), tri-
ethylene glycol dimethacrylate (TEGDMA), and poly-
ethylene glycol dimethacrylate (PEGDMA), was
carried out at 37, 42, and 50�C. The degree of swel-
ling of PMMA in the oligomers is presented in
Table 1. The kinetic curves of PMMA swelling in
acrylates at 50�C are shown in Fig. 1.

Table 1 shows that, with increasing molecular
weight (correspondingly, with decreasing fraction of
acrylate groups in oligomer molecules), the degree of
swelling increases. Apparently, the rate of polymeriza-
tion of oligoglycol acrylates increases with decreasing
their molecular weight, which results in an increase
in the viscosity of oligoglycol acrylates in the course

of diffusion and, correspondingly, in a decrease in
swelling.

To identify the spectra of the gradient PMMA, we
recorded the IR spectra of polyglycol acrylates pre-
pared by polymerization of the corresponding oligo-
mers. The spectra of the diffusion-modified PMMA at
various depths of the samples were obtained by laser
spectroscopy.

The characteristic bands for polyglycol acrylates
based on EGDMA are 1639 and 1283 cm�1, up to
1283.5 for PEGMA, and 1283.6 cm�1 for TEGMA.
The band at 988.2 cm�1 in the spectrum of PMMA
was selected as the reference for calculations.

Processing of the spectra and determination of the
intensity ratio of the characteristic bands to the refer-
ence band at 988.2 cm�1 at various depths from the
sample surface allowed determination of the relative
content of oligomers in the surface layers of the sam-
ples. The results are presented in Table 2.

As follows from Table 2, the dependence of the
oligomer concentration on the depth of its penetration
into the PMMA matrix has a maximum (Fig. 2). For

Table 1. Degree of swelling of PMMA � in oligomers
����������������������������������������

Tsw,* �C

�

Oligomer

� �, wt %, at indicated treatment
� � duration, min
� �������������������������
� � 30 � 60 � 90

����������������������������������������
37 �EGDMA � 0.8 � 2.3 � 4.3

�TEGDMA � � � � � �

�PEGDMA � 7.2 � 11.4 � 16.2
� � � �50 �EGDMA � 1.9 � 6.6 � 10.4
�TEGDMA � 7.8 � 11.8 � 13.5
�PEGDMA � 15.4 � 18.0 � 20.8

����������������������������������������
* Tsw is the swelling temperature.
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Table 2. Relative content of oligomers in the surface layers of PMMA (swelling at 50�C)
������������������������������������������������������������������������������������

Distance from the � Intensity ratio of the characteristic bands to the band at 988.2 cm�1

�������������������������������������������������������������������sample surface, �m � EGDMA � TEGDMA � PEGDMA
������������������������������������������������������������������������������������

2 � 1.50 � � � �
5 � 1.50 � � � �

10 � 1.60 � � � �
30 � 1.80 � � � 2.60
50 � 1.85 � 2.45 � 1.15
60 � 1.85 � 2.30 � 0.07

100 � 1.60 � 1.98 � Absent
200 � 0.90 � 0.95 � �
240 � 0.70 � 0.75 � �
500 � 0.22 � 0.30 � �
540 � 0.18 � Absent � �

������������������������������������������������������������������������������������

TEGDMA and PEGDMA, the range of variation is
narrow, since in the surface layers we failed to reveal
the band characteristic for PMMA (988.2 cm�1).

The data obtained show that, the higher the molec-
ular weight of oligoglycol acrylate, the smaller the
depth of its penetration into the PMMA matrix.
A comparison of these data with the results listed
in Table 2 suggests higher local concentration of
the oligomers with the higher molecular weight
(PEGDMA and TEGDMA) in the surface layers, since
the greater degree of swelling corresponds to the
smaller penetration depth.

To explain why the dependence of the oligomer
concentration on the penetration depth has a maxi-
mum, we studied structural transformations of oligo-
glycol acrylates in the surface layers of PMMA. To
identify the resulting structures, we recorded the
1H NMR spectra.

The treatment of the 1H NMR spectra and deter-
mination of the intensity ratio of the characteristic
signals to the reference signal confirmed polymeriza-
tion of the oligomer in the surface layers, which is
observed only when a �threshold� concentration of the
oligomer in the surface layer is reached. The local
concentration of the oligomer in the surface layers
at which polymerization begins is approximately 15�
20 wt %; this corresponds to the degree of swelling of
the polymer in oligoglycol acrylate of 6�9 wt %.
With a further increase in the degree of swelling, the
fraction of nonpolymerized oligomer in the surface
layers decreases owing to its conversion into the
network polymer (Fig. 3).

Polymerization of the oligomer is also confirmed
by the results of studying the molecular mobility in
the surface layers of PMMA. At the degree of swell-

ing more than 10%, the mobility of the oligomeric
component decreases (Fig. 4) owing to curing. With
increasing degree of swelling, the fraction of the com-
ponent corresponding to the mobility of oligomer in

�, wt %

�, min
Fig. 1. Kinetic curves of PMMA swelling in oligoglycol
acrylates at 50�C: (�) degree of swelling and (�) time.
(1) EGDMA, (2) TEGDMA, and (3) PEGDMA; the same
for Fig. 2.

h, �m
Fig. 2. Relative content of oligomers in the surface layers
of PMMA from the evidence of laser Raman spectroscopy
(the 1283.2 cm�1/988.2 cm�1 intensity ratio). (I /I0) Rela-
tive intensity and (h) penetration depth.
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�, wt %
Fig. 3. Relative content of EGDMA (from the evidence of
1H NMR) as a function of the degree of swelling of PMMA
�. (I /I0) Relative intensity.

T, �C

�, �s

Fig. 4. Transverse spin�spin relaxation time � of the surface
layers of PMMA modified with EGMA at 50�C as a func-
tion of temperature T. Degree of swelling (wt %): (1) 1.9,
(2) 3.6, (3) 8.1, and (4) 20; the same for Fig. 5.

T, �C

T2a, %

Fig. 5. Population of the mobile component T2a of surface
layers of PMMA modified with EGMA at 50�C as a func-
tion of temperature T.

PMMA increases to the threshold concentration and
then starts to decrease (Fig. 5).

Thus, the forming structure of gradient polymers is
largely governed by the depth of penetration of the
oligomeric modifying agent into the surface layer and
the degree of its curing in this layer.

EXPERIMENTAL

In the experiments we used PMMA of the Altuglas
brand with the following physicochemical character-
istics: d = 1188 kg m�3, nD

20 = 1.4900, Tg = 100�C;

EGDMA with d = 1080 kg m�3 and nD
20 = 1.4540;

TEGDMA with d = 1092 kg m�3 and nD
20 = 1.4600;

PEGDMA with d = 1099 kg m�3 and nD
20 = 1.4900;

benzoyl peroxide in the amount of 0.3% (with respect
to oligoglycol acrylate) was used as polymerization
initiator.

The structure of gradient PMMA was analyzed by
IR and laser spectroscopy. The IR spectra were re-
corded on a Perkin�Elmer 2000 FI-IR spectrometer.

The spectra of diffusion-modified PMMA at vari-
ous depths of the samples were obtained by the laser
spectroscopy on a Raman DILOR XY spectrometer
with multichannel detection, equipped with a micro-
scope and a video image (excitation of platinum at
458 �m, XYZ with manual or automatic monitoring
of excitation zone). The composition of gradient
layers was studied at various depths from the surface
up to 550 �m (with a step of 1 �m in the automatic
mode).

To study the molecular mobility in the surface
layers of PMMA (samples of surface layers of modi-
fied PMMA in powdered form), we used pulse NMR
at 64 MHz.

The 1H NMR spectra were recorded on a Bruker
spectrometer operating at 100 MHz using acetone-d6
as a solvent.

CONCLUSIONS

(1) With increasing molecular weight (correspond-
ingly, with decreasing fraction of acrylate groups in
oligomer molecules), the degree of swelling of poly-
methyl methacrylate in oligomers increases. For ethyl-
ene glycol dimethylacrylate, the oligomer concentra-
tion as a function of the depth of its penetration into
the polymethyl methacrylate matrix passes through
a maximum.

(2) Polymerization of oligomers in the polymethyl
methacrylate matrix is observed only when their
threshold concentration in the surface layers, approxi-
mately 15�20 wt %, is reached.
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Abstract�Solid, optically transparent polymers with a high (up to 25 wt %) content of coordination-bound
rare-earth elements were prepared by curing glycidyl esters of phosphorus acids with rare-earth metal salts.

There are two main lines in the use of metal com-
pounds in preparation of epoxy polymers [1�3]. Salts
and other metal compounds catalyze curing of epoxy
oligomers [1, 2] and can be latent hardeners, e.g., for
preparation of single-component epoxy compounds.
Large amounts of metal ions can improve such proper-
ties of epoxy polymers as adhesion, bending strength,
crack resistance, water absorption, and softening point
[2, 3]. Nevertheless, introduction of metal ions into
epoxy resins is complicated because of low solubility
of their inorganic compounds (oxides, salts). This
problem is usually solved using salts with organic
anions or metal complexes. However, introduction of
noticeable amounts of large organic ions and mole-
cules together with metals can worsen the polymer
parameters and requires special study.

Among metal ions introduced into epoxy polymers,
we can emphasize rare-earth elements (REE). REE-
containing polymers arouse growing interest, which is
caused by the possibility of producing various optical
devices (waveguides, optical amplifiers, lasers) on
their base [4]. The use of epoxides as polymeric
matrices is caused by a set of their favorable physico-
mechanical properties providing good performance.
However, polymers prepared by curing of commercial
epoxy�4,4�-isopropylidenediphenol oligomers show
insufficient optical characteristics, softening point,
and refractoriness.

It was shown previously that polymers based on
glycidyl esters of phosphorus acids (GEP) combine
high physicomechanical and thermal properties and
refractoriness with good optical characteristics [5�8].
In addition, phosphoryl groups in GEP molecules can
form additional coordination bonds with multicharged
metal ions (including REE ions), similarly to trialkyl

phosphates, which are well-known extractants [9].
This suggests the possibility of introducing large
amounts of REE ions into such epoxy polymers.

In this work we studied formation of GEP-based
solid, optically transparent polymers with required
refractive index and high (up to 25 wt %) concentra-
tions of coordination-bound REE ions.

EXPERIMENTAL

GEPs of the general formula

RP(OCH2CH�CH2)2,
|| \ /
O O

where R is (OCH2CH�CH2)2, (I), OCH3 (II), CH3
\ /

O
(III), synthesized as in [10] and analytically pure or
chemically pure grade REE chlorides, nitrates, and
sulfates (Y, Sc, La, Pr, Nd, Gd, Tb, Dy, Ho, Er, Tm,
Yb, Lu) were used.

Glycidyl esters of phosphorus acids were dried by
water distillation in a vacuum for 1 h at 60�70�C. The
REE salts were used in the form of crystal hydrates
or dehydrated samples. Polymers were prepared by
stirring at 25�C phosphorus-containing glycidyl ester
with REE salt in 100 : (0.5�50) weight ratio (as calcu-
lated for cation content) until the salt completely dis-
solved; curing was performed at 40�80�C.

The viscosity of mixtures of REE salt and GEP
was determined according to GOST 10587�84 as the
time of outflow of a definite volume of the mixture
through a VPZh-1 viscometer capillary with a diam-
eter from 0.54 to 5.1 mm.
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Gel times �gel of compounds of GEPs I�III with MX3, glass transition points Tg, and hardnesses H of polymers
������������������������������������������������������������������������������������

LnX3,* wt %
�

Tcur, �C
� �gel, h � Tg, �C � H, MPa

� ������������������������������������������������������������
� � I � II � III � I � II � III � I � II � III

������������������������������������������������������������������������������������
Gd(NO3)3

0.5 � 40 � 7.1 � 8.0 � 9.1 � 62 � 60 � 57 � 136 � 134 � 133
10 � 40 � 4.2 � 5.1 � 6.4 � 95 � 91 � 84 � 142 � 138 � 137
25 � 40 � 2.3 � 3.4 � 4.6 � 110 � 105 � 98 � 148 � 143 � 140
0.5 � 60 � 6.5 � 7.4 � 8.1 � 68 � 65 � 60 � 137 � 135 � 132

10 � 60 � 3.4 � 4.3 � 5.4 � 99 � 96 � 90 � 145 � 141 � 139
25 � 60 � 1.5 � 2.5 � 3.2 � 115 � 110 � 102 � 151 � 149 � 148
0.5 � 80 � 5.1 � 6.2 � 7.4 � 72 � 69 � 64 � 139 � 136 � 134

10 � 80 � 2.5 � 3.5 � 4.1 � 105 � 100 � 96 � 148 � 145 � 141
25 � 80 � 1.1 � 2.3 � 2.8 � 120 � 111 � 106 � 155 � 153 � 150

GdCl3
0.5 � 40 � 8.0 � 8.9 � 10.2 � 60 � 58 � 55 � 135 � 132 � 131

10 � 40 � 4.2 � 5.5 � 8.1 � 89 � 84 � 81 � 140 � 135 � 134
20 � 40 � 2.5 � 3.8 � 4.2 � 106 � 100 � 94 � 145 � 140 � 139
0.5 � 60 � 7.2 � 8.3 � 9.1 � 66 � 64 � 62 � 136 � 133 � 132

10 � 60 � 3.6 � 4.6 � 6.2 � 99 � 96 � 92 � 144 � 140 � 138
20 � 60 � 2.1 � 3.1 � 5.8 � 112 � 110 � 105 � 148 � 146 � 145
0.5 � 80 � 6.2 � 7.2 � 8.2 � 71 � 70 � 67 � 137 � 135 � 134

10 � 80 � 2.7 � 3.8 � 5.5 � 103 � 100 � 95 � 145 � 143 � 140
20 � 80 � 1.4 � 2.4 � 3.4 � 117 � 114 � 110 � 150 � 145 � 144

Gd2(SO4)3
0.5 � 40 � 9.2 � 10.6 � 11.8 � 60 � 58 � 55 � 134 � 131 � 129
8 � 40 � 4.9 � 6.4 � 7.6 � 87 � 80 � 79 � 137 � 135 � 134

15 � 40 � 3.2 � 4.1 � 5.3 � 100 � 118 � 90 � 140 � 138 � 136
0.5 � 60 � 8.4 � 9.6 � 10.7 � 65 � 63 � 60 � 136 � 132 � 130
8 � 60 � 4.3 � 5.3 � 6.8 � 92 � 90 � 88 � 139 � 137 � 135

15 � 60 � 2.5 � 3.4 � 4.7 � 110 � 102 � 98 � 142 � 140 � 138
0.5 � 80 � 7.0 � 8.3 � 9.7 � 70 � 68 � 65 � 137 � 135 � 133
8 � 80 � 3.2 � 4.1 � 5.9 � 100 � 98 � 92 � 140 � 139 � 136

15 � 80 � 2.1 � 3.0 � 4.6 � 115 � 110 � 105 � 142 � 141 � 140
������������������������������������������������������������������������������������
* Content as calculated for cation.

The glass transition point Tg was determined by
a thermomechanical method with a PTB-1 device. The
heating rate was 50 deg h�1 at static loading (P = 9.8�
39.2 N) of cylindrical samples 8 mm in diameter and
11 mm high.

The hardness of samples was measured with a
PMT-3 microdurometer.

The IR spectra of samples were recorded on a
Specord IR-75 spectrometer, and UV-VIS spectra, on
a Lambda EZ210 (Perkin�Elmer) spectrophotometer.

After mixing metal salt with phosphorus-containing
glycidyl esters I�III, the viscosity of the system
gradually increases. The process rate depends on the

salt content, cation, anion, GEP structure, tempera-
ture, and moisture content. The time dependences of
the viscosity of REE salt�I mixtures for two concen-
trations of holmium and ytterbium nitrates are shown
in Fig. 1. With gadolinium salts as examples, the gel
time is presented in the table as a function of curing
temperature, anion, and GEP structure. As seen, the
gel time decreases in the orders III > II > I and sul-
fate > chloride > nitrate. The temperature rise and in-
crease in salt concentration also accelerate gelation.
In the series of REE cations, no regular trends in the
curing rates were revealed.

The curing was monitored by IR spectroscopy. The
IR spectra of gadolinium sulfate solution in triglycidyl
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phosphate and of the cured polymer are shown in
Fig. 2. Metal ions open the epoxy ring, which follows
from disappearance of the band at 920 cm�1. Simul-
taneously, new bands at 1640 and 1290 cm�1 appear.
The first of them can be assigned to vibrations of
C�O�M bonds [11] formed by opening of the epoxy
ring with REE ion. The band at 1290 cm�1 belongs to
ether bonds C�O�C.

In the presence of REE ions, two mechanisms of
epoxy ring opening are possible. At a low cation con-
tent, catalytic homopolymerization (with formation of
C�O�C ether bonds) proceeds. At high REE salt con-
centrations, along with homopolymerization, epoxy
ring opening can occur by binding of the metal ion
(with formation of C�O�M bonds) and growth of the
polymer chain. It was established by DSC that small
(0.5�5 wt parts) amounts of REE triflates catalyze
DGEBA polymerization with complete cross-linking
at 120� 200�C [12]. From the temperature depen-
dences of the dielectric loss tangent, we determined
the glass transition points of polymers: 108.8, 95.1,
124.8, 110.5, and 93.1�C for the samples prepared
with Yb3+, La3+, Ce4+, Dy3+, and Sm3+, respectively.

It was found that the intensity ratio of the bands at
1290 and 1640 cm�1 decreases as the REE content in-
creases. This shows that homopolymerization, prevail-
ing at a low content of metal ions [12], gives way to
the metal-coordination mechanism at high REE con-
centrations.

Reactions of I�III with REE salts yield hard poly-
mers with the hardness of 130�150 MPa (see table).

The polymers prepared were studied thermomech-
anically. Figure 3 shows the thermomechanical curves
of triglycidyl phosphate cured at 40�C with various
amounts of yttrium nitrate. As seen, the glass transi-
tion point increases and deformation decreases with
increasing salt concentration. The Tg values found
from thermomechanical curves are also listed in the
table.

The table shows that, for metal-coordinated poly-
mers based on bi- and trifunctional GEPs, Tg differs
only slightly. At low metal concentrations, this can be
caused by the fact that in homopolymerization, char-
acteristic for this concentration range, the three func-
tional groups of triglycidyl phosphate are not fully
converted. This is indicated by relatively low glass
transition points. At high concentrations of metal ions,
small differences in the glass transition and hardness
for bi- and trifunctional GEPs can be explained by the
fact that the thickness of the polymer network is
determined by cross-links produced by coordination

�, Pa s

�gel �, h

Fig. 1. Increase in viscosity � of M(NO3)3�I mixtures
in time � at 40�C. M: (1, 3) Ho and (2, 4) Yb. Salt content
as calculated for cation (wt %): (1, 2) 1 and (3, 4) 10.

�, cm�1

Fig. 2. IR spectrum of Gd2(SO4)3�I system (1) after mix-
ing and (2) after curing at 40�C for 6 h. (T) Transmittance
and (�) wave number. Salt content as calculated for cation
5 wt %.

�, %

T, �C
Fig. 3. Thermomechanical curves of the polymer based on
Y(NO3)3 and GEP I, prepared at 80�C. (�) Deformation and
(T) temperature. Salt content as calculated for cation
(wt %): (1) 1, (2) 5, and (3) 10.

of REE cations, whose coordination numbers are
close [11].

As noted above, polymers doped with REE are of
great interest as materials for optics and quantum elec-
tronics. Polymers obtained in reactions of GEPs I�III
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(a)

�, nm

�, nm

(b)

Fig. 4. Electronic absorption spectra of M(NO3)3�I liquid
systems and (2) polymers on their base, cured at 40�C.
(A) Optical density and (	) wavelength. M: (a) Pr and
(b) Nd. Salt content as calculated for cation 10 wt %.

with REE salts exhibit high transparency with 98�
99% transmittance in the visible range for the materi-
als based on La3+, Y3+, Sc4+, Yb3+, Tb3+, Gd3+, and
Lu3+. For the materials with REE ions absorbing in
the visible range, we recorded the corresponding spec-
tra. Some of them for liquid and cured REE-contain-
ing samples are shown in Fig. 4. As seen, curing does
not affect the location and width of bands and weakly
affects the background absorption. The spectra ob-
tained have a better resolution as compared to the
spectra given in [13] for glasses doped with the same
REE, which are used as fiber amplifiers and lasers
[14]. Thus, epoxy polymers doped with REE show
promise as optical materials.

CONCLUSIONS

(1) The possibility of formation of metal-coordi-
nated polymers in reaction of glycidyl esters of phos-
phorus acids with REE salts was demonstrated.

(2) Polymers obtained were characterized by elec-
tronic and IR spectroscopy and thermomechanically.
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Abstract�Flocculation of a latex of SKS-30 ARK commercial rubber with homopolymers and copolymers of
N-vinylcaprolactam, 1-vinyl-2-methylimidazole, and its quaternization product was studied. The flocculating
power of the nonionic polymers in acid solution was evaluated. The performance of the copolymers grows
with increasing content of cationic units in the macromolecules and on adding an acid.

An urgent problem in rubber production is devel-
opment of methods of salt-free coagulation of latexes
with synthetic and natural polymers, including prote-
ins [1, 2]. An important advantage of coagulants based
on natural products is that they are nontoxic and en-
vironmentally friendly. Protein hydrolyzates used as
coagulating additives in industry [3, 4] are unstable
in storage and nonuniform in composition; they also
have other drawbacks. The undesirable properties of
protein products are partially eliminated by perform-
ing coagulation with addition of salts. Promising
coagulants for latexes are synthetic polymers with an
amide (peptide) bond, containing ionic groups in the
macrochain. These groups enhance the coagulation
power of macromolecular compounds.

It is known [5] that polymers based on N-vinyl-
caprolactam (VC), containing an amide bond in the
ring, are low-toxic and capable of complexation; their
aqueous solutions have the lower critical solution
point in the temperature interval of functioning of
living bodies. Lozinskii et al. prepared a �protein-like
copolymer� from VC and 1-vinylimidazole [6] with
the structure resembling that of a globular protein.
It was shown previously that 2-methylimidazole (MI)
used in production of drugs, polymeric materials, and
other products is suitable for latex coagulation [7].

In this work, we studied coagulation of a latex
of SKS-30 ARK commercial rubber with a VC homo-
polymer and its copolymers with N-vinylimidazoles.
As comonomers we used 1-vinyl-2-methylimidazole
(VMI) and 1-vinyl-2-methyl-3-propylimidazolium
iodide (VII). This choice was governed by the ease

of preparing these monomers from readily available
2-methylimidazole (MI).
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EXPERIMENTAL

VC (mp 33�34�C, bp 92�93�C/1 mm Hg) was
prepared from caprolactam, acetaldehyde, and alcohol
by the procedure described in [8]. VMI was prepared
by thermal dehydration of 1-(2�-hydroxyethyl)-2-meth-
ylimidazole with a mixture of KOH and NaOH (1 : 1
by weight) at 150�160�C in the presence of hydroqui-
none. Fractionation yielded VMI with bp 64�66�C
at 4 mm Hg and nD 1.5250, which agrees with refer-
ence data [9].

Synthesis of 1-(2�-hydroxyethyl)-2-methylimidazole
involved the reaction of MI with oxirane in DMF.
Vacuum fractionation of the reaction mixture gives a
product with mp 64�65�C (from ethyl acetate).

VII was prepared by quaternization of VMI with
propyl iodide. A solution of VMI in absolute ethyl
acetate was mixed with C3H7I at 5�C, stirred for 1 h,
and allowed to stand for 12 h at the same temperature.
The product was recrystallized from isobutyl alcohol
and dried in a vacuum; mp 129�130�C, in agreement
with published data [10].
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Poly-N-vinylcaprolactam (PVC) and poly-1-vinyl-
2-methylimidazole (PVMI) were prepared by radical
polymerization in isopropanol at 70�C. The monomer
concentration was 3.0 M, and the initiator [azobis(iso-
butyronitrile), AIBN] concentration, 3.0 � 10�2 M.
Under such conditions, we prepared PVC with M� =
2.65 � 104, and at [VC] = 4.5 M, with M� = 8.2 � 104.
PVC with M� = 3.5 � 104 was prepared by polymeri-
zation in benzene solution at 50�C for 5 h at [AIBN] =
1.5 � 10�2 M. The polymers were precipitated with
hexane and vacuum-dried at 55�60�C. The molecular
weights M� were calculated from the intrinsic viscosi-
ties [�] by the formula [�] = 1.5 � 10�4M�

0.68 [5].
PVMI had [�] = 0.17 dl g�1 in C2H5OH at 25�C.

The radical copolymerization of VC with VII was
performed in ethanol, and that with VMI, in isoprop-
anol (total concentration of comonomers 1 M) under
conditions of thermal initiation (70�C, [AIBN] = 1 �
10�2 M). The mole fractions of the comonomers in the
mixture were varied from 0.1 to 0.9. The products
were precipitated with hexane and dried similarly to
the homopolymers. Over the entire composition range,
[�] of the homopolymers was 0.10�0.12 dl g�1 (for
VC�VII in CH3OH and VC�VMI in H2O) at 25�C.

The copolymer compositions were determined by
IR spectroscopy, from the intensity ratio of the ab-
sorption bands in the regions of 1635 (C=O vibrations
of the VC units) and 1440 cm�1 (vibrations of the
imidazole ring [11]).

Coagulation experiments were performed with a
latex of commercial SKS-30 ARK rubber prepared
with an emulsifying system based on disproportion-
ated tall oil [12].

The coagulation power of the polymeric products
was evaluated gravimetrically (by the weight of the
coagulum formed) and visually (by the serum trans-
parency). Coagulation was performed in a stirred flask
containing 20 ml of a latex solution containing 1%
dispersed phase (dry residue 18.65%). After ther-
mostating at room temperature, the prescribed amount
of an aqueous solution of a polymer was added with
stirring. The consumption of the acidifying agent
(2.0% sulfuric acid) was 15 kg t�1 rubber. The result-
ing coagulum was separated from the serum, washed
with water, and dried to constant weight at 75�80�C.

Experiments on latex coagulation were performed
with PVC (M� 26.5 � 103 and 3.5 � 106) and with
VC�VMI (VC mole fraction 0.57) and VC�VII (VC
mole fraction 0.57 and 0.66) copolymers.

Since data on VC (M1)�VII copolymers are lack-

ing, we studied their radical copolymerization in
ethanol under conditions of thermal initiation. From
the data on composition of the copolymers obtained
at low (up to 5�7%) conversions, we calculated ana-
lytically [13] the apparent copolymerization constants:
r1 = 0.54�0.07 and r2 = 0.03�0.02. Thus, r1 and r2
differ considerably, with VII showing relatively low
(r2 � 0) activity. This is due to the fact that VII is
charged, which prevents its addition to the propagat-
ing macroradical bearing like-charged units and favors
addition of VC units.

We found that VC�VII copolymers with the VC
mole fraction exceeding 0.55 are water-soluble like
PVC of widely varied M�. As the content of VC units
decreases, the products become water-insoluble be-
cause of increased content of hydrophobic VII units.

The coagulation performance of the polymers was
evaluated from the rubber flocculation curves, i.e.,
from the dependences of the weight fraction 	 of the
recovered polymer on the flocculant concentration c.

VC homopolymers differing in M� and the VC�
VMI copolymer without acidification showed no floc-
culating power. Nonionic PVMI tested for comparison
behaved similarly. The curves of rubber recovery
with PVC, PVMI (Fig. 1a), and VC�VMI copolymer
(Fig. 1b, curve 8) pass through a maximum (floccula-
tion optimum), i.e., their shape is typical of floccula-
tion of negatively charged sols (including latexes)
with nonionic polymers and cationic polyelectrolytes
[14, 15]. A decrease in the efficiency of rubber recov-
ery at flocculant concentrations above the optimum is
accounted for, according to the existing concepts [16],
by restabilization of the system due to recharging of
particles (addition of polyelectrolytes) and/or forma-
tion on their surface of a dense layer of adsorbed
hydrophilic macromolecules, exerting a stabilizing
effect (addition of nonionic polymeric flocculants).

The appearance of the flocculating power in an
acidic solution may be due to two factors. First, the
aggregative stability of the latex decreases owing to
hydrolysis of carboxyl-containing surfactants (salts of
fatty and other acids) to form insoluble and virtually
nondissociating carboxylic acids showing no protec-
tive effect. In the process, the charge and potential of
the particles and the thickness of the electrical double
layer should decrease. As a result, the particles be-
come able to approach each other to a distance at
which the thickness of the adsorption layer of the
macromolecules is sufficient for formation of inter-
particle bridges [16].
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Second, the flocculating effect of PVC and VC�
VMI copolymer, and also of PVMI in an acid solution
may be associated with appearance of positively
charged sites in the macromolecules due to protona-
tion. In polymers containing VMI units, the protona-
tion can occur at nucleophilic pyridine-like nitrogen
atoms of the imidazole ring [17]. The protonation of
azoles at the nitrogen atoms containing lone electron
pairs in interaction with mineral acids is indicated in
[18]. This is also suggested by the previously revealed
[7] dramatic enhancement of the coagulating power of
2-methylimidazole in acid solution upon addition of
increasing amounts of sulfuric acid.

In PVC and its copolymers, the possible protona-
tion site in acid solutions is the C=O group of lactam
units. This process was detected experimentally with
a related polymer, polyvinylpyrrolidone [19], by
NMR spectroscopy. According to [19], in acid solu-
tions, at pH < 4, the 13C NMR signal of the carbonyl
carbon atom is regularly shifted downfield with in-
creasing acidity. This suggests an increase in its posi-
tive charge and may be due to protonation of the car-
bonyl oxygen atom. Protonation of PVC is confirmed
by certain experimental data. For example, with hy-
drogen ions in the latex replaced by Na+ ions in an
equimolar amount, the flocculation efficiency is ex-
tremely low, 	 = 1�3% (Fig. 1, curve 4). Hence, spe-
cifically appearance of cationic groups in PVC macro-
molecules, rather than an increase in the ionic strength
of the medium, is the decisive factor responsible for
coagulation. The efficiency of rubber recovery is also
very low when an acid is added without a flocculant,
whereas an increase in the acid concentration in the
presence of PVC causes a sharp growth of 	 (Fig. 1,
curves 9 and 10), presumably due to increasing proto-
nation of the polymer macromolecules.

Thus, PVC (like PVMI) in acid solutions acquires
the properties of a cationic polyelectrolyte. Its addi-
tion to a latex under these conditions should result in
chemical binding of surfactant (stabilizer) anions with
the cationic centers of flocculant macromolecules to
form insoluble ionic complexes exhibiting no stabiliz-
ing effect. Such an interaction was detected nephelo-
metrically in the presence of an acid in aqueous solu-
tions of a mixture of PVC with Leukanol1 [a nonhy-
drolyzable (in contrast to soaps) stabilizer present in
latexes] (Fig. 2). Figure 2 shows that, as the acid con-
centration is increased, the turbidity first grows slight-
ly and then sharply, suggesting formation of particles
������������

1 A mixture of sodium salts of an oligomeric product formed by
condensation of �-naphthalenesulfonic acid with formaldehyde.

(a)

(b)

(c)

�, wt %

�, wt %

�, wt %

c � 102, g dl�1

c � 102, g dl�1

ca � 103, M

Fig. 1. Weight percentage of the recovered rubber � as a
function of the concentration of (a) homopolymers (c),
(b) copolymers (c), and (c) acid (ca). (1, 4) PVC (M� =
3.5 �106), (2) PVMI, (3) PVC (M� = 2.65 �104), (5, 7) VC
(mole fraction 0.66)�VII copolymer, (6) VC (mole fraction
0.57)�VII copolymer, (8) VC (mole fraction 0.57)�VMI co-
polymer, and (9) PVC (M� = 8.2 � 104). (4) NaCl concen-
tration 3�10�3 M. H2SO4 concentration, M: (1�3, 5, 8) 1.5�
10�3 and (4, 6, 7) 0. PVC concentration (M� = 8.2 � 104):
(9) 2.2 � 10�3 and (10) 0.

of the insoluble oligomer�polymer complex [20]. In
the absence of an acid, no interaction is observed in
a wide range of Leukanol concentrations (Fig. 2,
curve 2).

It should be noted that, at the acid concentrations
used in flocculation experiments (Fig. 2, point in
curve 2 denoted with a circle), there is no noticeable
increase in the turbidity. This fact apparently suggests
that, under these conditions, the degree of protonation
is low and the concentration of the forming complex
is below the solubility limit at which the new phase
starts to precipitate.

Thus, appearance of positive charges in polymer
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� � 103, cm�1

ca � 102, M

cL � 103, M

Fig. 2. Turbidity � (1) of solution of PVC (M� = 8.2 �
104)�Leukanol mixture (3.6 � 10�3 M each) as a function
of H2SO4 concentration ca and (2) of PVC solution (3.6 �
10�3 M) as a function of the Leukanol concentration cL in
the absence of the acid.

macrochains in acid solutions results in manifestation
of the neutralization mechanism of flocculation, along
with the bridging mechanism. The neutralization
mechanism involves binding of surfactant (stabilizer)
anions with cationic groups of the flocculant macro-
molecules.

Comparison of the curves for PVC and PVMI
(Fig. 1a) shows that the polymer with an imidazole
ring exhibits a stronger flocculating effect. This is
indicated by the fact that the optimal flocculating
concentration of PVMI (9.4 � 10�3 g dl�1) is consid-
erably lower than that of PVC (3.9 � 10�2 and 5.3 �
10�2 g dl�1 for samples with M� = 2.65 � 104 and
3.5 � 106, respectively). The higher flocculating activ-
ity of PVMI and VC�VMI copolymers is due to the
presence in the macromolecules of more basic imida-
zole rings which are protonated in acid solutions
more efficiently than caprolactam units.

The influence of the molecular weight of the poly-
mers on their flocculating effect was considered with
PVC samples differing in M� by a factor of more than
1000. We found that the floculation efficiency notice-
ably grew with increasing average molecular weight
of PVC (with the sample having M� = 3.5 � 106, the
coagulum yield in the flocculation optimum is 100%,
whereas with the relatively low-molecular-weight
sample it is about 70%). Such a trend is characteristic
of nonionic and weakly charged polymers (with which
PVC in a weakly acidic solution can be classed) and
is not observed with highly charged polyelectrolytes
[15, 16].

Copolymers of VC with VII exhibit a higher floc-
culating power compared to PVC. Figure 1 (curves 5�
7) show that, on adding VC�VII copolymers to the
latex, the yield of the recovered rubber sharply grows,
reaching a virtually constant limiting value, 		, start-
ing from a certain critical concentration c	 of each co-
polymer. The flocculating power grows (c	 decreases,
		 increases) on acidification (Fig. 1, curves 5 and 7)
and with increasing content of VII units in the macro-
molecules (curves 6, 7). This is due to an increase in
the number of cationic groups in macrochains, which
enhances the contribution of the neutralization factor
to the latex destabilization. Furthermore, there is no
restabilization branch in the flocculation curves ob-
tained with the copolymers. This suggests a decrease
in the adsorbability of copolymer macromolecules
with hydrophilic charged groups. In the ascending
portions of the flocculation curves, the adsorption of
macromolecules is provided by electrostatic forces.
After neutralization of the surface charge, such phe-
nomena as further adsorption, densification of the
adsorption layer of macromolecules, and enhancement
of its protective function cease to be manifested, and
the system remains strongly destabilized with excess
copolymer also.

Thus, coagulation of a latex of a synthetic rubber
can be effected with nonionic PVC and VC�VMI
copolymer in acid solutions; copolymers of VC with
a cationic monomer, VII, exhibit a flocculating effect
in the absence of acid also, and this effect is enhanced
upon acidification.

CONCLUSIONS

(1) Products of homopolymerization of N-vinyl-
caprolactam with a wide range of molecular weights
and water-soluble copolymers with 1-vinyl-2-methyl-
imidazole and 1-vinyl-2-methylpropylimidazolium io-
dide exhibit flocculating power and can be used for
recovery of a synthetic rubber from a latex.

(2) Copolymers of N-vinylcaprolactam with N-vi-
nylimidazole derivatives exhibit stronger flocculating
effect than poly-N-vinylcaprolactam.
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Abstract�Oligochelatotitanophenylenesiloxanes of various structures were suggested as curing agents for
epoxy resins. The compound formulas and curing conditions were chosen so as to ensure the maximal degree
of cross-linking and hence the best physicomechanical properties of the polymers.

Preparation of polymers derived from epoxy resins
and oligochelatotitanoarylenesiloxanes of the general
formula

�[Ti(Ch)2�O�Si(CH3)2�Ar�Si(CH3)2�O]n�, (1)

where Ch is a chelating ligand and Ar is phenylene,
p, p�-diphenylene, or p, p�-oxydiphenylene, was re-
ported in [1].

In this work we studied the reactions of oligoche-
latotitanoarylenesiloxanes with epoxy resins and the
properties of the resulting polymers as influenced by
the chemical structure of the curing agent and its
content in the compound.

Experiments were performed with ED-20 epoxy�
4,4�-isopropylidenediphenol resin (epoxide number
21.3), which was purified by filtration followed by
vacuum drying, and oligochelatotitanoarylenesilox-
anes prepared by heterofunctional condensation of
bis(dimethoxysilyl)benzene with appropriate bis(che-
lato)dialkoxytitanium [2]. The characteristics of the
oligochelatotitanoarylenesiloxanes prepared are listed
in Table 1.

We found that the compounds containing various
amounts of oligochelatotitanoarylenesiloxanes do not
lose solubility after prolonged (for up to a year) stor-
age at room temperature. However, in the course of
storage, as in the case of epoxy�titanopolyether com-
pounds [3, 4], their viscosity grows, though to a con-
siderably lesser extent (Fig. 1). This may be due both
to chemical reactions of the epoxy groups with the
functional groups of the curing agent and to inter-
molecular interaction of the components [4, 5].

Curing of epoxy�chelatotitanophenylenesiloxane

compounds starts at a noticeable rate at 160�200�C
depending on the structure of the curing agent and its
content in the compound. The process is manifested as
a sharp ascent in the DTA curves [6]. Since curing of
epoxy resins is an exothermic process, the compounds
were heated stepwise from 150 to 200 or 220�C de-
pending on the curing agent content. The curing time
at each temperature was varied from 1 to 6 h, so as to
ensure the maximal degree of cross-linking (content of
soluble fraction �2%) and obtain high-quality cavity-
free samples (Table 2).

The reaction of oligochelatotitanoarylenesiloxanes
with the epoxy resin was studied by IR spectroscopy.
Compounds were heated in a chosen stepwise curing
mode, and at each temperature samples were taken to
record the spectrum. Changes in the spectra became
noticeable at 170�C. The bands at 920 and 865 cm�1,
characteristic of the epoxy group [7], decreased in
intensity and fully disappeared at 200�C. In the range
900�920 cm�1, there are also bands originating from

t, months

� � 10�2, Pa s

Fig. 1. Variation of the viscosity � in the course of stor-
age at room temperature of epoxy compounds based on
(1, 2) oligomer I and (3) titanium polyether. (�) Time.
Curing agent content, %: (1, 3) 10.0 and (2) 20.0.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 11 2003

PREPARATION AND PROPERTIES OF POLYMERS 1845

Table 1. Characteristics of oligo[bis(chelato)titanophenylenetetramethyldisiloxanes] �[�Ti(Ch)2�O�Si(CH3)2�C6H4�
Si(CH3)2�O]n�
������������������������������������������������������������������������������������

Oligo-
�

Chelating
� Found, %/Calculated, % � Molecular weight �

n in
�

T,* �C� �������������������������������������������������� �
mer � ligand (Ch) �

Ti
�

Si
� determination �

found
�calculated� formula, �

� � � � method � � (per unit)� found �
������������������������������������������������������������������������������������

I �Acetylacetone � 11.94/11.94� 10.18/10.18 �ITEC, DMF � 955 � 470.5 � 2.03 � 60�80
� � � � � � � �II �Dibenzoylmethane� 6.80/6.66 � 7.64/7.81 �ITEC, benzene � 1480 � 718.8 � 2.06 �150�170
� � � � � � � �III �8-Quinolinol � 8.54/8.54 � 10.21/10.21 �Ebullioscopy, THF� 1116 � 560.6 � 1.99 �150�160

������������������������������������������������������������������������������������
* Temperature of mixing with the epoxy resin.

Table 2. Compositions and properties of polymers derived from ED-20 and oligo[bis(chelato)titano-p-phenylenetetra-
methyldisiloxanes]*
������������������������������������������������������������������������������������

c,
�

cc,
�

Curing
�

Ms,
� �G,

�
log �

�
TV, �C

�
a, kJ m�2

� Strength, MPa
� � � � � � � ���������������������mol mol�1
� wt % � mode � g mol�1

� kcal mol�1
� � � � �c � �t � �b

������������������������������������������������������������������������������������
Oligomer I

22.0 � 5 � 1 � � � � � � � � � 13.7 � 101.0 � 38.0 � 117.5
10.5 � 10 � III � 945 � � � � � 325 � 25.0 � 115.5 � 74.0 � 123.0
8.5 � 12 � II � � � � � � � � � 15.5 � 142.0 � 80.0 � 178.5
6.6 � 15 � II � 470 � 20.7 � �0.87 � 320 � 14.0 � 105.0 � 67.0 � 140.0
4.7 � 20 � II � � � � � � � � � 10.0 � � � 60.0 � 134.5
3.5 � 25 � II � � � 17.9 � �2.52 � 290 � 12.0 � 111.0 � 64.0 � 132.0
2.7 � 30 � III � � � 15.5 � �3.95 � 286 � 12.5 � 100.0 � 23.5 � 100.0

Oligomer II

33.7 � 5 � I � � � 13.4 � �5.13 � � � 7.0 � 117.0 � 57.0 � 106.5
16.0 � 10 � II � 1130 � 10.8 � �6.65 � 355 � 12.0 � 117.5 � 53.0 � 145.5
10.0 � 15 � II � 490 � 18.4 � �2.26 � 330 � 13.4 � 120.0 � 77.5 � 152.5
7.0 � 20 � II � 700 � � � � � 330 � 2.2 � 115.0 � 42.0 � 91.5
5.3 � 25 � II � � � � � � � � � 1.2 � 132.0 � 32.5 � 100.0

Oligomer III

12 � 10 � I � 880 � � � � � 296 � 17.8 � 110.0 � 83.0 � 134.0
10.0 � 12 � II � � � 20.8 � �0.81 � � � � � � � 63.5 � 160.0
7.8 � 15 � II � 600 � � � � � 295 � 15.0 � 113.0 � 67.0 � 127.8
5.5 � 20 � III � 750 � � � � � 286 � 14.0�17.0 � 110.0 � 53.0 � 127.5
4.0 � 25 � II � � � � � � � � � 10.0 � � � 70.0 � 160.0

������������������������������������������������������������������������������������
* (c) Content of ED-20 in the compound, mol mol�1 curing agent; (cc) content of curing agent in the compound; (TV) Vicat soften-

ing point; (a) specific impact resilience; (�c, �t, �b) compression, tensile, and bending strength at the yield point, respectively.
** (I) 150�C, 1 h; 160�C, 1 h; 170�C, 1 h; 180�C, 3 h; 190�C, 3 h; 210�C, 1 h; 220�C, 3 h; (II) 150�C, 4 h; 160�C, 3 h; 170�C, 3 h;

180�C, 3 h; 190�C, 3 h; 200�C, 3 h; (III) 150�C, 1 h; 160�C, 1 h; 170�C, 1 h; 180�C, 3 h; 190�C, 3 h; 200�C, 6 h.

the stretching vibrations of the �Si�O� bond in the
�Ti�O�Si� fragment [8]. The absence of bands at 920
and 865 cm�1 in the spectra of the cured samples
shows that not only the epoxy groups but also the
�Ti�O�Si� groups are fully consumed. Also, in the
compounds with the oligomers containing acetylace-
tonate (I) and dibenzoylmethanate (II) ligands at tita-
nium, the bands at 1720 and 1745 cm�1, usually char-

acteristic of carbonyl groups in esters and ketones [7],
appear at 170�C and grow in intensity on further heat-
ing. Similar changes in the spectra were observed on
heating of a model mixture of dibutoxytitanium bis-
(acetylacetonate) or bis(dibenzoylmethanate) with
phenyl glycidyl ether under similar conditions (tem-
perature, time). The bands at 1720�1745 cm�1 contin-
ued to grow even after full consumption of the epoxy
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groups. The bands characteristic of the oxirane ring
virtually fully disappear in the presence of even cata-
lytic amounts of the chelate component. With the
oligomer containing 8-quinolinolato substituent (III),
no absorption appears at 1720�1745 cm�1.

The changes observed in the IR spectra suggest
that curing of the epoxy resin with oligochelatotitano-
arylenesiloxanes involves the reaction of epoxy groups
with the �Ti�O�Si� bonds by the following scheme:

�[Ti(Ch)2�O�Si(CH3)2�Ar�Si(CH3)2�O]n� + nCH2�CHR�
\ /

O (2)

� �[Ti(Ch)2OCH(R�)�CH2O�Si(CH3)2ArSi(CH3)2�O]n�,

and also polymerization of epoxy groups.

The suggested scheme of the reaction of the epoxy
resin with oligochelatotitanoarylenesiloxanes is con-
firmed by an increase in absorption in the range
1040�1140 cm�1, characteristic of compounds con-
taining �Si�O�C� and �C�O�C� fragments [7].

Yatluk et al. showed [9] that heating of titanium
complexes with �-dicarbonyl compounds to 150�
200�C causes transformations of the chelating ligand
to give ketones and esters. They are formed by Clai-
sen retrocondensation of free ligands which, in turn,
are released in reaction with alcohols formed by de-
composition of the alkoxy groups in the titanium
complex. Similar transformations probably occur
when the OH groups of the epoxy resin react with
the chelating ligand of the curing agent. Initially the
epoxy resin adds to the curing agent molecule, dis-
placing the chelating ligand:

���
O

O��
���
�

C

C

CH + HOR 	�

�
R�

��
�

R�


Ti�O�R
Ti

+ R�CC=CR�OH,�
�

(3)

O

H

���
O

O��
���
�

C

C

CH + HOR 	�

�
R�

��
�

R�


Ti�O�R
Ti

+ R�CC=CR�OH,�
�

(3)

O

H

where R is the epoxy resin residue; R� = CH3, C6H5.

Then the resin reacts with the free ligand along the
pathway of Claisen retrocondensation:

R��COCH2COR� + HR � R�COOR + CH3COR� (4)

This process accounts for appearance of the ester
absorption bands in the spectra of the cured product.

The forming ketones, acetone or acetophenone, are
apparently removed from the sample in the course of
curing. It was shown for the acetylacetonate curing
agent that curing is accompanied by up to 1.3%
weight loss, in agreement with data of [9].

The density of the polymeric network was calcu-
lated from the thermomechanical curves by the meth-
od described in [10]. The results of calculating the
molecular weight Ms of the chain segment between
the cross-linking points are listed in Table 2. Depend-
ing on the composition and structure of the curing
agent, Ms varies from 470 to 1130; the minimal values
of Ms and hence the thickest networks are provided
by the compounds containing 6�10 mol of the resin
per mole of the curing agent.

This conclusion agrees with the dielectric proper-
ties of the cured polymer samples. The maximum in
the temperature and frequency dependences of tan�
corresponds to the region of dipole-segmental loss, as
it is manifested above the glass transition point of the
polymers. From these data, we calculated the relaxa-
tion time log � and the activation energy �G* of the
dipole-segmental process [3, 11]. The results are listed
in Table 2. It is seen that, in the examined range of
the polymer compositions, the least mobile networks
(largest log� and �G*) are formed in curing of the
compounds containing 6.6�10 mol of the resin per
mole of the curing agent.

The thickest polymer networks, as a rule, deter-
mine the highest glass transition points Tg. The con-
centration dependence of Tg

d calculated from the tem-
perature and frequency dependence of tan� for the
polymers derived from oligomer II is shown in Fig. 2.
The same figure shows the T t

g values (superscripts d
and t refer to data obtained by the dielectric and ther-
momechanical data, respectively). The heights of the
high elasticity plateaus, Dhe, found from the thermo-
mechanical curves, are plotted in Fig. 3. In all the
cases, T t

g > T d
g, which is due to relaxation phenomena

in the polymers. Despite similar mechanisms of the
dielectric and mechanical phenomena, the nature of
glass transition in these cases is different. Large loads
permanently acting on a sample hamper relaxation in
polymer and cause accumulation of strains, shifting
the glass transition point (determined from the ther-
momechanical curves) to higher temperatures [12]. At
the same time, T d

g is determined by extrapolation of
the temperatures at which tan� (at a given frequency)
is maximal to a frequency of 1 Hz. Hence, T d

g corre-
sponds to the temperature of structural glass transition
corresponding to the equilibrium conditions. However,
both methods show that high values of Tg and low
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values of Dhe are exhibited by polymers obtained by
curing of a compound whose composition provides
formation of the thickest network (10 mol of the resin
per mole of the curing agent).

The physicomechanical properties of the polymers
are listed in Table 2. The bending (	b) and tensile (	t)
strength is plotted vs. composition in Fig. 4. It is seen
that the dependences pass through maxima at the
molar ratio of 8�10 mol of the resin per mole of the
curing agent, i.e., at the compound formulas ensuring
formation of the thickest network. Figure 4 also shows
that, for the polymers derived from II, the strength
maximum is slightly shifted toward higher resin con-
tent. The polymers derived from I have the highest
	b and 	t values. In the composition range differing
from the optimum, the polymers also exhibit high
strength. At a higher content of the curing agent, the
stronger polymers are obtained with I, and at a lower
content, with I.

For the polymers derived from III, there is no clear
correlation between the properties and compound for-
mula, which may be due to an additional effect of the
nitrogen-containing ligand on the curing [13].

Thus, our studies showed that the polymers derived
from the epoxy resin and oligochelatotitanophenylene-
siloxanes have the highest density of cross-linking
and the best physicomechanical characteristics at the
molar ratio of the resin to the curing agent of 6.6�10.
In this composition range, the physicomechanical
properties of the polymers are similar to those of
epoxy�titanopolyether polymers [3, 14]. At the same
time, the polymers derived from the epoxy resin and
oligochelatotitanophenylenesiloxanes have higher (by
90� on the average) softening point.

To accelerate curing of epoxy�chelatotitanophen-
ylenesiloxane compounds, we used accelerators differ-
ing in the chemical nature: 2,4,6-tris(dimethylamino-
methyl)phenol (UP-606/2), NaI, and a complex of di-
benzo-18-crown-6 with KI (DBC). These catalysts
were added in amount of 1 wt % to the compounds,
which allowed the maximal temperature to be de-
creased by 40�50�C, and the curing time, by a factor
of 2�3. The properties of the polymers obtained from
one of the compounds with II in the presence of cata-
lysts are listed in Table 3. It is seen that the physico-
mechanical properties of the products are similar to
those of the polymers of the same compositions ob-
tained without a catalyst. The softening point of the
polymers and the working life of the compounds de-
crease (the latter, from 6 to 1 month).

The epoxy�chelatotitanophenylenesiloxane com-
pounds were used as bases of adhesives for gluing

Tg, �C

Fig. 2. Glass transition point Tg of polymers derived from
ED-20 resin and oligomer II as a function of the compound
formula. Determination method: (1) thermomechanical and
(2) dielectric. (c) Molar ratio of ED-20 to II; the same for
Fig. 3.

Dhe, %

Fig. 3. Height of the high elasticity plateau Dhe of poly-
mers derived from ED-20 resin and oligomer II as a func-
tion of the compound formula.

�, MPa

Fig. 4. (1, 2) Tensile and (3, 4) bending strength � of poly-
mers as a function of the compound composition. (c) Molar
ratio of ED-20 to the oligomer. Curing agent: (1, 4) I and
(2, 3) II.

ferrite�Sitall (devitrified glass) rods. The strength of
the glued rods at static cantilever bending, 	cb, is
given in Table 3. It is seen that the strength of rod
gluing with the compounds under consideration is as
high as with epoxy�titanopolyether compounds [15].

EXPERIMENTAL

The components were combined by vigorous stir-
ring at 60�170�C depending on the chemical structure
of the curing agent (Table 1), followed by evacuation
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Table 3. Properties of polymers prepared from ED-20 and oligomer II (10 wt %) in the presence of 1 wt % catalyst
�����������������������������������������������������������������������������������

Polymer
�

Catalyst
�

Curing
� Strength, MPa �

a,
�

TV, �C� � ��������������������������������������� �no. � � mode* � �c � �t � �b � �cb � kJ m�2
�

������������������������������������������������������������������������������������
1 �UP-606/2 � IV � 117.0 � 70.0 � 129.0 � 71.5 � 10.0 � 340
2 �Na1 � V � 129.0 � � � � � 113.3 � � � �
3 �DBC � V � 110.0 � � � � � 97.0 � � � 275
4 �No catalyst � II � 117.5 � 53.0 � 145.5 � 82.5 � 10.0 � 355

������������������������������������������������������������������������������������
* (IV) Heating from 20 to 150�C over a period of 2 h; 150�C, 3 h; (V) 120�C, 1 h; 130�C, 1 h; 140�C, 1 h; 150�C, 1 h; 160�C, 2 h;

(II) see Table 2.

at 80�C for 30�40 min. The compounds contained
5�30 wt % curing agent, which corresponds to 33.7�
2.7 mol of the resin per mole of the curing agent.

The viscosity 
 of the compounds was measured
by the falling ball method at 25�C.

The IR spectra of the initial components, com-
pounds kept at definite temperatures for definite peri-
ods, and cured polymers were measured on a UR-20
spectrophotometer with KBr, NaCl, and LiF prisms;
the samples were prepared as mulls in mineral oil or
2% solutions in CH2Cl2.

The DTA curves were recorded on an OD-102
derivatograph at a heating rate of 5 deg min�1 in air.

The soluble fraction in the cured samples was
determined by prolonged extraction with acetone in
a Soxhlet apparatus.

The compression (	c), tensile (	t), and bending
(	b) strength was determined with FM-250 and ZDM-
5/91 tensile-testing machines, and the specific impact
resilience a, on an MK-05 pendulum impact machine.

Thermomechanical measurements were performed
on a device with a constant load of 8 kg cm�2. The
thermomechanical curves are plots of the strain D (%)
vs. temperature. From these plots, we determined the
glass transition point of the polymers T t

g and esti-
mated the height of the high elasticity plateau Dhe
[16]. The Vicat softening point TV was determined on
the same device as the temperature at which a rod
with a tip area of 1 mm2 sank into a sample to a depth
of 1 mm under a load of 5 kg.

The dielectric properties (dielectric loss tangent
tan� and dielectric permittivity ��) were determined
with a TR-9701 bridge in the frequency range 0.5�
200 kHz at 20�200�C.

CONCLUSIONS

(1) Oligochelatotitanophenylenesiloxanes prepared
by heterofunctional condensation of bis(dimethyloxy-

silyl)benzene with appropriate bis(chelato)dialkoxy-
titanium were used as curing agents for ED-20 epoxy�
4,4�-isopropylidenediphenol resin.

(2) Reactions of epoxy groups with functional
groups of the curing agents were studied by IR spec-
troscopy. Conditions ensuring formation of the maxi-
mally cross-linked polymers were found.

(3) The best properties are exhibited by the poly-
mers prepared from compounds with the molar ratio
of the resin to the curing agent of 6.6�10.

(4) Adhesives based on epoxy�chelatotitanophen-
ylenesiloxanes ensure high strength of glued ferrite�
Sitall rods.
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Abstract�The effect of the concentration and molecular parameters of random copolymers of acrylamide and
sodium acrylate on their performance as additives reducing the hydraulic resistance of turbulent flows in
oil-in-water emulsions is quantitatively studied.

Water-soluble acrylamide (co)polymers are widely
used in various stages of petroleum recovery, trans-
portation, and refinery, particularly, as functional
additives to control wellbore shale or to extend bento-
nite clay, as friction reducers to improve the per-
formance of drilling facilities and transportation pipe-
lines, and also for smoothing the profile of water
injection well, oil dewatering and desalination, clean-
up of equipment and pipelines to remove paraffin
deposits, oily water clarification, etc. [1�3].

High-molecular-weight ionic and nonionic acryl-
amide (co)polymers prove to be among the most ef-
fective polymeric additives for reducing the hydraulic
resistance of turbulent flows in oil-in-water and water-
in-oil emulsions (Thoms effect) [1, 4]. The perfor-
mance of polymeric additives as antiturbulence agents
depends on a number of parameters, primarily on the
polymer concentration and molecular characteristics
[5, 6].

In this work, for such compositionally complex dis-
persion systems as oil-in-water (O/W) dispersions, we
analyzed how the molecular weight (M) and M poly-
dispersity of the polymeric additive, anionic acryl-
amide copolymer, influences the Thoms effect. It
should be pointed out that the available information
on the influence of the M polydispersity on the per-
formance of copolymers as antiturbulence additives is
limited, being not always correct [5, 6]. Only the
behavior of cationic acrylamide copolymer in aqueous
dispersions was studied systematically [7].

In this connection, one should take into account the
fact that many chemical and physicochemical proper-
ties (including the Thoms effect) of copolymers
depend not only on M and M polydispersity, but also

on the mean composition of macromolecules �� and
� polydispersity [8]. This problem, typical of com-
mon methods used for synthesis of random copoly-
mers, such as ion and radical copolymerization and
polymer-analogous reactions [9], was not given due
attention in interpreting experimental data on the
Thoms effect in dispersions containing random co-
polymers as additives.

An additional argue for the necessity of considera-
tion of the influence of �� and � polydispersity on the
resultant macroscopic Thoms effect in oil emulsions
with ionic random copolymers of acrylamide and
sodium acrylate as additives is that these parameters
strongly affect the conformation state of the macro-
anions. In this work, in order to a priori exclude the
effect of such characteristics of a polymeric additive
as the �� and � polydispersity on the turbulent flow
of oil emulsions, we used an unconventional method,
mild ultrasonic disintegration (USD), for synthesis of
the copolymer samples [10, 11].

EXPERIMENTAL

Anionic acrylamide copolymers differing in M, but
similar in �� and � polydispersity were synthesized
using USD from Alcoflood 1175A random copolymer
of acrylamide and sodium acrylate [M0 10.8�106; �
21.5% (weight percentage of ionic groups)]. As in [11,
12], USD synthesis of the copolymers was carried out
with an UZDN-1 ultrasonic disintegrator at a fre-
quency of 22�103 Hz in 0.1 M aqueous solution
under specially selected mild conditions. In experi-
ments we varied the ultrasonic field power and expo-
sure time. Without taking into account the type of
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terminal groups and chemical nature (acrylate or
amide) of the polymer units where the macromolecu-
lar chain is broken, a simplified mechanism of ultra-
sonic disintegration in synthesis of the copolymer
samples with various M can be presented as

�(�A�)n�(�B�)m� � �(�A�)n1
�(�B�)m1

�

+ �(�A�)n2
�(�B�)m2

� + ��� + �(�A�)n1
�(�B�)m1

�

+ ��� + �(�A�)nk
�(�B�)mk

� + �Z,

where A = CH2�CH; B = �CH2�CH;
.
Z are radicals

� �
CONH2 COO�Na+

inactive with respect to the rupture of the skeleton
carbon�carbon bonds, whose nature appears to be in-
essential in analysis of general relationships of USD;
k k

� ni = n, and � mi = m.
i = 1 i = 1

As expected, with increasing exposure time, the
number of breaks per macromolecule increased, and
the degree of polymerization (ni + mi) of the polymer
fragments formed in the course of USD decreased.

Mild conditions that were selected for USD al-
lowed exclusion from consideration of such difficultly
controllable reactions involving functional groups of
the macromolecules as depolymerization and inter-
chain interaction. It was demonstrated in particular
experiments that USD of random copolymers of acryl-
amide and sodium acrylates could be interpreted in
terms of the theory of random polymer degradation
without depolymerization [13, 14]. Particularly, ac-
cording to [13], the M polydispersity of USD products
[estimated using the degradation scheme as the differ-
ence in (ni + mi) for the whole set of k fractions of
the investigated copolymer] should follow the Flory
statistics, and, therefore, the Schultz parameter F = 1
[14]. The USD procedure used permitted separation of
eight samples with the maximal (Mmax = M0) and
minimal (Mmin) molecular weights differing by more
than two orders of magnitude. The Mx of copolymer
samples obtained in the course of USD was estimated
by Eq. (1) using the initial sample with M = M0 and
[�] = [�]0 as a reference ([�] is the intrinsic viscosity
in 0.5 M NaCl).

Mx = M0([�]x/[�]0)1/a, (1)

where a is the exponent in the Staudinger�Mark�
Houwink equation (2).

[�] = kMa. (2)

We assumed a = 0.814 for all the samples of co-
polymers of acrylamide and sodium acrylate with � =
21.5% [15].

For all the copolymers separated in the course of
USD, Mx � Mmin = 0.08�106, suggesting that, for
any fraction of any sample, ni + mi > 500. In accor-
dance with concepts of the binary copolymerization
theory [8, 16], the above inequality is equivalent, to
a first approximation, to the fulfillment of relation-
ships (3) for copolymer samples obtained upon USD.

n1 n2 ni nk
������ = ������ = ��� = ������ = ��� = �������

n1 + m1 n2 + m2 ni + mi nk + mk

n
= ������. (3)

n + m

It follows from these equalities that all the random
copolymers of acrylamide and sodium acrylate ob-
tained upon USD are identical not only in ��, but
also in the compositional nonuniformity, i.e., � poly-
dispersity [8].

Also we used the ultrasonic disintegrator to obtain
stable 10% O/W emulsions from dewatered and de-
gassed crude oil (Aptugai oilfield, Perm oblast). Into a
300-ml conical flask containing fixed volumes of oil
and water, a stabilizer was added in amount of 2%
relative to the oil volume. The mixture was stirred for
a short time on a magnetic stirrer and ultrasonicated
for 15 min. As demonstrated by the microscopic data,
the resulting emulsions were quite uniform with the
particle size ranging from 0.7 to 1 �m, and no remark-
able separation of the emulsion was observed in
10 days.

The performance of a polymeric antiturbulence
additive in complex dispersion systems like oil emul-
sions can be correctly evaluated from the difference
between the linear flow velocities across a capillary
with (v) and without the additive (v0) using a relative
dimensionless parameter T [17]:

T = (v � v0)/v0. (4)

The optimal capillary size for measuring the Thoms
effect T in oil emulsions was determined in special
experiments to be 0.5�38 mm (Reynolds number of
water Re = 5.2 �103). Therefore, we measured the
weights of emulsions with (m) and without (m0) the
additive, passed through the capillary in 30 s. The
weights were measured on an A&D single-arm elec-
tronic balance (Japan). Under these conditions, Eq. (4)
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c, kg m�3

Fig. 1. Thoms effect T as a function of the concentration
c of anionic acrylamide copolymers with various M.
M �10�6: (1) 10.80, (2) 5.08, (3) 3.30, (4) 1.07, and
(5) 0.83.

(a)T/c, m3 kg�1

T/c, m3 kg�1
M � 10�6

2 6 10

(b)

I, M

Fig. 2. Reduced Thoms effect T /c as a function of
(a) molecular weight M of copolymers at various concentra-
tions and (b) solution ionic strength I at c = 0.1 kg m�3.
(a) c (kg m�3): (1) 0.01, (2) 0.02, (3) 0.04, (4) 0.06, and
(5) 0.1. (b) M�10�6: (1) 10.8, (2) 5.08, (3) 1.07, and
(4) 0.83.

can be rewritten as

T = (m � m0)/m0. (5)

To elucidate the performance of a specific (co)poly-
mer as an antiturbulence additive for oil emulsions, it
is necessary to analyze the effects of at least the
(co)polymer concentration c and M on T. The concen-

tration dependences of T are shown in Fig. 1 for sev-
eral samples of anionic acrylamide copolymers with
various M. As seen, the general concepts of the
Thoms effect theory [5, 7] are valid in oil emulsions
also, i.e., T increases with increasing c and M. To gain
a better insight into the rheology of oil emulsions with
polymeric additives, it was advisable to study the ef-
fect of each next portion of the additive on the mac-
roscopic effect. In so doing, we pass from the param-
eter T to the reduced Thoms effect � = T /c [7, 14]. It
is obvious that the higher �, the higher the efficiency
of a fixed portion of a polymeric antiturbulence addi-
tive, all other conditions being equal. As an illustra-
tion, Fig. 2 shows the reduced Thoms effect as a func-
tion of M for various concentrations of the polymeric
additive. With increasing c, � regularly decreases,
especially in the case of the highest-molecular-weight
sample with M = M0, i.e., as c increases, the antitur-
bulence effect of the next portions of the additive de-
creases. It is clear from these results that the concen-
tration dependence of the reduced Thoms effect should
be necessarily taken into account in optimization of
high-speed pipeline transportation of oil emulsions
containing polymeric additives.

In recovery and transportation of crude oil as an
O/W emulsion, the dispersion medium contains vari-
ous electrolytes, primarily, salts, whose concentration
amounts to several percents [18]. Therefore, the effect
of the ionic strength on T is of not only scientific, but
also practical interest. In this work we used NaCl as
a supporting electrolyte. As seen from Fig. 2, T in
O/W emulsions depends on the ionic strength of the
dispersion medium, the dependence being less pro-
nounced as compared to aqueous solutions [19]. In the
emulsions, the electrolytic effect is reflected, most
likely, in modification of the electrical double layer
around the stabilized particles of the dispersed phase.

Figure 3 clearly shows the trend in the specific vis-
cosity of O/W emulsions containing anionic acryl-
amide copolymers with various M and also the elec-
trolyte. The adsorption coefficient � of anionic acryl-
amide copolymers in O/W emulsions was estimated
from the viscometric data using Eq. (6)

�0
sp � �sp c

� = ���������������, (6)
�0

sp Ssp(1 � q)

where Ssp is the specific surface area of 1 m3 of the
dispersed particles (for spherical particles Ssp = 3/R,
where R is the particle radius); �0

sp and �sp, specific
viscosities of aqueous solutions of the copolymers
(c = 0.1 kg m�3) before and after contact with the
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dispersed particles, respectively; and q, volume frac-
tion of the aqueous phase in the emulsion.

The coefficient � thus obtained appeared to be
comparatively small (2 �10�2 mg m�2). It is natural to
attribute such a low � in O/W emulsions to strong
electrostatic repulsion between similarly charged
macroanions of the copolymer and anions of the sta-
bilizer forming an adsorption layer of the potential-
determining ions on the surface of the dispersed par-
ticles. Furthermore, the quite high T and � = T /c in
O/W emulsions in the presence of the anionic acryl-
amide copolymers give an additional, indirect evid-
ence in favor of this concept.

Except for [7], the extensive literature on various
aspects of the Thoms effect contains practically no
systematic quantitative information of the influence of
the M polydispersity and compositional polydispersity
on T. In this work, the samples of random copolymers
of acrylamide with sodium acrylate were identical in ��
and � polydispersity. Therefore, no fundamental prob-
lems could arise in preparing systems with fixed

�
M =

3.3 �106 and various M polydispersity. The composi-
tion of the systems with

�
M = 3.3 �106 was estimated

as in [7]. As a quantitative criterion for evaluation of
the M polydispersity of the copolymers we used the
Schultz parameter F [7, 19] defined as

k k

F = (
�

Mw /
�

Mn) � 1 = ��1 M1� (�i /Mi) � 1, (7)
i = 1 i = 1

where
�
Mw and

�
Mn are the weight-average and number-

average molecular weights of the systems, and 	i,
weight fraction of the ith component of the mixture,
i.e., of a copolymer with M = Mi (k is the number of
copolymer kinds in the mixture).

Higher F in a given mixture compared to the refer-
ence is indicative of its greater M polydispersity.

The concentration dependences of T are given in
Fig. 4 for a series of the most typical copolymer mix-
tures with fixed

�
M = 3.3 �106. It is clearly seen that

the resultant macroscopic Thoms effect correlates with
the M polydispersity of oil-in-water emulsions.

In Fig. 5, the Thoms effect is plotted as a function
of the Schultz parameter F in O/W emulsions at vari-
ous ionic strengths. The presence of a maximum and
a minimum in this plot suggests complexity of the
turbulent flow mode in this system, which is reflected
primarily in nonadditive contributions of copolymers
with various M to the resultant macroscopic Thoms
effect. Knowingly not touching upon a very compli-
cated and in a number of points debatable mechanism

M � 10�6

�sp

Fig. 3. Specific viscosity histogram for the system oil emul-
sion�polymer�electrolyte: (1) emulsion, (2) emulsion�poly-
mer (0.1 kg m�3), and (3) emulsion�polymer (0.1 kg m�3)�
electrolyte (0.1 M NaCl).

c, kg m�3

Fig. 4. Thoms effect T as a function of the additive concen-
tration c. F: (1) 1, (2) 5.16, (3) 1.45, (4) 2.07, and (5) 3.71.

1.0

2.0

T/c, m3 kg�1

Fig. 5. Reduced Thoms effect T /c as a function of the M
polydispersity F (c = 0.1 kg m�3). I (M): (1) 0, (2) 0.002,
(3) 0.01, and (4) 0.1.

of turbulent flow of O/W emulsions in multicompo-
nent systems with water-soluble anionic acrylamide
copolymer additives, it may be established that, apart
from traditional control tools of the process, there is
an unconventional approach based on control of the M
and � polydispersities of a copolymer additive [7].
Without question, carrying out intensive experimental
and theoretical studies in this direction will promote
development and application of optimal regimes of
high-speed pipeline transportation of oil emulsions
with additives based on water-soluble acrylamide
(co)polymers.
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CONCLUSION

Samples of copolymers identical in the composi-
tion and polydispersity, but having different molecular
weights were obtained by ultrasonic disintegration of
macromolecules at the skeleton carbon�carbon bonds.
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Abstract�Conditions for the precipitation of phosphates from solutions of titanium(IV) sulfate containing
iron(III) were studied. The precipitation of components and the mechanism of the phase formation in the sys-
tem under study were considered in relation to the TiO2 : Fe2O3 ratio in the starting solution.

Titanium(IV) phosphates are well-known synthetic
products used for obtaining high-quality white paper
and light-resistant plastics, for filling construction and
paintwork materials, and also as sorbents. Each of
these fields imposes specific demands on the com-
position and properties of the product, which depend
on the composition of the raw materials and condi-
tions of the synthesis.

Titanium(IV) phosphates are usually obtained from
sulfuric-hydrochloric acid titanium-containing solu-
tions by adding phosphoric acid [1�3]. If process solu-
tions containing impurities of other ions apart from
titanium(IV) are used for this purpose, the target
product can be contaminated with these impurities
because of the equal solubility of their phosphates or
of their sorption on the surface of the titanium phos-
phate precipitate.

In this work we studied the conditions for the pre-
cipitation of titanium(IV) and iron(III) phosphates
from sulfuric acid solutions containing various quanti-
ties of these components. Such solutions are obtained
by the sulfuric acid processing of titanium-containing
raw materials: sphene, perovskite, and ilmenite. In
particular, sphene solutions intended for obtaining
pigment titanium dioxide by thermal hydrolysis con-
tain 150�250 g l�1 TiO2 and up to 5 g l�1 Fe2O3;
perovskite solutions, up to 20 g l�1 Fe2O3; and ilme-
nite solutions, up to 100 g l�1 Fe2O3 [4�6]. Waste-
water to be treated contains up to 10 g l�1 TiO2 and
from 5 to 80 g l�1 iron (in terms of Fe2O3).

The following data were the prerequisites for our
study. Titanium(IV) forms a hydrated solid phase on
adding H3PO4 to its solutions over a wide range of
their concentration and acidity. The number of aqua

groups in the precipitate depends on the conditions of
its preparation [7, 8]. At the same time, hydrated
iron(III) phosphates under the action of phosphoric
acid are precipitated from sulfuric acid solutions to
a small extent [9�11]. The mechanism of the forma-
tion of the phosphate solid phase in mixed iron�tita-
nium solutions is poorly understood.

In our study we used a titanium(IV) sulfate solu-
tion (concentrations of TiO2 and H2SO4 1.75 and
4.25 M, respectively) prepared by dissolving titani-
um(IV) hydroxide in sulfuric acid, and also a solution
of iron(III) sulfate (Fe2O3 concentration 0.625 M).
We stirred the solutions (the starting volume of the
solutions corresponded to a specified TiO2 : Fe2O3
ratio) for 30 min and added concentrated H2SO4 up to
4.5 M. We used 81% solution of H3PO4 as a precipi-
tant. Its consumption corresponded to the molar ratio
(TiO2 + Fe2O3) : P2O5 = 1 : 1. We added phosphoric
acid to the solution under study gradually over a
period of 0.5�1 h with stirring and heating (T =
80�C). Then the suspension was allowed to stand for
2 h, after which the precipitate was separated from the
liquid phase and washed with water to pH 7. We
determined the composition of the liquid phase (the
contents of TiO2, Fe2O3, and P2O5) by chemical
analysis, and the composition of the solid phase, by
the X-ray spectral analysis. For this purpose, we cal-
cined the precipitates at 800�C. We studied the struc-
ture of the precipitates by optical microscopy, IR
spectroscopy, and X-ray phase analysis.

Figure 1 shows the effect of the starting composi-
tion of the solution on the degree of passing of the
components into the precipitate on adding H3PO4.
The TiO2/Fe2O3 concentration ratio was chosen as
the characteristic of the solution.
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Characteristics of phosphate precipitates separated from sulfuric acid titanium solutions in the presence of iron(III)
������������������������������������������������������������������������������������

TiO2/Fe2O3
� Composition of precipitates, wt % �

Moisture
�

Calcination
�

TiO2 : Fe2O3 : P2O5 : H2O��������������������������������� � �molar ratio* � TiO2 � Fe2O3 � P2O5 � content, % � loss, % � molar ratio

������������������������������������������������������������������������������������
0.25 � 33.6 � 0.55 � 31.1 � 65.1 � 77.6 � 1 : 0.01 : 0.6 : 10
0.33 � 27.5 � 0.53 � 35.9 � 62.4 � 71.2 � 1 : 0.01 : 0.7 : 12
0.50 � 25.9 � 0.45 � 38.3 � 71.3 � 82.3 � 1 : 0.01 : 0.8 : 15
4 � 30.4 � 0.45 � 28.1 � 54.9 � 66.0 � 1 : 0.006 : 0.5 : 10

12 � 34.4 � 0.53 � 33.4 � 55.8 � 67.3 � 1 : 0.007 : 0.6 : 9
20 � 34.4 � 0.66 � 34.6 � 58.1 � 70.0 � 1 : 0.009 : 0.6 : 9
26 � 37.0 � 0.66 � 38.0 � 59.0 � 71.3 � 1 : 0.008 : 0.6 : 9

������������������������������������������������������������������������������������
* In the starting solution.

In the range of titanium(IV) concentrations in the
solution corresponding to the ratio TiO2/Fe2O3 = 4�

20 (the Fe2O3 concentration is 0.0625 M and does
not change), at the above-noted H3PO4 consumption,
titanium(IV) is precipitated almost completely. For
TiO2/Fe2O3 = 4, the degree of iron(III) precipitation
increases from 30 to 55% (in terms of Fe2O3) as the
titanium(IV) concentration in the solution increases.
Under similar conditions, no precipitate is formed

(a)A, %

(b)A, %

Fig. 1. Degree of precipitation of the main components A
as a function of the TiO2/Fe2O3 molar ratio in solution.
Content in the starting solution, M: (a) Fe2O3 0.065 and
(b) TiO2 0.125. (1) Fe2O3, (2) P2O5, and (3) TiO2.

from the solution of pure iron(III) sulfate. We em-
phasize that about 50% of H3PO4 (in terms of P2O5)
is not involved in the reaction and remains in the
liquid phase. For a low titanium(IV) concentration in
the solution under study (0.125 M in terms of TiO2)
and the ratio TiO2/Fe2O3 = 0.25�0.5, the phosphate
precipitate contains from 3 to 7% Fe2O3. The degree
of titanium(IV) precipitation decreases as the concen-
tration of iron(III) increases.

On the basis of the data from [12, 13], we may
state that titanium(IV) and iron(III) are combined into
a pseudocomplex in sulfate solutions. Its presence
affects the titanium(IV) precipitation and the composi-
tion of the resulting precipitate. The data of crystallo-
optical analysis suggest that the precipitates consist of
two phases. The impurity phase seems to be based on
the iron�titanium complex (its study was beyond the
scope of this work). Since the degree of iron(III) pre-
cipitation is lower than the maximal degree, we can
suggest that the composition and stability of such
complexes depend on the composition of the starting
mixed solutions. As the titanium(IV) concentration in
the starting mixture increases, the amount of iron(III)
bound to titanium(IV) and, as a consequence, the
degree of iron(III) precipitation grow also. In the case
of a considerable excess of iron(III) relative to titani-
um(IV), the stability of iron�titanium complexes in-
creases, which hampers the formation and further pre-
cipitation of hydrated titanium phosphate. In this case,
the degree of iron(III) precipitation is about 25% (in
terms of Fe2O3).

The compositions of the precipitates isolated from
the iron�titanium sulfate system under study on ad-
ding phosphoric acid are given in the table. Since the
precipitates are very poorly crystallized, the X-ray and
IR data do not offer a sufficiently precise information
on their phase composition and character of bonds.
Therefore, we determined the composition of the
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precipitates by chemical analysis. The samples were
first dried at 105�C and then calcined at 850�C. In so
doing, we determined the moisture content and cal-
cination loss (see table).

Comparison of the compositions of the filtrates
obtained after separating the phosphate precipitate and
of the final products allows the following conclusions.
At a high starting concentration of TiO2, iron(III)
precipitated from the solution has a low solubility in
water; its content in the final product corresponds
to the degree of its precipitation in the presence of
H3PO4. The content of iron(III) precipitated from the
solutions with its high concentration does not corre-
late with the degree of its precipitation. Iron(III)
seems to be sorbed on the active surface of the phos-
phate precipitate, and its washing with water results in
its desorption and passing into washing water.

CONCLUSION

On adding orthophosphoric acid into iron�titanium
sulfuric acid solutions, precipitates are formed over
a wide range of titanium(IV) and iron(III) concentra-
tions. These precipitates consist mainly of hydrated
titanium(IV) phosphate with an impurity of iron(III)
phosphate, which does not exceed 0.66% in terms of
Fe2O3. At a high iron(III) concentration in the solu-
tion, it is sorbed on the surface of hydrated titani-
um(IV) phosphate particles. However, the sorption
involves no chemical reaction. The data obtained can
be used for separating titanium(IV) and iron(III) in
acid sulfate solutions.
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Abstract�A stabilizer for the reaction of KOH and H2O2 yielding potassium superoxide was proposed.
The stabilizer does not affect the main consumer properties of the regenerative product based on KO2.

Potassium superoxide KO2 is the most widely used
substance for self-contained human respiratory ap-
paratus. The use of KO2 is based on its capability to
chemisorb moist carbon dioxide, generating oxygen
required for breathing [1].

Development of a new process for KO2 production
involved certain problems related to the process con-
ditions and qualitative composition of the final prod-
uct. One of these problems is considered in this paper.

EXPERIMENTAL

According to the suggested process [1�4], potassi-
um superoxide is produced from potassium hydroxide
and hydrogen peroxide by their mixing in the molar
ratio H2O2 : KOH = 1.75 : 1 with subsequent dispro-
portionation of the intermediate adduct K2O2 �2H2O2
in a spray-type reactor. The process can be described
by the following reaction equations:

2KOH + 3H2O2 = K2O2 �2H2O2 + 2H2O, (1)

K2O2 �2H2O2 = 2KO2 + 2H2O. (2)

The reaction of hydrogen peroxide with potassium
hydroxide is strongly exothermic under normal condi-
tions and is accompanied by decomposition of the per-
oxide products and evolution of atomic oxygen. There-
fore, to carry out the process, it is necessary either to
cool the reaction area, which requires additional
power consumption, or to add a stabilizer. By the sta-
bility of various solutions of peroxide compounds is
meant the capability to preserve their available oxygen
(decrease in the absolute content of available oxygen
should not exceed 0.5 wt %) for a long time.

The best stabilizers of concentrated alkaline solu-
tions of H2O2 are Na4P2O7, magnesium salts of min-
eral acids, and certain organic compounds [5�10].

Up to now, there are no strict scientific principles
for the choice of stabilizers for H2O2 solutions pre-
venting their decomposition [6]. Therefore, the sta-
bilizers are mainly chosen empirically depending on
the composition of a particular solution containing
H2O2 or other peroxides. Since H2O2 alkaline solu-
tion is used further for obtaining potassium superox-
ide and the regenerative product thereof, the suitable
stabilizers should meet certain requirements concern-
ing their toxicity, thermal stability, chemical resist-
ance to atomic oxygen, etc. Organic compounds are
unsuitable as stabilizers for H2O2 alkaline solutions
because of the possibility of their oxidation with po-
tassium superoxide, accompanied by burning and ex-
plosion. Among inorganic salts, magnesium sulfate
and Na4P2O7 are the best stabilizers of H2O2 alkaline
solutions. These compounds were used in this work to
obtain potassium superoxide and the regenerative
product thereof.

A specified amount of a stabilizer was dissolved in
a 50% H2O2 solution. The solution was placed in a
reactor cooled with tap water stream, and a 50% KOH
solution was added slowly with stirring. We found that
KOH reacts with H2O2 under these conditions without
decomposition of peroxide products (simple acid�base
interaction) at the molar ratios H2O2 : MgSO4 �

700 : 1 and H2O2 : Na4P2O7 � 590 : 1. According to
the chemical analysis [11], the available oxygen con-
tent in the resulting solution is close to that calculated
theoretically. It is known from the literature that each
stabilizer has its own critical concentration up to
which it is effective. A greater amount of the sta-
bilizer could even promote peroxide solution decom-
position [7]. Furthermore, the process being developed
for producing KO2 requires that the H2O2 alkaline
solutions be stable for no less than one day. Therefore,
to choose the optimal concentration of a stabilizer for
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�, h

c, g dm�3

Time � of stability of H2O2 alkaline solution as a func-
tion of the stabilizer concentration c: (1) MgSO4 and
(2) Na4P2O7.

the H2O2 alkaline solution, we studied how the time
of stability of the resulting solution depends on the
stabilizer content in the starting H2O2 solution. The
results are shown in the figure.

These data show that the amount of MgSO4 per
unit volume of the starting H2O2 solution, required
for the stabilization of the reaction between H2O2 and
KOH and for the further storage of the resulting solu-
tion, is less than that of sodium diphosphate, all other
things being equal. Therefore, MgSO4 is preferable as
the stabilizer. In addition, MgSO4 is more readily
available and cheaper than Na4P2O7.

According to the experimental data [2], MgSO4
does not affect the qualitative composition of the final
product, i.e., when hydrogen peroxide stabilized with
MgSO4 is used, the product obtained by the above-
described technique is the same as the product ob-
tained from H2O2 without adding magnesium sulfate
(all other factors being the same). This conclusion is
confirmed by chemical analysis.

It was found that, with magnesium sulfate used as
a stabilizer for the reaction of H2O2 with KOH, granu-
lated KOH could be used instead of the 50% KOH
solution. In this case, peroxide products did not de-
compose either.

Our experiments showed that, with time, the result-
ing H2O2 alkaline solution acquired a distinct yellow
color suggesting the presence of superoxide ion. That
is, colorless diamagnetic peroxide ions O2

2� dispropor-
tionate directly in the solution to give colored para-
magnetic superoxide ions O2

�. We found no indica-
tions on this phenomenon in the available literature.
Kazarnovskii [12] studied this process only for solid
compounds. To confirm the occurrence of this process
in solution, we started the magnetic susceptibility
measurements. The preliminary results confirm the
presence of diamagnetic ions in the resulting H2O2

alkaline solutions. It should be noted that superoxide
ions remain stable in aqueous solution under study for
a rrelatively long time. This is important, because all
superoxides are known to readily decompose on con-
tact with water to the corresponding alkali with oxy-
gen evolution.

CONCLUSIONS

(1) A study of the stability of potassium peroxide
peroxosolvate solutions by chemical analysis showed
that the solution stabilized with MgSO4 (in the molar
ratio MgSO4 : H2O2 = 1 : 750) remains stable for
one day at temperatures of up to 25�C.

(2) Diamagnetic peroxide ions O2
2� disproportio-

nate to give paramagnetic superoxide ions O2
� directly

in solution.
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Abstract�Purification of tert-butyl perbenzoate with an Na2S2O5 solution was studied.

tert-Butyl perbenzoate (TBPB) is widely used as
high-temperature polymerization initiator in produc-
tion of polyethylene, polystyrene, and vinyl acetate
plastics. The quality of commercial TBPB is deter-
mined by its purity, i.e., by the degree of removal
of numerous impurities: tert-butyl hydroperoxide
(TBHP), di-tert-butyl peroxide (DTBP), benzoic acid
(BA), tert-butyl alcohol (TBA), benzotrichloride
(BTC), etc.

The major impurities in TBPB prepared by the
two-step procedure [1] are DTBP, TBHP, and BA.
In the first step (preparation of TBHP sodium salt),
DTBP is removed by washing with benzine in which
DTBP dissolves better than TBHP sodium salt. In the
second step, TBPB is prepared from TBHP sodium
salt and benzoyl chloride; the product is purified to
remove TBHP with an NaOH solution [1]. The TBHP
sodium salt formed in the process is removed from
TBPB by subsequent washings with water. In prac-
tice, to obtain TBPB meeting TU (Technical Specifi-
cations) 6-05-1997�85 (main substance content no
less than 98.5%, TBHP content no more than 0.1%),
the reaction product is usually washed with five or six

Influence of the number of washing runs n on the impurity content c in TBPB (initial pH 11)
������������������������������������������������������������������������������������

� cTBHP, wt % � �After washing with Na2S2O3� � After washing with H2O
������������������ ���������������������� ���������������������������

nOH� �after main
�

after OH� � nNa2S2O5
�

pH of TBPB
� cTBHP, � nH2O �

pH of
� cTBPB � cTBHP � cBA

� � � � � � � ��������������������
� reaction � washing � � � wt % � � TBPB � wt %

������������������������������������������������������������������������������������
0 � 1.4 � � � 1 � 3.0 � 0.24 � 4 � 4.0 � 97.8 � 0.22 � 0.44
1 � 1.4 � 0.37 � 1 � 5.0 � 0.06 � 4 � 6.0 � 98.8 � 0.06 � 0.36
2 � 1.5 � 0.22 � 1 � 5.4 � 0.02 � 1 � 6.6 � 99.5 � 0.02 � 0.23
3 � 1.4 � 0.18 � 1 � 5.6 � 0.02 � 1 � 6.5 � 99.6 � 0.02 � 0.24
4 � 1.5 � 0.16 � 1 � 6.0 � 0.02 � 1 � 6.8 � 99.3 � 0.02 � 0.26
5 � 1.7 � 0.10 � 1 � 6.2 � 0.02 � 1 � 6.7 � 99.6 � 0.02 � 0.26
5 � 1.6 � 0.10 � 0 � � � � � 4 � 8.0 � 98.5 � 0.1 � 0.47

������������������������������������������������������������������������������������

portions of NaOH solution and four portions of water
to pH 6�8.

This procedure is time-consuming (it takes a half
of the total time for the whole cycle of TBPB produc-
tion). Therefore, development of a more efficient pro-
cedure for TBPB purification is an urgent problem.

The use of a sulfite buffer solution for washing of
hydroxy-tert-alkyl peroxyesters is mentioned in pa-
tents [2, 3], mainly devoted to synthesis of peroxides.

In this work we studied purification of TBPB with
an Na2S2O5 solution.

tert-Butyl perbenzoate was washed with 33 wt %
NaOH solution. The alkali content in the product
being purified was 2.6 wt %. The number of alkaline
washing runs nOH� was varied from 0 to 5. After that,
TBPB was washed with one portion of 8% Na2S2O5
and up to four portions of water.

In the course of purification, we determined the
TBHP content before and after purification and moni-
tored the pH of the aqueous extract. The purified
TBPB was analyzed for the content of the main sub-
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stance, TBHP, and BA. TBPB was determined by
iodometric titration in the presence of CuCl2 in iso-
propyl alcohol�acetic acid; TBHP, by iodometric titra-
tion in methanol�toluene in the presence of pyridine;
and BA, by high-frequency titration with an alkali
solution. The analytical data are listed in the table.

Purification with an Na2S2O5 solution without
preliminary washings with NaOH is inefficient, as it
leads to a decrease in the main substance content.
Apparently, in an acid solution, TBPB decomposes to
form benzoyl chloride, which is subsequently hydro-
lyzed to BA.

The table shows that, as the number of OH� wash-
ing runs is increased, the TBHP content in TBPB
decreases. The required level of purity is attained only
after nOH� = 5. If OH� washing is followed by treat-
ment with an Na2S2O5 solution, one alkaline washing
is sufficient to attain the required purity. This is prob-
ably due to the fact that, on the one hand, in alkaline
washings NaOH binds free TBHP, and, on the other
hand, alkaline medium promotes hydrolysis of TBPB
to TBHP and BA. This assumption is also confirmed
by the fact that treatment with an Na2S2O5 solution
decreases the BA content in TBPB. Washing of TBPB
with an Na2S2O5 solution decreases the pH of the

TBPB being purified from 11.0 to 5.4�6.2, which
makes washing of TBPB with water more efficient
and allows the number of washing runs to be de-
creased.

Thus, purification of TBPB with an Na2S2O5 solu-
tion in combination with alkaline washings is more
efficient, as it improves the purity of the commercial
product and reduces the purification time and the
volume of wash waters.

The purification procedure developed can be re-
commended for commercial use.

CONCLUSION

Treatment of tert-butyl perbenzoate with an
Na2S2O5 solution improves the quality of the com-
mercial product and reduces the purification time.
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Abstract�Effect of transition metal (Mn, Fe, Co, Ni, Cu, Zn) diketonates on oxidation of sunflower-seed
oil with atmospheric oxygen was studied.

Among a number of transition metal complexes,
diketonates are of interest due to capability to catalyze
oxidation of hydrocarbons. It is known that the catal-
ysis direction can change, with oxidation catalysts
becoming inhibitors.

In this work, the data on the effect of 20 transition
metal (Mn, Fe, Co, Ni, Cu, Zn) �-diketonates of series
I�VI on the catalysis direction in oxidation of sun-
flower-seed oil with atmospheric oxygen were sum-
marized and correlated to reveal how the activity
depends on the ligand structure and metal type:
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where I are complexes with acetylacetone; II, with
metoxyacetylacetone; III, with acetoacetic ester; IV,
with acetylbenzoylmethane; V, with dibenzoylmeth-
ane; and VI, with �-aceto-�-methyl-�-butyrolactone
chelates.

The choice of the oxidation substrate was deter-
mined by its practical significance in study of oxida-
tive degradation of edible oils and pharmaceuticals
[1]. For series I�VI, by an example of copper and
nickel complexes, we considered the effect of ligand,

and for series I and VI, the effect of metal type.
The relative activity constant Krel determined as

K = �O2(chel) /�O2(oil),

where �O2(chel) is the rate of atmospheric oxygen
uptake at substrate oxidation in the presence of metal
complex and �O2(oil) the rate of oxygen uptake with-
out additives (ml min�1), is the quantitative character-
istic of the metal complex catalytic activity.

In other words, Krel is a factor by which the rate of
oxygen uptake with a definite volume of the substrate
changes in the presence of a metal diketonate. Corre-
spondingly, the inequality Krel > 1 indicates a positive
catalytic effect of the metal complex, and Krel < 1, in-
hibiting effect (negative catalysis). The data obtained
are listed in Tables 1 and 2.

Comparison of Krel for copper and nickel chelates
I�VI reveals higher sensitivity of the nickel com-
plexes to the ligand structure as compared to copper
complexes. For example, for Ni-III and Ni-IV, the
activity gets inverted (Krel < 1), while copper chelates
with all ligands show only positive catalytic activity.
It is interesting that, whereas the Cu-IV complex

Table 1. Influence of the ligand structure on the catalytic
activity of Cu and Ni diketonates I�VI
����������������������������������������

M
� Krel
�����������������������������������
� I � II � III � IV � V � VI

����������������������������������������
Cu � 2.5 � 3.2 � 3.2 � 1.3 � 3.1 � 2.7
Ni � 1.4 � 1.3 � 0.7 � 2.8 � 1.3 � 0.2

����������������������������������������
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Table 2. Influence of the metal type on the chelate activity
in oxidation of sunflower-seed oil
����������������������������������������

Diketo-
� Krel
����������������������������������nate � Mn � Fe � Co � Ni � Cu � Zn

����������������������������������������
I � 2.8 � 1.8 � 4.4 � 1.4 � 2.5 � 0.7
VI � 0.4 � 0.2 � 0.3 � 0.2 � 2.7 � 0.6
����������������������������������������

show decreased activity, the Ni-IV complex exhibits
increased activity. For the Ni-III and Ni-VI chelates,
Krel < 1, indicating activity inversion.

A previous study of the activity of transition metal
chelates with VI [2] in oxidation of dehydroabietic
acid reveal a substantial dependence of the oxidation
rate on the metal type.

The relative activities of series I�VI are compared
in Table 2. As seen, Krel sharply decreases for com-
plexes with VI, excluding the copper chelate, i.e., the
activity inversion takes place virtually irrespective of
the metal. In the case of complexes I, the activity of
chelates decreases in the order Co > Mn > Cu > Fe >
Ni, Zn, which mainly agrees with data of [3]. It is
known [4] that the electrode potential of the metal ion
and the complex stability are factors determining the
catalytic activity of the chelate. For acetylacetonates I,
the activity variation does not correlate with any of
the above parameters.

Thus, for diketonates studied, the variation of the
ligand structure can be accompanied by changes in the
direction of catalytic activity in sunflower-seed oil
oxidation, which substantially broadens possible
applications of these complexes.

EXPERIMENTAL

The synthesis of transition metal chelates and their
structures are described in [5]. Acetylacetonates I
were prepared similarly. Metal chelates with II�V
were prepared as in [6].

The metal chelate activity was estimated in oxida-
tion of the unrefined sunflower-seed oil with atmos-
pheric oxygen without initiator at 60�0.1�C; A metal

chelate concentration did not exceed 10�3 M. The
measurement results were treated by the method de-
scribed in [7]. For all measurements, r � 0.97, which
shows that the volume of oxygen taken up vO2

linear-
ly depends on time:

vO2
= f (�) � y = kx + b,

where x is the time of uptake; y, amount of oxygen
taken up; and k, proportionality coefficient, k = tan� =
dvO2

/d� = �O2
, where �O2

is the rate of oxygen
uptake.

CONCLUSIONS

The catalytic activity of transition metal �-diketo-
nates in oxidation of sunflower-seed oil with atmos-
pheric oxygen was studied, and high activity of
copper chelates, independent of the ligand structure,
was revealed. The possibility of inversion of the
catalytic activity depending of the metal chelate struc-
ture was found.
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Abstract�Some chromatographic properties of microspheric silica gels coated with copolymer of poly-
styrene, p-divinylbenzene, and allyl alcohol were studied. The measurements were performed by reverse-phase
high-performance liquid chromatography using modified C8 and C18 phases with secondary silanization with
trimethylchlorosilane.

Development of new procedures improving struc-
tural and chromatographic parameters of packing
materials for chromatographic columns, including
silica gel, remains urgent. At present, it seems impos-
sible to propose a principally novel process for prepar-
ing packing materials based on silica gel for high-per-
formance liquid chromatography (HPLC) to meet all
the chromatographic requirements. Therefore, another
approach is preferred: modification of known systems,
e.g., coating of the silica gel surface with a polymeric
material. As a result, systems exhibiting the properties
of both silica gel and coating polymer are obtained.
This can decrease or even completely eliminate the
solubility of silica gel, making it applicable in aque-
ous and, especially, in alkaline aqueous solutions.

Several procedures are used to deposit polymeric
layers on silica gel supports [1�11], macroporous
glasses [12, 13], and diatomite [14]. Coating of non-
silica gel supports (e.g., aluminum oxide, zirconium
dioxide, and carbon glass) with polymeric layers is
described in [15]. For this purpose, both natural [3, 4,
10, 11] and synthetic [1, 2, 5�9, 12�15] polymers are
used.

In some works on polymeric coatings, primary
attention is given to covalent binding of the polymeric
coating with a support surface [8�11]. At the same
time, it is believed [1] that there is no pronounced dif-
ference between systems with polymeric coatings
bound to the support surface and encapsulating this
surface.

In this work we studied the possibility of improv-
ing some chromatographic properties of packing ma-
terials based on silica gel microspheres by their coat-
ing with an appropriate polymer.

EXPERIMENTAL

As starting materials for column packing we used
microspheric silica gels (MSs) prepared by hydro-
thermal modification of the initial MS, which, in turn,
was obtained by the procedure given in [16].

The modes of hydrothermal treatment (HT) of the
initial MS for preparing macroporous samples and the
pore properties of the resulting silica gels are listed in
Table 1. The size distribution of these MSs are shown
in the figure.

The polymeric layer was applied to MS by poly-
merization of an adsorption layer of the monomer
mixture in the presence of benzoyl peroxide (BP),
whose content was about 3�5 wt % of the total weight
of monomers. The porous support was impregnated
with a solution of the monomer mixture in acetone
with subsequent removal of the solvent at room tem-
perature. The polymerization initiator PB was added
simultaneously with the monomers, providing poly-

Table 1. Preparation conditions and porosity character-
istics of microspheric silica gels*
����������������������������������������
Mode of hydrothermal treatment �Porosity characteristics
����������������������������������������
�, h � pH �T, �C �SiO2 : H2O**� S, m2 g�1� V, cm3 g�1

����������������������������������������
� � � � � � � � 250 � 0.58
2 � 7.5 � 100 � 1 : 12 � 230 � 0.58
2 � 8.0 � 120 � 1 : 12 � 120 � 0.58
2 � 8.0 � 150 � 1 : 12 � 75 � 0.58
4 � 8.0 � 200 � 1 : 12 � 45 � 0.58

����������������������������������������
* (S) Specific surface area and (V) pore volume.

** Weight ratio.
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Table 2. Main chromatographic properties of microspheric silica gels
������������������������������������������������������������������������������������

Type of packing material*
� Polymer � k � Performance, TP m�1 �

Acetoni-
�

p, MPa� ������������������������������������ �
�

content,
� benzene � toluene � benzene � toluene � trile : water**�� wt % � � � � � �

������������������������������������������������������������������������������������
Si-100 + C8 + TMCS � � � 2.045 � 3.352 � 44 426 � 52 480 � 1 : 1 � 10.4

� 12.2 � 1.806 � 2.763 � 71 200 � 73 747 � 1 : 1 � 9.6
Si-200 + C8 + TMCS � � � 1.560 � 2.333 � 26 640 � 38 693 � 1 : 1 � 8.7

� 10.7 � 1.337 � 1.879 � 51 984 � 65 147 � 1 : 1 � 9.1
Si-200 + C18 + TMCS � � � 1.789 � 2.976 � 50 708 � 60 046 � 1 : 1 � 9.0

� 8.7 � 1.439 � 2.323 � 57 492 � 76 867 � 1 : 1 � 8.6
Si-300 + C8 + TMCS � � � 1.382 � 2.265 � 34 998 � 38 780 � 2 : 3 � 8.3

� 7.3 � 1.235 � 1.762 � 54 677 � 60 327 � 2 : 3 � 9.4
Si-500 + C8 + TMCS � � � 1.471 � 2.440 � 34 553 � 35 192 � 7 : 13 � 6.8

� 4.4 � 1.352 � 1.823 � 53 380 � 57 385 � 7 : 13 � 7.9
������������������������������������������������������������������������������������
* Number at Si indicates the average pore size, �.

** Weight ratio.

merization in the sample bulk. After solvent removal,
the resulting dry powder was transferred into a sealed
flask and placed in an oven.

Polymerization was carried out in an oven in two
stages: first the sample was heated at 80�85�C for
8�10 h and then at 130�C for 3�4 h. The resulting
sorbent was washed with hot dimethylformamide
(DMF) to remove the homopolymers and initial
monomers and dried with acetone on the filter. Then,
the sorbent was modified with silanes to prepare C8
and C18 phases on the surface according to [1],
with additional silanization with trimethylchlorosilane
(TMCS).

We used chemically pure grade styrene, allyl al-
cohol, and p-divinylbenzene (12 : 5 : 3 monomer
weight ratio), chemically pure grade acetone, and
chromatographic grade acetonitrile, water, and test
mixture (uracil, benzene, and toluene).

The pore characteristics were determined by mer-
cury porosimetry (Pore Sizer 9300 porosimeter) and
by sorption of benzene vapor.

The HPLC analysis was performed on a Biotronic
BI 8100 device equipped with a Spectro Monitor
5000 detector based on a photodiode matrix and a
UV detector (� = 254 nm); the flow rate of the mobile
phase in all the tests was 1 ml min�1. In the tests, we
used the 4.6 � 150-mm columns; the other chromato-
graphic parameters are listed in Table 2. As a test
mixture we used the mixture of uracil, benzene, and
toluene with x : y : z weight ratio.

As seen from the figure, in preparation of the wide-
pore MS samples by hydrothermal treatment of the

initial silica gel, the pore size distribution becomes
broader, which affects the chromatographic properties.

The performance of the columns packed with
MS containing C8 phase with respect to toluene
sharply decreases on passing from Si-100 + C8
(52480 TP m�1) to Si-200 + C8 (38693 TP m�1),
with the difference of 13788 TP m�1, whereas on pas-
sing from Si-200 + C8 to Si-500 + C8 the difference is
only 3501 TP m�1 (Table 2). This fact indicates that
the main structural changes occur on substitution of
Si-100 by Si-200. After attainment of the Si-200
structure, further structural changes on passing to
Si-500 do not significantly affect the performance of
the columns packed with these MSs. Similar trends
are observed with benzene.

dav, nm

Pore distribution dV/dx in MS with respect to the pore size
dav determined by mercury porosimetry. (1) Initial MS;
HT conditions: (2) pH 7.5, 100�C, 2 h; (3) pH 8.0, 120�C,
2 h; (4) pH 8.0, 150�C, 2 h; and (5) pH 8.0, 200�C, 4h.
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The average increase in the column performance
with respect to toluene after coating of the silica gel
packing with a polymeric layer is about 20000 TP m�1,
i.e., the column performance is improved by a factor
of 1.5.

As seen from Table 2, on passing from Si-100 +
polymer + C8 to Si-200 + polymer + C8, the column
performance decreases by 6800 TP m�1, which com-
prises 11.7 and 13.2% of the performance of the
columns based on Si-100 + polymer +C8 and Si-200+
polymer + C8, respectively. At the same time, on
passing from Si-100 + C8 to Si-200 + C8, the differ-
ence is 13787 TP m�1 or 26.3%. In going from
Si-200 + polymer + C8 to Si-300 + polymer + C8 and
finally to Si-500 + polymer + C8, the difference in
performance is 4820 and 2942 TP m�1, respectively.
This suggests that the polymeric coating levels the
differences in the sorbent structure after its hydrother-
mal modification, and no sharp drop in the column
performance on passing from Si-100 + polymer + C8
to Si-200 + polymer + C8 packing material is ob-
served. Moreover, on passing from Si-200 +polymer+
C8 to Si-500 + polymer + C8, the column performance
smoothly decreases, whereas in the case of Si-200 +
C8�Si-500 + C8, such a trend is not observed.

On passing from Si-200 + C18 to Si-200 + poly-
mer + C18, the column performance with respect to
toluene increases by a factor of 1.28 (16821 TP m�1).
This fact suggests that the C18 phase improves the
silica gel structure owing to the increase in hydro-
phobicity (the C18 phase is more hydrophobic than
the C8 phase) and in the content of organic phase on
the silica gel surface.

The increase in the column performance after coat-
ing with the polymer is due to more uniform size
distribution, because in this case polymer closes the
finer pores.

The sorption capacity k of the columns packed with
polymer-coated silica gel should obviously decrease
because the pore volume and specific surface area of
silica gel decrease with increasing amount of the poly-
mer deposited. The decrease in the specific surface
area depends on the silica gel structure and, to a lesser
extent, on the content of the polymeric coating.

We found that, for deposition of the polymeric
coating, it is advisable to use silica gel with a
more open structure (with a greater pore volume,
�0.75 cm3 g�1).

CONCLUSIONS

(1) The quality of the packing materials for high-
performance liquid chromatography based on micro-
spheric silica gels is improved by deposition of a
polymeric layer on their surface; on average, the
column performance increases by a factor of 1.5.

(2) Certain decrease in the capacity of the columns
based on these sorbents is due to the decrease in the
pore volume and specific surface area with increasing
content of the polymer deposited.
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Abstract�Modification of tetramethylcalix[4]resorcinol with dimethylaminomethyl and 3,5-di-tert-butyl-
4-hydroxybenzyl fragments was studied. The antioxidative activity of these macrocyclic stabilizers in rubber
stocks based on butadiene�acrylonitrile rubber was examined.

Phenolic stabilizers are relatively little used in
rubber stocks, as they are apparently inferior in the
protective effect to p-phenylenediamine derivatives.
At the same time, a major advantage of phenolic sta-
bilizers is that, in contrast to amines, they do not alter
or alter only slightly the color of rubber items; also,
they are nontoxic and low-volatile and are difficultly
washed out.

Macrocyclic phenolic stabilizers, in particular,
calix[4]resorcinols, are a new group of phenolic stabi-
lizers. Tetramethylcalix[4]resorcinol I appeared to be
suitable as antioxidant for vulcanized rubbers based
on butadiene�acrylonitrile rubbers [1, 2].

In this work we studied the antioxidative activity
exhibited in rubber stocks based on butadiene�acrylo-
nitrile rubbers by modified tetramethylcalix[4]resor-
cinols II and III containing in o-positions of the aro-
matic rings dimethylaminomethyl or 3,5-di-tert-butyl-
4-hydroxybenzyl fragments:
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where R = H (I), CH2NMe2 (II), or CH2C6H2(Bu-t)2-
3,5-OH-4 (III).

It is known that introduction of dimethylamino-
methyl groups into the molecule of I appreciably
facilitates its oxidation [3]. Therefore, compound II
should be a much more effective trap of peroxy radi-
cals, compared to unsubstituted calixarene I.

Compound III contains phenolic groups differing
in the reactivity. This should enhance the inhibiting
performance in radical oxidation processes. Stabilizer
III was prepared by the reaction of I with 3,5-di-tert-
butyl-4-hydroxybenzyl acetate IV in the presence of
formic acid. The mixture formed in the course of the
reaction contains 70% calixarene III and 30% 2,4,6-
tris(3,5-di-tert-butyl-4-hydroxybenzyl)resorcinol V:
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where R = CH2C6H2(Bu-t)2-3,5-OH-4.

It was shown previously [4] that, in the presence of
strong mineral acids (HClO4, H2SO4), the content of
III in the reaction mixture does not exceed 30%.

The compositions of commercial rubber stocks
containing as stabilizers N-isopropyl-N �-phenyl-p-
phenylenediamine (Diafen FP) or its mixture with
2,2,4-trimethyl-1,2-dihydroquinoline (Acetonanil),
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Table 1. Composition of rubber stocks based on SKN-18
and SKN-26 rubbers
����������������������������������������

Component*

� Content, wt parts per
� 100 wt parts of rubber
����������������������
� SKN-18 � SKN-26

����������������������������������������
Zinc oxide � 4 � 3
Sulfenamide Ts � 1 � 0.7
N,N-Dithiodimorpholine � 2 � �

Thiuram D � 1 � �

Stearic acid � 1 � 1
Carbon black � 120 � 40
EDOS plasticizer � 45 � �

Sulfur � � � 1.5
Stabilizer � 4 � 2
����������������������������������������
* Sulfenamide Ts is N-cyclohexyl-2-benzothiazolylsulfenamide;

Thiuram D, tetramethylthiuram disulfide; EDOS plasticizer,
a mixture based on dioxane alcohols; stabilizer, compounds
I�III, V, III + V, Diafen FP, or Acetonanil.

calixarenes I�III, benzylated resorcinol V, and a
mixture of III and V obtained in the course of the
reaction of I with IV are listed in Table 1. The results
of physicomechanical tests of these stocks are listed
in Table 2. The performance of the stabilizers was
evaluated by relative changes in the nominal tensile
strength �, relative elongation at break �, and elonga-
tion set �, occurring upon thermal oxidative aging.

Table 2 shows that, in the rubber stock of thiuram
vulcanization with a high filler content, modified
calixarenes II and III somewhat surpass II and Diafen
FP (amine stabilizers) as regards preservation of �,
but are inferior to the latter additives with respect to
preservation of �. In the rubber stock of sulfur vul-
canization with a low filler content, exhibiting better
physicomechanical properties, calixarenes II and III

Table 2. Effect of stabilizers on properties of vulcanized rubbers based on SKN-18 and SKN-26
������������������������������������������������������������������������������������

Parameter
� Stabilizer
�������������������������������������������������������������������������
� control* � I � II � III � V � III + V

������������������������������������������������������������������������������������
�, MPa � 14.0 (21.2)**� 13.7 (23.5) � 13.3 (18.0) � 12.7 (20.1) � 13.2 (20.5) � 14.7 (21.6)
�, % � 129 (314) � 148 (320) � 117 (244) � 133 (308) � 156 (310) � 129 (280)
�, % � 4 (8) � 3 (9) � 4 (8) � 4 (8) � 4 (10) � 3 (8)
��/�*** � 0.89 (0.87) � 0.89 (0.78) � 0.94 (1.06) � 0.91 (0.95) � 0.81 (0.95) � 0.89 (0.88)
��/�*** � 0.95 (0.69) � 0.98 (0.60) � 0.75 (0.82) � 0.80 (0.62) � 0.81 (0.77) � 0.62 (0.69)
������������������������������������������������������������������������������������

* For vulcanized rubber based on SKN-18, Diafen FP : Acetonanil (1 : 3); for that based on SKN-26, Diafen FP.
** The values for SKN-26 are given in parentheses.

*** (��, ��) Values obtained after thermal oxidative aging at 100�C for 72 h.

inhibit thermal oxidative degradation more effectively
than I and are comparable in this respect with Diafen
FP (Table 2).

EXPERIMENTAL

In our study, we used commercial samples of buta-
diene�acrylonitrile rubbers SKN-18 and SKN-26.
Rubber stocks were prepared in two steps with a Bra-
bender plasticorder with the mixing chamber volume
of 50 cm3. In the first step, the rubber, carbon black,
and other components, except the vulcanizing group,
were mixed at 130�C. In the second step, the vulcaniz-
ing group was added. The total mixing time was
7 min, and the rotor rotation rate, 35 rpm. The rubber
stocks based on SKN-18 and SKN-26 were vulcanized
at 143�C for 30 and 40 min, respectively.

Physicomechanical tests were performed with a
Tensometer T-10 tensile-testing machine (Monsanto).

The 1H NMR spectra were recorded on a Varian
Gemini-200 spectrometer (200 MHz) relative to resid-
ual protons of deuterated solvents.

4,6,10,12,16,18,22,24-Octahydroxy-5,11,17,19-
tetra(3,5-di-tert-butyl-4-hydroxybenzyl)-2,8,14,20-
tetramethylpentacyclo[19.3.1.13,7.19,13.115,19]octa-
cosa-1(25),3,5,7(28),9,11,13(27),15,17,19(26),21,23-
dodecaene III. Formic acid (65 ml) was added to a
solution of 3 g (5.5 mmol) of I and 6.9 g (24.8 mmol)
of IV in 55 ml of acetone. The mixture was allowed
to stand at 20�C for 1 day. Then it was poured into
100 ml of water, and an NaHCO3 solution was added
to pH 5�6. A mixture of products (7.75 g) was ob-
tained, containing, according to the 1H NMR spec-
trum, compounds V and III in a molar ratio of 3 : 7.
It was dissolved in 25 ml of benzene, and 170 ml of
hexane was added. Compound III was obtained; yield
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2.6 g (33%), mp 230�C (dec.). 1H NMR spectrum
CDCl3), �, ppm: 1.39 s (72H, CMe3), 1.77 d (12H,
Me, 3JHH 7.0 Hz), 3.89 s (8H, CH2), 4.60 q (4H, CH,
3JHH 7.0 Hz), 5.08 s (4H, OH), 6.34 s (8H, OH),
7.00 s (8H, Ar�H), 7.33 s (4H, Ar�H).

Found, %: C 77.65; H 8.65.
C92H120O12.
Calculated, %: C 77.97; H 8.47.

4,6,10,12,16,18,22,24-Octahydroxy-5,11,17,19-
tetrakis(dimethylaminomethyl)-2,8,14,20-tetra-
methylpentacyclo[19.3.1.13,7.19,13.115,19]octacosa-
1(25),3,5,7(28),9,11,13(27),15,17,19(26),21,23-do-
decaene II and 2,4,6-tris(3,5-di-tert-butyl-4-hy-
droxybenzyl)resorcinol V were prepared as de-
scribed in [5] and [6], respectively.

CONCLUSION

Modification of tetramethylcalix[4]resorcinol with
dimethylaminomethyl and 3,5-di-tert-butyl-4-hydroxy-
benzyl fragments afforded macrocyclic stabilizers with
enhanced antioxidative activity, exceeding that of the

starting tetramethylcalix[4]resorcinol, toward rubber
stocks based on butadiene�acrylonitrile rubbers.
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Abstract�Sulfonation of petroleum polymeric resins based on the C9 fraction with various suilfonatic agents
was studied, and procedure was developed for preparing sulfonated resins. The possibility of using sulfo resins
as effective plasticizers for concrete was examined.

Sulfonation of hydrocarbon polymers is one of
effective modification procedures extending the appli-
cation field of these materials. Introduction of sulfo
groups makes polymers hydrophilic, which allows
their use as water-soluble components of various
formulations.

Efficient sulfonation procedures were developed for
polymers and copolymers of ethylene and styrene [1�
3]. In the case of petroleum polymeric resins (PPSs),
which are multicomponent systems involving about
ten kinds of monomeric units, sulfonation procedures
virtually have not been studied. Petroleum polymeric
resins are today one of the most promising and cheap-
est synthetic substitutes of vegetable oils and rosins.
These products are prepared from by-products of oil
pyrolysis and are widely used in production of syn-
thetic drying oils, oil�resin lacquers, and components
of various paint-and-varnish, adhesive, rubber, and
other formulations. However, PPR-based products are,
as a rule, soluble only in aromatic hydrocarbons and
alkyl halides and insoluble in water, which restricts
their applications. Modification of PPRs by sulfona-
tion will give environmentally friendlier water-soluble
film-forming agents and plasticizers.

Our studies resulted in development of a waste-free
process for production of PPRs and petroleum poly-
merizate (PP), an analog of petroleum polymeric dry-
ing oil, by cationic polymerization of the C9 fraction.
There products are intended for use as film-forming
agents in paint-and-varnish production [4�6].

The goal of this work was to study sulfonation of
PPRs and prepare from them a plasticizing additive
to cement mortars.

Published data and preliminary experiments on
sulfonation of styrene oligomer (molecular weight

1000�3000) revealed the regular trends and optimal
conditions of the process and allows us to find the
best sulfonating agents (SAs) for PPRs of molecular
weights 500 and 800 [7].

Sulfonation was performed under mild conditions
(at 0�35�C) in a halogenated hydrocarbon solvent.
As sulfonating agents we used 10�34% oleum, liquid
SO3, acetyl sulfate, chlorosulfonic and sulfuric acids,
and 2 : 1 and 1 : 1 SO3�dioxane complexes. The latter
agents appeared to be the most effective. The complex
2SO3 �dioxane was prepared at 0�5�C in a reactor
equipped with a power-driven stirrer, a dropping fun-
nel, and a thermometer, by slowly adding 1,4-dioxane
to a solution of SO3 in chloroform. To the resulting
complex of SO3 with dioxane or to another SA, a
solution of PPR or PP in chloroform was added over a
period of 2�3 h with vigorous stirring. After adding
the whole amount of PPR (or PP), the mixture was
stirred for an additional 1 h and then diluted with
water and neutralized with sodium carbonate. The
aqueous and organic layers were separated in a sep-
aratory funnel. The aqueous layer was filtered and di-
alyzed for 24 h. The purified solution was evaporated
on a rotary evaporator to obtain sulfo-PPR (SPPR).

The influence of the reactant ratio on the SPPR
yield and content of HSO3 groups is illustrated by the
table. Sulfonation of PPR with sulfuric acid yields a
product that is virtually insoluble in water, probably
owing to formation of sulfone derivatives. With acetyl
sulfate, oleum, or liquid SO3 used as sulfonating
agents, partially water-soluble products were obtained,
but their yield and content of sulfo groups were lower
as compared to the resins sulfonated with SO3�diox-
ane complexes and chlorosulfonic acid.

The reactant ratio noticeably affects the content of
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Sulfonation of PPR and PP with the complex 2SO3 �dioxane, chlorosulfonic acid, and oleum
������������������������������������������������������������������������������������

Run no.
�

Sulfonating agent
�

Mn* of PPR
� SA : PPR � SPPR yield, % � Content of HSO3

� � � � �� � � weight ratio � % � groups, mmol g�1

������������������������������������������������������������������������������������
1 �2SO3 �dioxane � 500 � 1.6 : 1 � 55 � 4
2 �� � 500 � 2 : 1 � 90 � 4
3 �� � 500 � 3 : 1 � 75 � 5
4** �� � 500 � 3 : 1 � 98 � 4
5** �� � 500 � 3 : 1 � 86 � 5
6 �� � 800 � 3 : 1 � 76 � 6
7 �� � 800 � 5 : 1 � 85 � 6
8 �� � 800 � 7 : 1 � 70 � 6

� � � � �9 �HSO3Cl � 800 � 1.4 : 1 � 42 � 6
10 �� � 800 � 2.1 : 1 � 43 � 6

� � � � �11 �Oleum � 500 � 3 : 1 � 30 � 7
������������������������������������������������������������������������������������
* (Mn) Number-avegare molecular weight.

** In run nos. 4 and 5, PP containing 70 and 80 wt % PPR, respectively, was sulfonated.

the sulfo groups introduced and the yield of the water-
soluble resin (run nos. 1�3). The product containing
the sulfo group in each monomeric unit can be pre-
pared only with excess sulfonating agent (run nos. 3�
10). Sulfonation of PPR with a SO3�dioxane complex
at less than 2 : 1 SA : PPR ratio gives a water-soluble
product in a lower yield (run no. 1); therefore, it is
appropriate to use the complex 2SO3 �dioxane at
the SA : PPR weight ratio from 2 : 1 to 5 : 1. With
chlorosulfonic acid used for sulfonation (run nos. 9
and 10), the SPPR yield is lower than in run nos. 6�8,
at comparable degree of sulfonation. In sulfonation
of the resin of molecular weight 500 with oleum, the
SPPR yield is considerably lower compared to sulfo-
nation with a complex of SO3 with dioxane, but the
content of HSO3 groups is higher by a factor of
almost 2 (run nos. 3, 11). In sulfonation of petroleum
polymerizate, the SPPR yield strongly depends on
the resin concentration, whereas the content of sulfo
groups is virtually the same (run nos. 3�5).

SPPR sample nos. 6�10 were tested as plasticizers
for cement mortars.1 The results showed that these
SPPRs ensure the same or even higher mobility of
mortars, compared to S-3 superplasticizer. Sulfo resins
enhance the early strength of concrete to a greater
extent (at equal mortar mobility), whereas plasticizers
behaving as surfactants (including S-3) cause an oppo-
site effect (the strength of concrete after 3-day setting
is shown in the figure). Furthermore, SPPR additives
accelerate setting and alter the hardening kinetics.
������������
1 Experiments were performed under the guidance of V.V. Tur

(Brest State Technical University).

We also found that the plasticizing effect of SPPRs
strongly depends on their degree of sulfonation, de-
creasing as the content of sulfo groups grows. The
best results were obtained with SPPR no. 6. Electron
microscopic examination suggests that sulfo resin
molecules favor an increase in the content of crystal-
lization centers and make the size of ettringite crystals
and their distribution in the cement stone structure
more uniform.

As compared to nonplasticized samples and those
plasticized with S-3, the concretes obtained with
SPPR additives are more uniform; they have higher
density and considerably lower autogenic shrinkage
strain [8].

S, MPa

S-3 SPPR SPPR SPPR
no. 12 no. 13 no. 14

Base
formulation

Effect of plasticizer on the compression strength S of con-
crete. SPPR sample nos. 12�14 were prepared by sulfona-
tion of PPR (Mn = 600) with the complex 2SO3 �dioxane,
HSO3Cl, and SO3, respectively; content of HSO3 groups 2,
2, and 3 mmol g�1, respectively.
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CONCLUSIONS

(1) A procedure was developed for sulfonation of
petroleum polymeric resins and petroleum polymeri-
zate with various sulfonating agents (a complex of
SO3 with 1,4-dioxane, chlorosulfonic acid, oleum),
allowing control of the content of sulfo groups in the
product. Samples of water-soluble sulfo resins with
the molecular weight of 1000�1500 and different
degrees of sulfonation were prepared.

(2) The sulfonated petroleum polymeric resins can
be used as effective concrete plasticizers.
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HISTORY OF CHEMISTRY
������������������������� �������������������������

AND CHEMICAL TECHNOLOGY

175 Years of Manufacture of Platinum Metals in Russia

The history of platinum manufacture in Russia and
the development of research in this field have been the
subject of several papers [1�6]; however, all of these
cover the period of time before the 1940s. For various
reasons, the manufacture of these metals in later
period has not been discussed. Here we consider, after
a brief review of the main stages of development of
the manufacture of platinum-group metals on the basis
of the Ural deposits, materials related to manufacture
of platinum and concomitant elements from sulfide
copper�nickel ores of the Norilsk deposit.

As far back as the early XVIII century, the Europe
was well aware of the existence of platinum, which
was imported from South America only. The annual
production and consumption of platinum were within
320�560 kg. In Russia, platinum-containing samples
of osmious iridium were found in gold fields of Upper
Iset and Neiva districts in the Urals only in 1819. This
stimulated further prospecting for platinum deposits.
Purely platinum placers were discovered in the Gor-
naya Blagodat district in 1824, and in Nizhni Tagil
district in the Urals in 1825. By order of the minister
of finance, count E.F. Kankrin (1774�1845), who
stimulated in every possible way prospecting for, and
mining of platinum, all the metal (�raw� platinum)
was delivered to St. Petersburg. Samples were ana-
lyzed at the laboratory of the Mining Military College
(now Mining Institute) by V.V. Lyubarskii (1795�
1852). Previously, in 1823, he also analyzed samples
of osmious iridium. Having graduated from the Min-
ing Military College in 1816, Lyubarskii worked for
several years at laboratories of Ural plants, and then,
in 1820�1827, at the laboratory of the Mining Mili-
tary College, which was rebuilt and expanded in 1826
and later merged with the laboratory of the Depart-
ment of Mining and Salt Affairs to become United
Laboratory of the Department of Mining and Salt Af-
fairs, Mining Military College, and Mining Apothe-
cary [7]. The new laboratory was headed by P.G. So-
bolevskii (1781�1841), who played an outstanding
part in the development of processes for industrial
refining of platinum and production of ductile plati-
num [7�9]. Sobolevskii graduated from a military
educational institution (1798) and then was first in
military and then in state service; in 1817�1824, he
was an engineer at the Kama�Votkinsk iron-making

plant, and in 1819, became manager of the plant. In
1824, Sobolevskii returned to St. Petersburg and took
part in the organization of the United Laboratory and
remained its head till the end of his life. For his
scientific merits, he was elected corresponding mem-
ber of the St. Petersburg Academy of Sciences in
1830.

Sobolevskii and Lyubarskii developed a relatively
simple, but, at the same time, rather efficient method
for refining of raw platinum and its conversion into
ductile metal and laid foundations of powder metal-
lurgy [10]. From May till November 1826, about
1600 kg of raw platinum was processed. In 1828,
export and trading of raw platinum were prohibited.
In the same year, Russia started mintage of platinum
coins, which continued till 1845. During this period of
time, the production of raw platinum markedly in-
creased, to become 3490 kg in 1843. Before that time,
platinum and its compounds had been studied in Rus-
sia by A.A. Musin-Pushkin (1760�1805), a chemist,
mineralogist, honorary member of the St. Petersburg
Academy of Sciences (since 1796), and vice-president
of Berg Kollegiya (Mining Board) [11]. In 1797�
1805, he published 23 papers devoted to platinum and
suggested an original method for production of ductile
platinum. Musin-Pushkin’s studies favored the de-
velopment of methods for analysis and refining of
platinum metals in Russia.

To the most important events associated with
studies of platinum metals belongs the discovery of
ruthenium in 1844 by K.K. Klaus (1796�1864), a
professor of Kazan University. Klaus started research
in chemistry of platinum metals, which led to this dis-
covery, in 1841. Having headed the chair of pharmacy
at Dorpat University on returning in 1852 to his native
Dorpat (now Tartu, Estonia), he continued studies in
chemistry of ruthenium, osmium, and other platinum-
group metals [12, 13]. Klaus wrote fundamental
monographs Issledovaniya ostatkov Ural’skoi platino-
voi rudy i metalla ruteniya (Studies of Residues of
Ural Platinum Ore and Ruthenium Metal, 1845) and
Materialy k khimii platinovykh metallov (Materials for
Chemistry of Platinum Metals, 1854). The first of
these was awarded the Demidov prize by the St. Pe-
tersburg Academy of Sciences. A hundred years after,
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K.K. Klaus.

Klaus’s works were republished in the series Klassiki
nauki (Classics of Science).

Klaus suggested new techniques for refining of pla-
tinum metals, described methods for their tests for
purity, considered properties of a large number of
compounds of these metals, and suggested procedures
for analysis of �platinum residues.� In contrast to
his predecessors, who studied separate problems of
chemistry and metallurgy of platinum, Klaus created
the chemistry of platinum metals of that time [4].

From 1841 till 1867, platinum was refined at St. Pe-
tersburg Mint. After mintage of platinum coins was
terminated (June 1845), export of platinum obliga-
torily refined at the Mint was allowed. Thus, the refin-
ing works continued to exist in Russia, but it termi-
nated in 1867 when export of raw platinum was
allowed.

In 1879, platinum refining was commenced in
limited amounts (130�150 kg in a year) at the Ten-
televskii chemical plant (St. Petersburg). However,
this plant, and also another small plant refining plati-
num in St. Petersburg, belonged to foreigners. About
10�13% of platinum produced at the Urals was re-
fined. As noted in [4], 92% of investment into the
Ural platinum industry belonged to foreigners. At the
same time, the Ural platinum fields gave more than
90% of world’s platinum.

Quite a number of known Russian geologists were
engaged in studies of platinum deposits in the Urals.
A.A. Inostrantsev (1843�1919), a professor of St. Pe-
tersburg University, published in 1893�1894 studies
of bedrock deposits in the Nizhni Tagil district. By

that time, only placer deposits were used in the Urals.
Bedrock deposits, whose disintegration produced
placers, had not been studied. The geology of bedrock
deposits was also the subject of a study by Academi-
cian A.P. Karpinskii (1846�1936), published in 1893.
During many years, the platinum deposits of the Urals
were studied by N.K. Vysotskii (1864�1932), a geol-
ogist from St. Petersburg. The platinum deposits of
the Nizhni Tagil district were described in a paper by
N.A. Zavaritskii (1884�1952), published in 1909.
A number of Ural platinum deposits were described
by F.Yu. Levinson-Lessing (1861�1939), a professor
of St. Petersburg Polytechnic Institute, in his publica-
tions of 1909�1910.

In the field of chemical analysis of minerals con-
taining platinum metals, much was done by B.G. Kar-
pov (1870�1940). Having graduated from the St. Pe-
tersburg University (1896) with first-degree diploma,
he started to work as chemist-analyst at the Geological
Committee (St. Petersburg). Already in 1900, Karpov
established for the first time, together with A.A. Anti-
pov (1858�1911), the presence of uranium in the geo-
logical material from Fergana province. In the same
year, he was sent to a business trip abroad for further
improvement of his skills and worked at H. Le Chate-
lier’s laboratory (1850�1936) in Paris. Beginning in
1907, Karpov specialized in analysis of platinum
metals. He wrote a manual O metodakh analiza samo-
rodnoi platiny (On Methods for Analysis of Native
Platinum) and made several hundred analyses of both
native platinum and platinum ores from Ural deposits
[4, 14].

In the late XIX century, Professor N.S. Kurnakov
(1860�1941, academician since 1913) carried out at
the chemical laboratory of the Mining Institute studies
in chemistry of complex compounds of platinum-
group metals [6, 15, 16]. Already the first scientist’s
communication devoted to this subject, on �products
of thiourea combination with platinum salts� (1889),
aroused much interest among chemists. The results of
the study were included by D.I. Mendeleev (1834�
1907) in the fifth edition of Osnovy khimii (Funda-
mentals of Chemistry). Later (1889�1893), these
studies were continued. It was emphasized in the
monograph [15] that Kurnakov was the first among
Russian scientists to appreciate the coordination
theory of A. Werner (1866�1919), an outstanding
Swiss chemist, later a Nobel Prize laureate (1913).
The results of Kurnakov’s studies in the field of
chemistry of complex compounds were summarized in
a separate collection of works [17].
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At the turn of the XX century, it became clear that
chemistry of platinum metals is intimately associated
with chemistry of coordination compounds. Platinum
metals form various complex compounds character-
ized by high stability. Already in the beginning of the
XX century, investigations carried out by L.A. Chu-
gaev shifted the center of research in the field of com-
plex compounds and also in chemistry of platinum
metals to Russia [6]. Chugaev graduated from the
natural department of the physicomathematical faculty
at Moscow University in 1895. The initial period of
his scientific activities was devoted to studies of or-
ganic compounds. In 1903, Chugaev defended his
master dissertation �Studies in the Field of Terpenes
and Camphor.� However, his doctoral dissertation
�Studies in the Field of Complex Compounds� (1906)
was devoted to synthesis and studies of properties of
compounds formed by a number of metals, including
platinum and palladium, with imides and �-dioximes.
In the following years, Chugaev’s interests were
focused exclusively on the chemistry of coordination
compounds. Chugaev was a professor of the Moscow
Higher Technical School (1904�1908) and extraordi-
nary (since 1908) and ordinary (since 1911) professor
of the St. Petersburg University [18].

As already noted, Russia was the main supplier of
platinum to the world market at the beginning of the
XX century, but platinum refining was not performed
on due scale. The question of necessity for organiza-
tion of industrial refining of Ural raw platinum was
raised by Russian scientists more than once; however,
this was hindered by the existing Russia’s treaty com-
mitments. The export of raw platinum was completely
prohibited only after the beginning of World War I.

In July 1914, the government made a contract with
the management of the Joint-Stock Society of Niko-
lae-Pavda mining district to build and equip in accor-
dance with the requirements of modern technology
a refining plant in Yekaterinburg with annual output
capacity of no less than 450 poods (�7400 kg) and
manufacture simple articles from refined platinum [5,
6, 19]. The government surrendered its rights to build
a state-owned plant for platinum refining to the joint-
stock society.

In February 1915, the Permanent commission for
analysis of natural productive forces of Russia (KEPS)
was organized by decision of the Academy of Sci-
ences, and Academician V.I. Vernadsky (1863�1945)
was appointed its chairman, and Academician Kurna-
kov, its vice-chairman. In his keynote address devoted
to the goals of the Commission, Vernadsky mentioned
that, for Russia’s natural resources to be used proper-

L.A. Chugaev.

N.N. Baraboshkin.

ly, �it is necessary to go Russia’s own way without
using as prescriptions the achievements of the West or
America... We must search not only for sources of
new natural productive forces in our country, but also
for methods and procedures for their use, and devise
these methods� [20].

In August 1915, the Nikolae-Pavda joint-stock
society invited mining engineer N.N. Baraboshkin
(1880�1935) to head work on building of a refining
plant in Yekaterinburg. N.N. Baraboshkin entered
the Mining Institute in St. Petersburg in 1899 and
graduated therefrom in 1914, having worked during
his education period in gold and platinum fields of
the Urals and Siberia and at other metallurgical plants.
Beginning in 1911, he made a great number of analy-
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O.E. Zvyagintsev.

ses of platinum metals at a laboratory of the Mining
Institute. Karpov’s paper [21] mentions that �It is
necessary to mention as one of the most outstanding
representatives of Kurnakov’s analytical school
N.N. Baraboshkin, who applied to the greatest extent
his analytical talents to studies of analysis of
platinum ore and products of its processing. These
studies... brought to him honorable fame and key posi-
tion at... the refining plant.� In 1914�1915 at the Min-
ing Institute, N.N. Baraboshkin was engaged, together
with N.I. Podkopaev (1872�1930), in improvement of
methods for platinum refining, with the result that the
Klaus�Baraboshkin method was devised and later
used for a long time at the refining plant [6, 22]. At
the beginning of 1916, a temporary laboratory for
refining and production of technical-grade spongy
platinum, headed by N.N. Baraboshkin, was put into
operation. In October of the same year, the construc-
tion of the first Russia’s refining plant was, for the
most part, finished. The commonly accepted official
data of its starting-up is October 10 (23), 1916, when
the Ministry of Trade and Industries approved a spe-
cial �Instruction� regulating all aspects of the func-
tioning of the new plant. From November 1916 till
November 1917, 900 kg of platinum was refined; by
the beginning of 1918, the output capacity of the
refining plant reached 400 kg of platinum per month
and increased gradually. However, on February 6 (19),
1918, the plant was nationalized and soon was closed.
The civil war suspended work on platinum refining,
but the plant was not evacuated and all the equipment
remained intact. Mainly owing to N.N. Baraboshkin’s
efforts, the refining plant resumed its work in the

spring of 1920. Soon, other metals started to be
produced together with platinum: palladium in 1922,
iridium in 1923, rhodium in 1925, osmium in 1927,
and ruthenium in 1930. Manufacture of extra-brand
platinum was started in 1928, melting of platinum to
obtain platinum bullion, in 1923, and manufacture of
platinum alloys and fabrication of articles from plati-
num and platinum alloys, in 1928.

Professor N.N. Baraboshkin was one of organizers
of higher metallurgical education in the Urals, headed
metallurgical chairs at the Ural Polytechnic Institute,
and dealt with a wide variety of issues related to
manufacture of copper and nickel at plants of the Ural
region [19, 23�25].

The achievements in refining of platinum and as-
sociated metals were closely related to wide-scale
studies carried out, in the first place, in Petrograd.
On Chugaev’s initiative supported by academicians
Kurnakov and A.E. Fersman (1883�1945), the Insti-
tute of Platinum and Other Noble Metals (Platinum
Institute) was organized in Petrograd in April 1918
[26, 27]. This made it possible to unite specialists
working in the field of chemistry of platinum metals at
laboratories of the University, Mining and Polytechnic
Institutes, and some other institutions. The explana-
tory memorandum devoted to the organization of the
institute read: �Platinum-group metals, i.e., platinum,
iridium, rhodium, palladium, osmium, and ruthenium,
constitute the exclusive national treasure of the Rus-
sian state, since more than 95% of the whole world’s
production of placer platinum falls on Russia...� [4].
Chugaev was appointed the first director of the Plati-
num Institute. The aims of the Institute, formulated
by its director, were diverse and extensive, with the
development of methods for separation of platinum
and associated metals and their manufacture in pure
state occupying the first place [28]. After the untimely
death of Chugaev in September 1922, Kurnakov was
elected director of the Institute. During the entire
period of his scientific activities, Kurnakov was in-
cessantly interested in platinum and other platinum-
group metals: in their complex compounds, manufac-
ture technology, alloys on their base, and use of the
metals and alloys in various fields of technology.

In 1922, the State Association of plants producing
and processing platinum, Uralplatina of VSNKh (Sup-
reme Council for National Economy), was created. In
agreement with this association, the Platinum Institute
engaged itself in a number of investigations in the
field of refining and analysis of platinum metals.
To accomplish these tasks, two commissions were
organized at the Institute: that of refining, headed by
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Kurnakov, and analytical, headed by Karpov. A num-
ber of known specialists working at the Platinum In-
stitute were, simultaneously, members of both the
commissions: S.F. Zhemchuzhnyi (1873�1929),
O.E. Zvyagintsev (1894�1967), and V.V. Lebedinskii
(1888�1956). A detailed report about the activities of
the Platinum Analytical Commission can be found in
[21]. A major contribution to the organization of joint
work of Uralplatina and the Platinum Institute was
made by Zvyagintsev, an engineer at Uralplatina in
1922 to 1926 and later one of the leading Russian
specialists in chemistry, geochemistry, and technology
of platinum metals, the author of a number of mono-
graphs and books on history of chemistry [29].

In 1923�1925, KEPS, Russian Academy of Sci-
ences, initiated publication of capital work of N.K. Vy-
sotskii [30], devoted to deposits, production, and
refining of platinum in Russia. Results obtained in
studies carried out by staff members of the Institute of
Platinum and in other investigations in the field of
chemistry of platinum metals appeared on regular
basis in Izvestiya Instituta (Transactions of the Insti-
tute), which started to be published in 1920.

In 1919, in lower reaches of the Yenisei River,
beyond the Polar circle, prospecting for deposits of
coal and other minerals was commenced, with only
rather scarce relevant information available. The
expedition was led by N.N. Urvantsev (1893�1985),
a young mining engineer and graduate of the Tomsk
Technological Institute [31]. The systematic studies
carried out in the following years on the southern
periphery of the Taimyr tundra led to discovery of a
coal field and deposits of copper�nickel ores contain-
ing platinoids, which constituted the mineral and
energy base for Norilsk mining-and-smelting com-
bine. The decision to construct the combine was made
by the Council of People’s Comissars of the USSR on
June 23, 1935. The implementation of the plan was
entrusted to Chief Administration of Prison Camps
(GULAG). The exceedingly severe climate of the
Polar region made construction under the ever-frost
conditions a very complicated task. Nevertheless, first
hundreds of tons of raw nickel were obtained in 1939,
production of electrolytic nickel commenced in the
spring of 1942, that of electrolytic copper, in 1943,
and that of cobalt, in 1944. As nickel and copper
were produced, platinoid-containing sludges were
accumulated.

On April 7, 1939, the country’s leadership made a
decision to construct a refining plant in Krasnoyarsk.
The construction and functioning of the plant were
also entrusted (till 1953) to NKVD (People’s Comis-

sariat for Internal Affairs). The construction site was
chosen with participation of Zvyagintsev. The design
was made by specialists of the Soyuznikel’olovopro-
ekt Institute (now Gipronikel’ Institute, St. Peters-
burg), with participation of specialists from the Insti-
tute of General and Inorganic Chemistry, Russian
Academy of Sciences, and Mining Institute. Profes-
sors N.P. Aseev (1871�1952), K.F. Beloglazov (1887�
1951), N.S. Greiver (1900�1971), and Yu.V. Mora-
chevskii (1894�1961) took part in extensive studies of
the behavior of platinum metals in processing of sul-
fide copper�nickel ores, carried out at the Leningrad
Mining Institute.

The refining plant in Krasnoyarsk was constructed
in severe war years; however, already in November
1942, the first batch of sludges formed in nickel elec-
trolysis was delivered to the plant for processing.
On March 23, 1943, first platinum (1291 g) and pal-
ladium (3235 g) were produced on the pilot installa-
tion from Norilsk sludges. This date is considered the
birthday of the Krasnoyarsk Refining Plant (Kras-
noyarsk Plant of Nonferrous Metals since 1967). On
June 1, 1943, the plant commenced manufacture of
finished products in conformity with the established
State plan. In May 1944, manufacture of rhodium was
started. In January 1945, the main shop for refining of
platinum and palladium was put into operation and
large-scale manufacture of these metals was com-
menced. In 1946�1947, melting of platinum and pal-
ladium was made possible and manufacture of these
metals in the form of bullion was organized. In No-
vember 1946, recovery of ruthenium by distillation
with ammonium persulfate was started. In 1948, proc-
essing of Ural placer platinum and secondary raw ma-
terials containing precious metals was organized. In
May 1950, a technology for electrochemical recovery
of gold from solutions to give commercial technical-
grade metal was developed. In 1952, a method for
electrochemical recovery of rhodium from solutions of
its pure salt was introduced into practice [32].

In September 1994, Russia’s largest goldsmith’s
work was created, and in 1996, and effective tech-
nology for gold and silver refining was developed.

Together with the traditional research centers at
which sulfide copper�nickel ores and chemistry of
platinum-group metals were studied, scientists and
specialists exiled to Krasnoyarsk (professors I.Ya. Ba-
shilov and S.M. Anisimov) or detained there (profes-
sors R.L. Myuller and V.V. Nedler, engineers
K.K. Beloglazov, A.P. Sergeev, A.N. Fedorova, and
others) much helped to staff members of the plant
during its early years, in 1943�1953, in developing
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the technology for processing of novel types of raw
materials and refining of platinum metals.

I.Ya. Bashilov (1892�1953) studied at the Petro-
grad Polytechnic Institute. Already in 1921, he,
together with V.G. Khlopin (1890�1950, member of
the Academy of Sciences of the USSR since 1939),
developed and implemented a technology for produc-
tion of radium and other valuable components (urani-
um, vanadium) from the ore delivered from Central
Asia (Fergana). In 1932, he created and headed the
chair of rare metals at the Moscow Institute of Fine
Chemical Technology. In the same tear, Bashilov was
appointed scientific supervisor of the Institute of Rare
Metals (Giredmet). In August 1938, professor Bashi-
lov, one of those who organized the industry of radio-
active and rare metals in Russia, was groundlessly
repressed and, on finishing his detention term in June
1943, sent to Krasnoyarsk, to the refining plant [32�
35]. First, he worked as researcher and then as head of
the research department of the Central factory labora-
tory. Despite the previous conviction, which was not
expunged, Bashilov was awarded a State Prize in
1948. Already after the scientist’s death, the decision
of the Special Board of NKVD of February 14, 1939,
was repealed by the Supreme Court of the USSR on
January 30, 1957 �because of the absence of a crime.�

S.M. Anisimov (1901�1970), a disciple of a promi-
nent metallurgist V.Ya. Mostovich (1880�1935) and
a professor of the North-Caucasian Mining-and-Smelt-
ing Institute (Vladikavkaz), was repressed in 1941,
served his sentence at Norilsk labor camps, and then
worked at the Krasnoyarsk Refining Plant. He did
much in organizing at the plant an assay laboratory for
analyzing raw, and other industrial, materials with low
content of noble metals. Anisimov paid much atten-
tion to training plant’s staff members for assay tech-
niques and carried out a number of technological
studies [32]. In 1954, Anisimov was fully rehabili-
tated, returned to Vladikavkaz, and headed the chair
of metallurgy of noble and rare metals at the same
institute as before.

Head of the chair of electrochemistry at Leningrad
University, professor R.L. Myuller (1899�1964) was
sentenced to 10 years of imprisonment for �anti-Soviet
propaganda� [36, 37]. In 1946�1949, Myuller demon-
strated, together with specialists from the plant, the
possibility of using electrochemical methods in vari-
ous stages of the refining process. A shop for frac-
tional electrolysis operated at the plant for a long
time. Such methods as cathodic deposition of metallic
rhodium from solutions of hexachlororhodic acid and

electrochemical purification of iridium solutions
proved to be successful [32].

In 1956, after full rehabilitation, Myuller resumed
his rather successful scientific activities at the Lenin-
grad University.

V.V. Nedler (1908�1997), a known physicist-spec-
troscopist from Moscow, served his four years term of
imprisonment in Krasnoyarsk. His contribution to im-
plementation of spectral analysis at the plant and per-
sonnel training is invaluable. In the early 1950s, spec-
tral analysis became the most important method for
monitoring processes, testing the quality of finished
products, and analyzing other materials at a plant. On
returning to Moscow, Nedler, a doctor of chemical
science, professor, and State Prize laureate, worked
successfully at Giredmet Institute for many years [38].
The organization at the plant of a research department,
which actually functioned as an applied-research insti-
tute, was much assisted by scientists from the Institute
of General and Inorganic Chemistry, Academy of
Sciences of the USSR: Academician I.I. Chernyaev,
corresponding members of the Academy of Sciences
of the USSR Lebedinskii and N.K. Pshenitsyn, Profes-
sor A.M. Rubinshtein, and, especially, Professor
Zvyagintsev. I.I. Chernyaev (1893�1966), a disciple
and follower of Chugaev, graduated from the Petro-
grad University in 1915, worked at the Institute of
Platinum in 1918�1934 and at the Institute of General
and Inorganic Chemistry, Academy of Sciences of
the USSR beginning in 1934; in 1941�1966 he was
director of the Institute. Chernyaev was a prominent
specialist in chemistry of complex compounds and
discoverer of the trans effect. The methods for os-
mium recovery from ore and production of high-purity
platinum, developed by Chernyaev, are used in the in-
dustry. Beginning in 1918, Lebedinskii and N.K. Pshe-
nitsyn (1891�1961), graduates from St. Petersburg
(Petrograd) University and Chugaev’s disciples,
worked at the Institute of Platinum and at the Institute
of General and Inorganic Chemistry, Academy of
Sciences of the USSR. The main Lebedinskii’s in-
vestigations were devoted to methods for production
and refining of rhodium. Pshenitsyn made a major
contribution to analytical chemistry of platinum met-
als and developed an industrial method for iridium
recovery [16, 26].

Of promise and interest are investigations in the
field of electrocrystallization and refining of platinum
metals with molten electrolytes, carried out the most
extensively at the Institute of High-Temperature Elec-
trochemistry, Russian Academy of Sciences, Yeka-
terinburg and also at the Yekaterinburg Plant for Proc-
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essing of Nonferrous Metals (former Refining Plant).
These studies were initiated and supervised by Aca-
demician A.N. Baraboshkin (1925�1995), N.N. Bara-
boshkin’s son [39].

Platinum-group metals play an important part both
in monetary reserves of states an in quite a number of
diverse, and newest branches of technology [40]. Pla-
tinum metals, and also their alloys and compounds,
are irreplaceable in electronics, radio engineering, in-
strument building, chemical and petrochemical in-
dustries, space and nuclear engineering, medicine, and
goldsmith’s works. Platinum and platinum�rhenium
catalysts are used in manufacture of high-octane gaso-
line and numerous monomers for manufacture of syn-
thetic rubber and other synthetic materials. Platinum
metals and their alloys are used in fuel cells, micro-
electronics, growth of single crystals of precious
gems, and special glass making. Alloys of platinum
with rhodium and palladium neutralize noxious com-
ponents of exhaust gases of internal combustion
engines.

By the end of the XX century, the share of Russia
and Republic of South Africa (RSA) exceeds 92% of
world’s production of platinum metals and 96% of
their resources [41]. However, the structures of
resources and production in these countries differ sig-
nificantly. Platinum predominates in RSA ores and its
output is approximately twice that of palladium. By
contrast, the palladium resources in raw materials in
Russia much exceed those of platinum, and, therefore,
producing a comparable amount of palladium, our
country lags far behind RSA (by a factor of more than
4.5) in production of platinum. An analysis of the
world market of platinum metals in the 1990s was
made in [41]. During the period from 1993 to 1998,
the world consumption of platinum-group metals in-
creased by 74% (from 263 to 458 tons), and that of
platinum, by 41.7% (from 126 to 179 tons).

In Russia, more than 98% of the proven resources
of platinum-group metals is concentrated in the Arctic
zone, with more than 95% of these metals manufac-
tured from sulfide copper�nickel ores of the Norilsk
industrial region [40, 42, 43]. The factors determining
the unique properties of Norilsk platinoid�copper�
nickel ores have been analyzed by D.A. Dodin et al.
[43, 44]. However, the fraction and quality of ores
rich in platinum metals delivered to the Norilsk min-
ing-and-smelting combine decreases gradually. In this
context, much attention is given by the program �Pla-
tinum of Russia� (1992) to studies of new, untypical
of Russia, kinds of platinum-containing raw materials
[40, 44�46].

Russia possesses sufficient natural resources for
extending the existing, and creating new, sources of
raw materials for production of platinum metals and
raising their manufacture in order to ensure the lead-
ing position in the world market in the XXI century.
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REVIEWS

Tarasov, A.V., Besser, A.D., Mal’tsev, V.I., and Sorokina, V.S.,
Metallurgicheskaya pererabotka vtorichnogo svintsovogo syr’ya

(Metallurgical Processing of Secondary Lead)

Tarasov, A.V., Ed., Moscow: Gintsvetmet, 2003, 224 pp.

In the recent decade, exceedingly close attention
has been given in all the economically developed
countries to utilization of lead battery scrap. This
problem, which is very important economically and
environmentally, is made particularly pressing by the
global rise in the number of automobiles and other
vehicles using lead batteries, high toxicity of lead, and
depletion of lead ore deposits. By the end of the
XX century, the annual world’s output of lead ex-
ceeded 6 million tons, with no less than 55% of the
whole manufactured amount of lead constituted by
secondary metal, which is mainly obtained in proces-
sing of spent lead batteries. No less than 70% of lead
produced in the world is consumed in manufacture of
lead batteries. On the completeness of collection and
utilization of battery scrap depends the possibility of
satisfying the demand of the world’s leading countries
for lead. The aforesaid refers to Russia in full measure.

The monograph by A.V. Tarasov and co-authors
comprises a foreword, introduction, eight chapters,
and bibliographic list containing 243 references to
various publications.

A brief foreword (p. 6) notes that the short supply
of lead and its alloys in Russia was among the reasons
for decrease in manufacture of lead batteries and their
increased import. The introduction (pp. 7 and 8) justly
emphasizes that the overall expenditure for manufac-
ture of lead and its alloys and compounds from sec-
ondary lead raw materials and the impact of the meth-
ods for its processing on the environment are much
lower than that in their production from ore raw mate-
rials. Provided that an efficient system for battery col-
lection and processing is organized, the dependence of
Russia on imported lead and its alloys and concen-
trates can be eliminated.

Chapter 1 of the monograph (pp. 9�14) analyzes
data on the present state of manufacture and consump-
tion of lead. Unfortunately, data on the dynamics of
manufacture and consumption of lead in Russia in the

last decade, the more so for the earlier period, are vir-
tually lacking. Chapter 2 (pp. 15�21) characterizes
secondary lead-containing raw materials. The main at-
tention is given to lead battery scrap and wastes of
battery plants. These kinds of secondary lead can be
processed together. Chapter 3 (pp. 22�48) is devoted
to preparation of secondary lead-containing raw ma-
terials for the basic metallurgical procedures. The
chapter considers transportation of lead batteries, dis-
charge and processing of electrolyte, cropping of bat-
teries into fractions, desulfurization (desulfation) of
the oxide�sulfate fraction with caustic soda or soda
ash, manufacture of commercial sodium sulfate as by-
product, and utilization of organic components of
battery scrap.

Chapter 4 (pp. 48�81) discusses the main processes
occurring in pyrometallurgical processing of second-
ary lead and the appropriate apparatus. Unfortunately,
the authors fail to present with due clarity the physico-
chemical essence of reduction processes and do not
use the known results of numerous studies of these
processes. The same chapter considers slags and
mattes, typically produced in manufacture of lead by
pyrometallurgical methods, and smelting processes
in furnaces of various types. Chapter 5 (pp. 81�161),
occupying the central place in the monograph, des-
cribes the basic flowsheets for processing of second-
ary lead-containing raw materials: melting of un-
cropped lead batteries in shaft furnaces after discharge
of electrolyte, melting of separate fractions of lead
battery scrap in reverberatory or rotating furnaces,
electrosmelting, and other known procedures. The
authors give numerous examples from domestic and
foreign practice.

Chapter 6 (pp. 161�185) describes processes for
refining of lead obtained from secondary raw materi-
als. The authors restrict the consideration to analysis
of widely known procedures for pyrometallurgical
purification to remove antimony, arsenic, tin, and
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copper impurities and of electrolytic refining with a
hydrofluorosilicic electrolyte. New promising proce-
dures specially developed for refining of secondary
lead are not discussed in the monograph. Chapter 7
(pp. 185�204) presents information about hydrometal-
lurgical methods for processing of battery scrap.
Chapter 8 (pp. 204�211) considers environmental and
economical aspects of lead manufacture from sec-
ondary raw materials.

Numerous deviations from the commonly accepted
rules of bibliographic description may hinder use of
the, on the whole, rather informative list of references.

The monograph by Tarasov and co-authors will be
indubitably of interest for specialists working at re-
search and development organizations dealing with
processing of secondary lead-containing raw materials.

A. G. Morachevskii
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Jubilee Scientific Conference �Gerasimov Readings�

In tribute of the centennial anniversary of the birth-
day of Yakov Ivanovich Gerasimov (23.09.1903�
17.03.1983), a known physical chemist, corresponding
member of the Academy of Sciences of the USSR,
and laureate of a State Prize, the jubilee scientific con-
ference �Gerasimov Readings� was held at the Lomo-
nosov State University in Moscow on September 29�
30, 2003. The conference was organized by the Chem-
ical Faculty of Moscow State University (MGU), Sci-
entific Council of the Russian Academy of Sciences
for Chemical Thermodynamics and Thermochemistry,
and Scientific Council of the Russian Academy of
Sciences for Physicochemical Foundations of Semi-
conductor Materials Science, with financial support
by the Russian Foundation for Basic Research and
a number of other institutions. The organizing com-
mittee of the conference was headed by the Dean
of the Chemical Faculty, Academician V.V. Lunin
and his deputies, Academician Yu.D. Tret’yakov and
Professor G.F. Voronin.

The scientific program included seven plenary re-
ports, poster sessions in six sections, and round table
on use of computers in chemical research and teaching
of chemistry. Lunin and Tret’yakov took part in the
opening session of the conference. The report by
N.A. Smirnova (St. Petersburg State University)
�Thermodynamics of Complex Fluid Systems at
St. Petersburg University: Research and Teaching�
was devoted to a wide variety of thermodynamic prob-
lems dealt with at the Chemical Faculty of St. Peters-
burg State University. Particular attention was given
to thermodynamics of solutions of various kinds and
to thermodynamics of surface phenomena. O.M. Pol-
torak (MGU) considered in his report the problems as-
sociated with teaching of chemical thermodynamics
within the modern course in physical chemistry. The
report by Voronin (MGU) �Unused Possibilities of
Chemical Thermodynamics� analyzed the main direc-
tions of development of chemical thermodynamics in
the XX century. J. Hertz (Université Henry Poincarè,
Nancy I, France), a known scientist in the field of

thermochemistry of metal alloys, considered in his
report the basic research in the field of thermodynam-
ics, mainly carried out in the XIX century by Carnot,
Clapeyron, Thomson, Clausius, Gibbs, Ostwald,
Le Chatelier, Duhem, de Dondet, Boltzmann, and
Planck. In particular detail were considered the activi-
ties of Sadi Carnot (1796�1832), a French engineer
and physicist, one of the founders of thermodynamics.

The report by F.A. Kuznetsov (Institute of Inorgan-
ic Chemistry, Siberian Division, Russian Academy of
Sciences, Novosibirsk) was devoted to the role of
chemical thermodynamics in semiconductor materials
science. The report by Yu.V. Tsvetkov (Baikov Insti-
tute of Metallurgy and Materials Science, Russian
Academy of Sciences, Moscow) considered Ya.I. Ge-
rasimov’s studies in the field of theoretical metallurgy
and their influence on the subsequent research. The
author developed (together with E.K. Kazenas) a
procedure and apparatus used to obtain experimental
data on thermodynamics of evaporation and dissocia-
tion of oxides of a great number of metals. Studying
the thermodynamics of transfer of components of the
metallurgical raw materials into the gas phase is of
particular importance for the development of plasma
metallurgy. E.P. Ageev (MGU) illustrated his report
devoted to the career and research activities of Gera-
simov by a large number of interesting photographs.

Numerous poster reports were grouped into six sec-
tions: (I) general and academic problems of chemistry
and chemical thermodynamics; (II) thermodynamic
properties of substances; (III) phase equilibria and
transformations; (IV) physical chemistry of solutions
and melts; (V) theoretical and semiempirical methods
for calculation and evaluation of physicochemical
parameters of substances; and (VI) adsorption, kinet-
ics, and catalysis. Abstracts of papers of the jubilee
scientific conference �Gerasimov Readings� were pub-
lished as a separate edition.

A. G. Morachevskii and L. B. Tsymbulov
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Abstract�Solubility in the system Ca(NO3)2�Mg(NO3)2�NH4NO3�H2O was studied by the visual-poly-
thermic method. The crystallization curves and the chemical composition of the solid phase were determined.
The chemical composition of solutions with crystallization temperature of 0�C was calculated. A technological
scheme for production of liquid fertilizers containing nitrogen, calcium, and magnesium was proposed.

The world’s production of concentrated combined
fertilizers, e.g., nitroammophosphates, increases,
whereas the fraction of fertilizers with secondary mac-
ronutrient elements decreases. Cultivation of a number
of agricultural cultures involves deficiency of bound
calcium, magnesium, and sulfur [1�3], which is par-
tially compensated for by use of nitrophoska and
superphosphates. However, in many cases it is more
expedient to use liquid fertilizers. Of particular in-
terest is use of dolomite1 CaCO3 � MgCO3, which
contains up to 30% CaO and 20% MgO, as a raw
material for manufacture of liquid fertilizers contain-
ing calcium and magnesium.

The agrochemical efficiency of chemically un-
processed dolomite is low, as it is almost insoluble in
water. Milled dolomite is used in agriculture only for
neutralization of acid soils.

Products formed in dolomite processing with ortho-
phosphoric acid can be used as fertilizers in neutral or
alkaline soils [5]. Production of suspended fertilizers
by reacting dolomite with various inorganic com-
pounds has been reported [6, 7]. However, calcium
and magnesium phosphates are virtually not used in
production of liquid fertilizers at all because of their
low solubility [8].

Readily water-soluble calcium and magnesium ni-
trates obtained by decomposition of dolomite with ni-
tric acid can be the best components of calcium- and
����������
1 There are deposits of dolomite (about 180 million cubic

meters) in northern Lithuania [4], but this mineral is virtually
not used in agriculture as a fertilizer.

magnesium-containing liquid fertilizers. There are
published data on application of the product formed
in the reaction between dolomite and nitric acid as
an additive in the production of ammonium nitrate [9].
However, data on phase equilibria in the ternary sys-
tems M(NO3)2�NH4NO3�H2O (M = Ca, Mg) and
Ca(NO3)2�Mg(NO3)2�H2O systems [10�14] are in-
sufficient for creating liquid calcium-, magnesium-,
and nitrogen-containing fertilizers.

The aim of this study was to analyze the possibility
of manufacturing liquid fertilizers containing simulta-
neously nitrogen, calcium, and magnesium by decom-
position of dolomite with nitric acid, with the sub-
sequent neutralization of the resulting product with
ammonia water.

To achieve this objective, it was necessary to study
the solubility in the system Ca(NO3)2�Mg(NO3)2�
NH4NO3�H2O, to determine the chemical composi-
tion of liquid calcium, magnesium, and nitrogen-
containing fertilizers, and to suggest a technological
scheme for manufacture of liquid fertilizers.

To study the solubility, we used analytically pure
Ca(NO3)2 � 4H2O, Mg(NO3)2 � 6H2O, and NH4NO3
and distilled water.

The content of calcium, magnesium, iron, and
aluminum in terms of their oxides was determined
by chelatometry; that of ammonia nitrogen, by the
formaldehyde method; and that of nitric nitrogen,
by the permanganate method. The concentration of
silicon oxide and the amount of crystallization water
were determined gravimetrically [15, 16].
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Fig. 1. Polythermal sections I�XI of solutions of the system Ca(NO3)2�Mg(NO3)2�NH4NO3�H2O. (T ) Temperature and
(c) content of NH4NO3.

The following physicochemical methods of anal-
ysis were used in the study: atomic-absorption elec-
trothermopyrographic spectrometry (Perkin�Elmer
Zeeman 3030 spectrometer [17, 18]), IR spectrome-
try (Specord M-80 spectrometer, KBr pellets, com-
paction duration 5 min [19]), thermogravimetry (Du
Pont Instruments 990 Thermal Analyzer, heating rate
10 deg min [20]), and X-ray phase analysis (DRON-3
instrument with a cobalt anode, range of diffraction
angles 0�166.5�, measurement error not exceeding
0.5% [21]).

To obtain liquid fertilizers under laboratory con-
ditions, we used technical-grade nitric acid (58%),

Table 1. Chemical composition of sections of the system
Ca(NO3)2 + Mg(NO3)2 + H2O � NH4NO3
����������������������������������������

Section
� Composition, wt %
����������������������������������
� Ca(NO3)2 � Mg(NO3)2 � H2O

����������������������������������������
I � 21 � 14 � 65
II � 21 � 15 � 64
III � 23 � 16 � 61
IV � 25 � 10 � 65
V � 25 � 14 � 61
VI � 25 � 22 � 53
VII � 27 � 23 � 50
VIII � 30 � 14 � 56
IX � 30 � 15 � 55
X � 30 � 20 � 50
XI � 35 � 20 � 45
����������������������������������������

ammonia water (25%), and dolomite2 containing
53.21% CaCO3 and 42.88% MgCO3. The content of
admixtures in dolomite was as follows (wt %): Fe2O3
1.71, Al2O3 0.10, SiO2 2.10, Mn 1.76 � 10�2, Zn
2.71 � 10�2, Cr 1.54 � 10�3, Cu 3.34 � 10�4, Ni 2.81 �
10�4, Co 8.51 � 10�4, Mo 2.50 � 10�4, Cd 9.79 � 10�5,
Pb 4.69 � 10�6, Se < 1 � 10�6, and Hg < 1 � 10�6.
The crystallization temperatures of solutions were
determined by visual-polythermic method [22].

Taking into account the composition of dolomite
(ratio of calcium and magnesium oxides), we studied
the dependence of the crystallization temperature of
solutions with varied ratio of calcium and magnesium
nitrates on the concentration of ammonium nitrate
(0 to 60%) in the temperature range from full freezing
up to 40�C. The solubility in 11 sections xCa(NO3)2 +
yMg(NO3)2 + zH2O � NH4NO3 (Table 1) was de-
termined by the visual-polythermic method.

Polythermal sections I�XI are shown graphically
in Fig. 1. The crystallization curves in the selected
range of concentrations and temperatures had one or
two inflection points associated with phase transitions.

Using a centrifuge-refrigerator (at low crystalliza-
tion temperatures Tcr ) or a Nutsche filters (at crystal-
lization temperatures higher than 0�C), we isolated
the crystals obtained at the temperatures correspond-
ing to the inflection points and in characteristic ranges
of polytherms and then subjected them to chemical
and instrumental analysis. An examination of the
obtained experimental and published [10�14] data
����������
2 Pyatrashunai (northern Lithuania).
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Table 2. Chemical composition of solutions and solid phases in the system Ca(NO3)2�Mg(NO3)2�NH4NO3�H2O
������������������������������������������������������������������������������������

Composition of solution, % �Mg(NO3)2 �6H2O + NH4NO3 + Ca(NO3)2 �2H2O �NH4NO3 solid phase
������������������������������������������������������������������������������������
Ca(NO3)2� Mg(NO3)2 � NH4NO3 � H2O � Ca2+ � Mg2+ � NH4

+ � NO3
� � H2O

������������������������������������������������������������������������������������
� � � � 6.00* � 3.04 � 5.40 � 59.00 � 24.13

15.52 � 10.80 � 32.50 � 41.18 � ���� � ��� � ��� � ��� � ���
� � � �

6.49 � 3.89 � 5.84 � 60.39 � 23.38
������������������������������������������������������������������������������������
* Numerator, found; denominator, calculated.

on the solubility in the ternary systems M(NO3)2�
NH4NO3�H2O (M = Ca, Mg) and Ca(NO3)2�
Mg(NO3)2�H2O demonstrated that binary crystal hy-
drates are formed as a result of the crystallization.
Table 2 shows, as an example, results of chemical
analysis of the solid phase in section III at crystalliza-
tion temperature of 0�C.

Fig. 2. IR spectra of (1) Ca(NO3)2 � 4H2O, (2) Mg(NO3)2 �

6H2O, (3) NH4NO3, and (4) solid phase in section III of
the system Ca(NO3)2�Mg(NO3)2�NH4NO3�H2O at crystal-
lization temperature of 0�C. (�) Wave number.

Fig. 3. DTG curves of (1) Ca(NO3)2 �4H2O, (2) Mg(NO3)2 �
6H2O, (3) NH4NO3, and (4) solid phase in section III of
the system Ca(NO3)2�Mg(NO3)2�NH4NO3�H2O at crystal-
lization temperature of 0�C. (T ) Temperature.

Apparently, these data closely coincide with those
calculated from the stoichiometry. To confirm these
results, we used various instrumental methods: IR
spectrometry, X-ray diffraction analysis, and ther-
mography (Figs. 2�4).

The IR spectra of calcium nitrate tetrahydrate and
magnesium nitrate hexahydrate (Fig. 2, curves 1 and 2)

Fig. 4. X-ray diffraction patterns of (1) Ca(NO3)2 � 4H2O,
(2) Mg(NO3)2 � 6H2O, (3) NH4NO3, and (4) solid phase in
section III of the system Ca(NO3)2�Mg(NO3)2�NH4NO3�
H2O at crystallization temperature of 0�C. (I ) Intensity
and (2�) Bragg angle.
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Table 3. Characteristics of ?bending (?inflection?) points in the system Ca(NO3)2�Mg(NO3)2�NH4NO3�H2O
������������������������������������������������������������������������������������

Section
� Solution composition, wt % �

Tcr , �C
�

Solid phase*����������������������������������������� �
� Ca(NO3)2 � Mg(NO3)2 � NH4NO3 � H2O � �

������������������������������������������������������������������������������������
I � 17.75 � 11.83 � 15.50 � 54.92 � �32.5 � I + Mg �6H + A + A �Ca �2H
II � 17.698 � 12.64 � 15.75 � 53.92 � �31.5 � �

III � 20.36 � 14.16 � 11.50 � 53.98 � �33.8 � I + Mg �9H + Mg �6H + A + A �Ca �2H
IV � 20.62 � 8.25 � 17.50 � 53.63 � �26.1 � I + Mg �6H + Ca �4H + A + A �Ca �2H
V � 23.75 � 13.30 � 5.00 � 57.95 � �27.8 � I + Mg �9H + Mg �6H + Ca �4H

� 21.25 � 11.90 � 15.00 � 51.85 � �29.0 �Mg �6H + Ca �4H + A + A �Ca �3H
VI � 23.75 � 20.90 � 5.00 � 50.35 � �16.5 �Mg �6H + Ca �4H

� 21.25 � 18.70 � 15.00 � 45.05 � �26.5 �Mg �6H + Ca �4H + A + Ca �3H
VII � 20.92 � 17.83 � 22.50 � 38.75 � �2.5 �Mg �6H + Ca �4H + Ca �3H
VIII � 26.25 � 12.25 � 12.50 � 49.00 � �38.5 � I + Mg �9H + Mg �6H + Ca �4H + A + Ca �3H
IX � 26.70 � 13.35 � 11.00 � 48.95 � �37.3 � I + Mg �9H + Mg �6H + A + A �Ca �2H
X � 27.00 � 18.00 � 10.00 � 45.00 � �9.3 �Mg �6H + Ca �3H

� 24.00 � 16.00 � 20.00 � 40.00 � �14.0 �Mg �6H + Ca �3H + A �Ca �2H
XI � 25.87 � 14.78 � 26.10 � 33.25 � +6.3 �Mg �6H + Ca �3H + A �Ca �4H
������������������������������������������������������������������������������������
* I is ice; A, NH4NO3; Mg � 6H, Mg(NO3)2 � 6H2O; Mg � 9H, Mg(NO3)2 � 9H2O; Ca � 3H, Ca(NO3)2 � 3H2O; Ca � 4H, Ca(NO3)2 �

4H2O; A � Ca � 2H, NH4NO3 � Ca(NO3)2 � 2H2O; A � Ca � 3H, NH4NO3 � Ca(NO3)2 � 3H2O; A � Ca � 4H, NH4NO3 � Ca(NO3)2 �

4H2O.

contain absorption peaks of the NO3
� group at 750�

1050 and 1330�1420 cm�1, and the spectrum of am-
monium nitrate (Fig. 2, curve 3), that of the NH4

+

group at 3100 cm�1. These vibrations are charac-
teristic of pure components of the system, but, with
certain deviations, they can also be seen in the spec-
trum of the solid phase being analyzed (Fig. 2,
curve 4).

The DTG curves of pure compounds (Fig. 3, cur-
ves 1�3) show dips corresponding to endothermic ef-
fects: 95, 300, and 410�460�C for Mg(NO3)2 �6H2O;
40, 140�160, and 500�C for Ca(NO3)2 � 4H2O; 100,
130, 170, and 205�C for NH4NO3. The same dips at
temperatures slightly changed owing to the formation
of crystal hydrates of binary salts were found in the
DTG curves of the compound under analysis (Fig. 3,
curve 4).

A comparison of the interplanar spacings in the X-
ray diffraction patterns of the substance under analysis
(Fig. 4, curve 4) and pure substances (Fig. 4, cur-
ves 1�3) revealed certain disagreements. It is neces-
sary to note that the X-ray diffraction pattern of
the solid phase contains all the main peaks with d/n
values (�): 1.190, 0.305, and 0.231 for calcium ni-
trate; 0.359, 0.268, and 0.236 for magnesium nitrate;
0.483, 0.398, and 0.222 for ammonium nitrate. Thus,
we can conclude that binary salts containing calcium

and magnesium crystal hydrates and also ammonium
nitrate are present in the solid phase.

A comparison of the results of chemical and in-
strumental analyses with published data on the sol-
ubility of salt systems identified the following com-
pounds in the solid phase: NH4NO3, Mg(NO3)2 �6H2O,
Mg(NO3)2 �9H2O, Ca(NO3)2 �3H2O, Ca(NO3)2 � 4H2O,
NH4NO3 � Ca(NO3)2 � 2H2O, NH4NO3 � Ca(NO3)2 �
3H2O, and NH4NO3 � Ca(NO3)2 � 4H2O. The charac-
teristics of inflection points in the range studied in
the system Ca(NO3)2�Mg(NO3)2�NH4NO3�H2O are
shown in Table 3.

It is seen that the crystallization temperature at
the transition points varies widely, within the range
�38.5�+6.3�C. The crystallization temperature at
inflections in various sections grows with increasing
concentration of ammonium.

Using the data obtained (isotherm 0�C), we found
that the maximum concentration of nutrients in solu-
tions with various N : CaO : MgO ratios is as fol-
lows (%): N (total) 16.13, CaO 7.59, MgO and 5.06
(Table 4). For the CaO : MgO ratio corresponding to
dolomite, higher concentrations of nutrients are ob-
served in the solution containing (wt %): NH4NO3
28.20, 17.95 Ca(NO3)2, 15.80 Mg(NO3)2, and 38.05
H2O (pH 4.4). The chemical composition, concentra-
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Table 4. Characteristics of solutions crystallized at 0�C in the system Ca(NO3)2�Mg(NO3)2�NH4NO3�H2O
������������������������������������������������������������������������������������

Section
� Solution composition, wt % � Concentration of nutrients, wt % �

pH�����������������������������������������������������������������������
� NH4NO3 � Ca(NO3)2 � Mg(NO3)2 � H2O � N � CaO � MgO �

������������������������������������������������������������������������������������
I � 33.70 � 13.92 � 9.28 � 43.10 � 15.92 � 4.73 � 2.51 � 4.1
II � 32.45 � 14.19 � 10.13 � 43.23 � 15.69 � 4.82 � 2.74 � 4.2
III � 32.40 � 15.55 � 10.82 � 41.23 � 16.04 � 5.29 � 2.92 � 4.0
IV � 34.60 � 16.35 � 6.54 � 42.51 � 16.13 � 5.56 � 1.77 � 4.4
V � 30.30 � 17.42 � 9.76 � 42.52 � 15.42 � 5.92 � 2.64 � 4.2
VI � 28.20 � 17.95 � 15.80 � 38.05 � 15.92 � 6.10 � 4.27 � 4.4
VII � 18.50 � 22.00 � 18.75 � 40.75 � 13.78 � 7.48 � 5.06 � 3.8

� 24.10 � 20.49 � 17.46 � 37.95 � 15.24 � 6.97 � 4.71 � 3.7
VIII � 29.55 � 21.14 � 9.86 � 39.45 � 15.81 � 7.19 � 2.66 � 4.1
IX � 29.50 � 21.15 � 10.58 � 38.77 � 15.93 � 7.19 � 2.86 � 4.2
X � 2.75 � 29.18 � 19.45 � 48.62 � 9.62 � 9.92 � 5.25 � 4.8

� 25.55 � 22.33 � 14.89 � 37.23 � 15.57 � 7.59 � 4.02 � 4.2
������������������������������������������������������������������������������������

tions of nutrients, and pH of solutions having crystal-
lization temperature of 0�C are listed in Table 4.

According to the data obtained, the mixture con-
taining 16% bound nitrogen, 6% calcium (in terms
of CaO), and 4% magnesium (in terms of MgO) is
the optimal liquid fertilizer among those prepared by
decomposition of dolomite with nitric acid, followed
by treatment of the resulting acid product with am-
monia water. As the temperature of saturated solutions
increases, the concentration of nutrients grows only
slightly. At 20 and 30�C the effect of salting-out

of calcium and magnesium nitrates manifests itself.
Thus, summer solutions are distinguished by increased
concentration of nitrogen, but lowered concentrations
of CaO and MgO.

Samples of liquid fertilizers that contain calcium,
magnesium, and bound nitrogen were prepared under
laboratory conditions, and their physicochemical prop-
erties were studied. Dolomite was decomposed under
the optimal conditions reported in [23]: the highest
degree of decomposition is reached with 45�55%
HNO3, 0.5�1.0-mm dolomite fraction, reaction dura-

Fig. 5. Technological scheme of production of liquid fertilizers from dolomite, nitric acid, and ammonia: (1) tank for nitric
acid, (2) bunker with dolomite, (3) reactors with elliptical bottom, (4) neutralization vessel, (5) coagulation vessel, (6) bunker
with ammonium nitrate, (7) intermediate tank, (8) rotary pumps, (9) vessel for fertilizers, (10) tank with ammonia water,
(11) slime bunker, and (12) packed absorber.
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tion of 40�60 min, temperature of 50�60�C, and
HNO3 consumption of 120% relative to the stoichi-
ometry. The product of dolomite decomposition with
nitric acid contained, after its neutralization with am-
monia, an aqueous solution of ammonium, calcium,
and magnesium nitrates.

The main physicochemical parameters of this liquid
fertilizer were as follows: crystallization temperature
�3.3�C, pH 5.4, density 1281 kg cm�3, dynamic vis-
cosity 5.47 P, refractive index 1.440, and electrical
conductivity 0.109 S cm�1. Apparently, these param-
eters conform to the commonly accepted requirements
to liquid fertilizers. Such a liquid fertilizer can be used
as a special fertilizer for hothouse cultures, flowers,
and fruit cultures.

We distinguished the following main technological
stages of production of liquid fertilizers: decomposi-
tion of dolomite with nitric acid, neutralization of
acidic solution, its standardizing with respect to ni-
trogen content, removal of precipitate, and conserva-
tion. A technological scheme for production of liquid
fertilizers (Fig. 5) was supported on the basis of the re-
sults obtained.

CONCLUSIONS

(1) A study of solubility in the system Ca(NO3)2�
Mg(NO3)2�NH4NO3�H2O revealed the chemical com-
position of liquid fertilizers (%): NH4NO3 28.20,
Ca(NO3)2 17.95, Mg(NO3)2 15.80, and H2O 38.05.
This chemical composition corresponds to the liquid-
fertilizer brand 16-0-0-6CaO-4 MgO.

(2) A technological scheme for production of liquid
nitrogen-, calcium-, and magnesium-containing fer-
tilizers was supported.
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Abstract�Two methods for obtaining bromine and lithium bromide from highly mineralized brines enriched
with lithium- and bromine-containing compounds, with Li : Br atomic ratio of 0.4�0.8, were studied. These
methods are based on a combination of the technique for production of bromine and sorption recovery of
lithium from brines to give eluates, LiCl solutions.

Lithium bromide is an expensive reagent in short
supply, which is in high demand in the market of
lithium products. The prospects for high demand for
this compound is mainly associated with its use in
refrigeration engineering and in manufacture of heat
pumps.

Most of the existing industrial techniques for man-
ufacture of LiBr are based on the reaction of lithium
hydroxide or carbonate with hydrobromic acid [1, 2]
or elementary bromine in an aqueous medium in the
presence of a reducing agent, e.g., hydrogen perox-
ide [3] or ammonia [4]. The common shortcoming of
these methods is the high cost of LiBr obtained, which
is due to the fact that expensive commercial lithium
compounds, hydrobromic acid, and liquid bromine are
used in the process. At present, HBr and Br2 are man-
ufactured in Russia in limited amounts and mainly
from imported raw materials. In this context, devel-
opment of more economic methods for production of
LiBr from new kinds of raw materials is rather a top-
ical task.

As comparatively low-cost and available raw ma-
terial for production of both liquid Br2 and LiBr
can serve highly mineralized brines from the Siberi-
an platform, which contain considerable amounts of
compounds of lithium and bromine simultaneously.
The lithium to bromine atomic ratio in brines of this
type is 0.4�0.8, and, therefore, only part of bromine
contained in a brine, rather than its whole amount,
is required for obtaining LiBr. The remaining part

can be used to manufacture liquid Br2 as commercial
product.

The most promising technique for processing of
brines of this kind is that combining two main tech-
nological procedures: production of bromine and se-
lective recovery of lithium ions to give lithium prod-
ucts. Of the known industrially used techniques for
manufacture of bromine, the best applicable to the
case in question is that based on steam induced de-
sorption of elementary bromine after oxidation of
bromide ions with chlorine. However, an important
shortcoming of this technique is the necessity for
use of liquefied chlorine, which is ecologically unsafe
and involves difficulties in its transportation, storage,
and use. To improve the ecological and economic
characteristics of this technique, the authors suggest
to oxidize bromide ions with chlorine obtained by
anodic oxidation of chlorine ions contained in the
brine, rather than with liquefied chlorine. Such a tech-
nology, based on electrochemical oxidation of Br�

ions with anodic chlorine, combined with steam-in-
duced desorption of the Br2 formed, is, presumably,
the most promising for large-scale manufacture of
Br2

1 [5].

A sorption technique based on use of an inorgan-
ic lithium-selective sorbent LiCl � 2Al(OH)3 � mH2O
(DGAL-Cl) has been developed for recovery of lithi-
����������
1 For manufacture of Br2 from brines from the Siberian

platform.
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Fig. 1. Kinetic curves for the degree � of bromine absorp-
tion by LiOH solution in the presence of a reducing agent
from bromine�air mixture with varied content of Br2.
(�) Time. Br2 content c � 102 in air (g l�1): (1) 25.7,
(2) 16.2, (3) 9.7, and (4) 3.7.

um ions from highly mineralized brines [6]. In this
method, lithium ions are recovered from the brine in
the form of a selective-sorption eluate, a dilute LiCl
solution with concentration of 7�10 kg m�3, which
contains a certain admixture of calcium and magnesi-
um compounds removable by an appropriate purifica-
tion procedure.

In elaboration of the techniques developed for re-
covery of lithium and bromine ions from brines of
the Znamenskoe deposit (Irkutsk oblast), two new
technological procedures were suggested for joint
production of LiBr and elementary bromine. The first
of these combines a procedure for manufacture of bro-
mine and that for production of LiOH or Li2CO3 from
selective-sorption eluates. A LiOH solution can be
obtained by electrochemical conversion of a lithium
chloride solution or its mixture with lithium carbonate
[7, 8], and Li2CO3 slurry, by carbonization of a LiOH
solution with carbon dioxide. Lithium bromide is
obtained by bromination of lithium hydroxide or car-
bonate. As a brominating agent in the given method
serves bromine vapor evolving from bromine water
formed in isolation of bromine in the stage of steam
desorption [1].

The second variant also includes a technique for
production of liquid bromine; however, it is suggested
to obtain LiBr directly from selective-sorption eluates
(LiCl solutions) by ion exchange in desorption of
lithium ions from the cation-exchange resin with a
hydrobromic acid solution obtained by reduction of
liquid bromine in an aqueous medium. Thus, the aim
of this study was to make comparative analysis of
the two suggested technological procedures for joint
production of Br2 and LiBr from natural brines.

EXPERIMENTAL

Laboratory studies were carried out with model
solutions imitating the composition of a brine2 with
average composition (g l�1): LiCl 2.5, NaCl 6.1,
KCl 8.2, MgCl2 115, CaCl2 335, and Br� 9.3; Li : Br
atomic ratio 0.5. In studying multicomponent systems
containing Br0, Br�, and Cl�, analysis of solutions and
the gas phase was performed using methods common-
ly accepted in manufacture of bromine [9]. The con-
tent of chloride ions in solutions was determined
by mercurimetric titration, and that of calcium and
magnesium ions, by trilonometry [10]; lithium ions
were analyzed by flame photometry on an SP-9 spec-
trophotometer [11].

The first technological variant employs bromine
water as a brominating agent. To obtain bromine
vapor, bromine water was placed in a flask thermo-
stated at 50�C. The flask was connected to absorbing
vessels filled, depending on the aim of an experiment,
with LiOH solution or Li2CO3 slurry. Bromine vapor
was driven-off from bromine water with air from
a compressor, with the content of bromine in the bro-
mine�air mixture varied from 0.04 to 0.26 kg m�3.
The concentration of the LiOH solution was 50 g l�1,
the liquid to solid phase ratio (l : s) in the Li2CO3
slurry was varied from 3 to 11. As a reducing agent
was used carbamide, with its amount varied in the
range 0.75�1.5 relative to that required by the stoichi-
ometry for reduction of elementary bromine to the
bromide ion in accordance with the equations describ-
ing the chemical reactions

3Li2CO3 + 3Br2 + CO(NH2)2 = 6LiBr + N2�

+ 4CO2� + 2H2O, (1)

6LiOH + 3Br2 + CO(NH2)2 = 6LiBr + N2�

+ CO2� + 5H2O. (2)

As is known, the rate of bromine absorption by so-
lutions of alkali or alkali metal carbonates is deter-
mined by the resistance of the boundary gas layer [1],
being proportional to the bromine concentration in the
gas phase. Figure 1 shows kinetic curves for the de-
gree of bromine absorption by a LiOH solution from
a bromine�air mixture with varied content of Br2. As
would be expected, the process is the faster and the
degree of bromine absorption the greater, the higher
the bromine concentration in the bromine�air mixture.
The isotherm of bromine absorption is linear in the
concentration range under study.
����������
2 Znamenskoe deposit (Irkutsk oblast).
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With Li2CO3 slurry used to obtain lithium bro-
mide, it was established that the concentration of
the resulting LiBr solution increases with decreasing
l : s ratio in the slurry, which is indicated by the data
presented below:

The l : s ratio in slurry 11 7 4 3
LiBr concentration, g l�1 125 246 381 440

Consequently, the l : s ratio is to be lowered for
obtaining more concentrated LiBr solutions.

In the experiments, highly concentrated LiBr so-
lutions with concentration of 400 g l�1 and more were
obtained from saturated LiOH solutions and Li2CO3
slurry. In both cases, a certain excess of a reducing
agent, about 20% relative to the stoichiometry of re-
actions (1) and (2), is necessary for more complete
absorption of the bromine vapor. On the basis of
the studies performed, technological Scheme 1 for
obtaining LiBr with bromine vapor used as brominat-
ing agent has been developed [12].

Scheme 1.

The second method for producing LiBr directly
from eluates obtained from brine as LiCl solutions is
based on sorption of lithium ions by a KU-2�8 cation-
exchange resin in the H+ form, with its subsequent

Fig. 2. Output curves of lithium ion sorption by KU-2�8
cation-exchange resin at different linear flow velocities
of the solution. (cLi+) Concentration of Li+ ions and
(�) time. W (m h�1): (1) 26, (2) 15, and (3) 7.4.

desorption with hydrobromic acid to give a LiBr
solution. Laboratory studies were carried out with
model LiCl solutions in distilled water, with the con-
centration of lithium ions in the solutions varied
from 3 to 1500 mg l�1. Sorption was performed at
room temperature in a glass column 60 mm high and
1.09 cm in diameter, packed with 50 cm3 of KU-2 � 8
cation-exchange resin at bed height of 54 cm. The ki-
netics of sorption of lithium ions by the cation-ex-
change resin was studied by the dynamic method.
A solution to be passed through the sorption stage
was fed from below upwards by a dosage pump, with
the linear flow velocity W of the solution varied from
7.4 to 26 m h�1. The cation-exchange resin saturated
with lithium ions was washed to remove chloride ions
with demineralized water, after which lithium ions
were desorbed with a HBr solution. The process in
which LiBr is obtained can be described by the fol-
lowing ion-exchange reactions

R�H+ + Li+
sol � R�Li+ + H+

sol , (3)

R�Li+ + H+
sol � R�H+ + Li+

sol . (4)

In the initial stage of dynamic studies, output cur-
ves of lithium ion sorption by the cation-exchange re-
sin were obtained at different flow velocities of a LiBr
solution with concentration of 9.2 g l�1, which corre-
sponded to lithium ion concentration of 1500 mg l�1.
The dependences obtained (Fig. 2) made it possible
to determine the time necessary for complete satura-
tion of the cation-exchange resin and its dynamic ex-
change capacity (DEC), and to calculate the working
zone height Hw.z for each case. The sorption was
performed in the plug-flow mode, which made it pos-
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Table 1. Basic parameters of the process of lithium ion sorption by KU-2�8 cationite
������������������������������������������������������������������������������������

Flow velocity of LiCl solution � Time elapsed till complete saturation � �
through cationite, W, m h�1 � of cationite with Li+, �, min �

DEC, mg-equiv ml�1
�

Hw.z, m

������������������������������������������������������������������������������������
7.4 � 135 � 1.78 � 0.64

15.0 � 60 � 1.61 � 0.77
26.0 � 35 � 1.58 � 0.89

������������������������������������������������������������������������������������

Table 2. Basic technological characteristics of the process of lithium ion desorption from saturated cationite with HBr
solutions
������������������������������������������������������������������������������������

cHBr, M
�

Degree of Li ion desorption, %
� Concentration of the resulting � Degree of utilization

� � LiBr solution, g l�1 � of the desorbing solution, %
������������������������������������������������������������������������������������

0.7 � 41.0 � 62.5 � 99.2
1.5 � 72.0 � 129.3 � 99.2
2.0 � 98.5 � 174.0 � 100
2.2 � 98.8 � 184.6 � 96.5
2.5 � 98.9 � 187.2 � 86.1

������������������������������������������������������������������������������������

sible to use in the calculations the Michaels�Treible
formula [13]:

Hw.z = Hb ��������������� ,
�eq � �br

�eq � (1 � �)(�eq � �br)
Hw.z = Hb ��������������� ,

�eq � �br

�eq � (1 � �)(�eq � �br)

where Hb is the height of the fixed bed of the cation-
exchange resin (m); �eq, the time in which a concen-
tration equal to 0.95cin appears after the cationite bed
(h); �br, the time in which a breakthrough concentra-
tion equal to 0.05cin appears after the cationite bed
(h); �, the symmetry parameter of the curve.

It was established in the experiments that raising
W leads to an increase in Hw.z, with the dependence
being linear. As expected, the capacity characteristics
of the cation-exchange resin decrease somewhat, as
also does the degree of lithium ion sorption from so-
lutions, with increasing flow rate of the solution. It
should be added that the dynamic exchange capacity
of the cation-exchange resin in the concentration range
of lithium ions in LiCl solutions (3�1500 mg l�1),
used in this study, remains virtually constant, being
equal to 1.6 mg-equiv ml�1 (Table 1).

Lithium ions were desorbed from the cationite in
three stages with HBr solutions at l : s = 1 : 1 for
each stage by Scheme 2 modeling the process of con-
tinuous counterflow desorption (horizontal arrows
denote the flow of the cation-exchange resin, and ver-
tical arrows, that of the desorbing HBr solution). It
was established experimentally that the optimal HBr
concentration in the desorbing solutions is 2.0�2.2 M.
As can be seen from the data in Table 2, only this
concentration ensures the most complete (�99%) re-

covery of lithium ions from the cation-exchange resin
and the maximum concentration of LiBr in the final
desorbate. Use of more concentrated hydrobromic
acid solutions for desorption of lithium ions is inex-
pedient because of the low extent of their utilization.

Scheme 2.

HBr solutions of required concentration were ob-
tained by reacting elementary bromine with a reducing
agent in an aqueous medium. The most appropriate
reducing agents for this purpose are hydrazine, carb-
amide, and their derivatives, which form as a result of
a redox reaction inert gaseous substances, N2 and CO2:

(5)2Br2 + N2H4 = 4HBr + N2�.
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The synthesis was carried out at room temperature
under conditions of continuous metering-out of liquid
bromine and agitation of the reaction mass until its
total decoloration, which indicated the completion of
the reaction. It was established experimentally that
reaction (5) proceeds in strict conformity with the stoi-
chiometry, with no excess of reagents required. This
method for obtaining lithium bromide has been pat-
ented [14], its technological flowsheet is represented
by Scheme 3. A solution of hydrobromic acid was
used as brominating agent [14].

Scheme 3.

As already mentioned, both the methods yield two
commercial products, Br2 and LiBr, within a single
technological scheme. It should be noted that, on
the whole, the second method for LiBr manufacture
directly from selective-sorption eluates obtained in
the initial stages of brine processing is simpler and
less expensive than the first technique, which involves

power-intensive stages of LiOH or Li2CO3 produc-
tion, which require intricate equipment. As for the
choice of the optimal method for obtaining LiBr, it is
determined by specific features and conditions of
a particular production shop being designed or by
availability of low-cost Li2CO3.

Combined schemes for joint production of Br2 and
LiBr from brines make it possible to lower substan-
tially the manufacturing cost of the products obtained.

CONCLUSIONS

(1) Two variants of a technology for joint produc-
tion of Br2 and LiBr with bromine vapor or hydro-
bromic acid as brominating agents were developed.

(2) The second technique, which does not require
additional expenditure for conversion of LiCl into
LiOH or Li2CO3 for catching of bromine vapor, is
simpler and less expensive.
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Abstract�Dynamic gas extraction of osmium tetroxide from aqueous solutions was studied. The possibility
of shortening substantially the duration of the stage of gas-extraction recovery of OsO4 by reasonable choice
of temperature, flow rate of extracting gas, and sample volume was also considered. The coefficients of OsO4
distribution between the aqueous and gas phases were determined in the temperature range 20�90�C.

The absence of highly selective reagents for pho-
tometric determination of osmium and its low con-
centrations in objects to be analyzed create a need
for preliminary concentration and separation of osmi-
um from accompanying admixtures [1�3]. The unique
property of osmium to form a volatile tetroxide is
most commonly used to separate it from other metals.
Osmium is frequently isolated as tetroxide by evap-
oration or gas extraction. Gas-extraction separation of
osmium from other metals is in considerable use not
only in analytic practice but also in industrial produc-
tion of this metal [2, 4].

The search for more perfect schemes for distilling
off osmium tetroxide has resulted in that a procedure
for gas-diffusion recovery of osmium has been de-
veloped [5]. However, this scheme failed to solve
the major problem of sample preparation for the deter-
mination of osmium, since it could not make shorter
the time required for osmium isolation, which com-
monly takes more than an hour [2, 4, 5]. The possi-
bility of optimizing the stage of osmium recovery in
the form of its tetroxide is limited by the lack of pub-
lished data on the coefficients of OsO4 distribution in
the liquid�gas system over a wide temperature range
or any quantitative information about the effect of
various factors on the efficiency of gas-extraction re-
covery.

The aim of this study was to search for the condi-
tions under which the time of gas-extraction recovery
of osmium is the shortest by revealing factors that
affect the coefficients of osmium tetroxide distribution
between the aqueous and gas phases.

EXPERIMENTAL

The osmium concentration in solution was deter-
mined by a spectrophotometric method based on the
formation of a colored complex of osmium with thio-
urea [1]. We measured the optical density of colored
solutions at a wavelength of 480 nm on a Karl Zeiss
Specord M 40 spectrophotometer (Jena, Germany).

We prepared working aqueous solutions of OsO4
immediately before experiments by saturating aque-
ous phases with OsO4 vapor. For this purpose, we
bubbled air through an alkaline solution of OsO4, pre-
pared from a standard solution in Richter’s apparatus,
and directed the resulting air flow into Zaitsev’s ab-
sorbing apparatus filled with distilled water or sulfuric
acid solution, depending on the required composition
of the aqueous phase. The concentration of osmium
in the thus prepared working solutions was deter-
mined spectrophotometrically by the above-mentioned
procedure with the use of thiourea.

We determined the coefficients of OsO4 distribu-
tion in the gas�liquid system by the known procedure,
which determines the decrease in the component con-
centration in the working solution after passing a spe-
cified volume of an extracting gas through this solu-
tion [6]. Zaitsev’s absorbing apparatus (bubbler) with
the working solution was placed in a liquid thermostat,
with temperature maintained constant to within �0.1�C.
To maintain a constant flow rate of the extracting gas
(air or nitrogen) through the bubbler, we used a gas
flow controller from the gas preparation unit of a gas
chromatograph. The flow rate of the extracting gas
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was measured with a soap-film flowmeter and main-
tained constant using a rotameter at the bubbler inlet.
We measured the time with a stop-watch. The coef-
ficient of OsO4 distribution was calculated by the for-
mula: [6]

K = WG t /[VL ln (cL
0 /cL )]. (1)

Here K is the distribution coefficient, equal to the
ratio of the OsO4 concentration in the liquid phase to
its concentration in the gas phase at equilibrium; WG,
the volumetric flow rate of the extracting gas (cm3 min�1 );
t, the duration of bubbling (min); VL, the solution
volume (cm3); cL

0 and cL, the starting and final con-
centrations of OsO4 in the working solution (mg l�1).

The relative error in determining K by the above-
mentioned procedure is, with account of the error
in measuring the flow rate of the extracting gas and
other quantities appearing in formula (1), 5% at num-
ber of measurements n = 4 and confidence coefficient
P = 0.95.

In the general case, the distribution coefficient of
any component in a liquid�gas system depends on its
concentration. The nonlinearity of the interphase dis-
tribution isotherm becomes significant at a certain
concentration of the component, when the nonideal na-
ture of the solution begins to show itself. For extreme-
ly diluted solutions, which corresponds to an over-
whelming majority of cases of gas-extraction recovery
of osmium from solutions, the concentration depen-
dence of the distribution coefficient can, as a rule, be
disregarded [6]. Our experiments showed that the co-
efficient of OsO4 distribution between the aqueous
and gas phases is independent of the OsO4 concentra-
tion in aqueous solutions over the whole concentra-
tion range (30�500 mg l�1), and its numerical value
at 20�C is 950 � 50. In this case, K is independent of
which extracting gas (air or nitrogen) is used for OsO4
extraction.

It has been shown previously that, for liquid�gas
systems, the distribution coefficient of a volatile sub-
stance with limited solubility in a liquid can be rather
easily estimated a priory if the saturated vapor pres-
sure and the solubility of the substance at a given tem-
perature are known [7]:

K = RTdP0. (2)

Here R is the universal gas constant
(dm3 Pa mol�1 K�1); T, temperature (K); P0, the sat-
urated vapor pressure at the temperature specified
(Pa); d, the solubility of the substance in the liquid
at this temperature (mol dm�3).

Fig. 1. Effect of pH on the coefficient of OsO4 distribution
K between aqueous and gas phases at 20�C.

Below, the coefficients of OsO4 distribution in
a water�air system, found experimentally and calcu-
lated by formula (2) on the basis of published data
on OsO4 properties [8], are compared:

T, �C Kexp Kcalc

18 990 � 50 910
25 720 � 40 680

Taking into account that formula (2) is based on
the assumption that the phases are ideal, we can con-
clude that the correspondence between the experi-
mental and calculated K values is reasonable.

The most important factors affecting K are the na-
ture of the liquid phase and the temperature, whereas
the nature of the gas phase, in which intermolecular
interaction forces are negligibly small, hardly affects
this parameter. Figure 1 shows how the coefficient of
OsO4 distribution depends on the pH value of aque-
ous solutions. As would be expected with account of
the weakly acid properties of osmium tetroxide (K1 =
6.3 �10�3, K2 = 6.8 � 10�13), K is virtually indepen-
dent of the hydrogen ion concentration within the pH
range in which OsO4 is almost completely in the mo-
lecular form.

It is a common knowledge that raising the temper-
ature leads to a substantial decrease in K and to a cor-
responding increase in the efficiency of gas-extraction
recovery. The table illustrates the effect of tempera-
ture on the coefficients of OsO4 distribution. In addi-
tion to data for purely aqueous solutions, the table
lists those for a sulfuric acid solution, since various
forms of osmium in aqueous solutions are rather fre-
quently oxidized to OsO4 in a sulfuric acid medium.
It can be seen from the table that heating from room
temperature to 90�C results in a decrease in the dis-
tribution coefficient by almost a factor of 30 for both
neutral and sulfuric acid solutions. The temperature
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Coefficients of OsO4 distribution, K, in the liquid�gas
system at various temperatures
����������������������������������������

T, �C
� K
��������������������������
� 1* � 2*

����������������������������������������
20 � 950 � 50 � 810 � 40
30 � 620 � 30 � 450 � 20
40 � 360 � 20 � 290 � 15
50 � 210 � 11 � 170 � 9
60 � 115 � 6 � 93 � 5
70 � 70 � 4 � 65 � 3
80 � 50 � 3 � 40 � 2
90 � 34 � 2 � 27.0 � 1.4

����������������������������������������
* 1, distilled water; 2, 1 M solution of H2SO4.

dependences of the distribution coefficient (Fig. 2) are
close to the theoretical dependences. They are straight
lines in the ln K�1/T coordinates.

The flow rate of the extracting gas is one more
factor, in addition to an increase in temperature, that
can intensify the gas-extraction recovery. All other
conditions being the same, the higher the flow rate of
the extracting gas, the greater the amount of a vol-

Fig. 2. Logarithm of the coefficient of OsO4 distribution
in the liquid�gas system, ln K, vs. temperature T. (1) Dis-
tilled water and (2) 1 M solution of H2SO4.

Fig. 3. Effect of the flow rate WG of the extracting gas
on the coefficient K of OsO4 distribution between aqueous
and gas phases. VL = 2.0 ml, temperature 20�C.

atile component extracted from a solution in unit time.
However, raising the flow rate of the extracting gas
through a solution being analyzed is reasonable only
to those values at which the interphase equilibrium in
the liquid�gas system has enough time to be attained.
Figure 3 shows how the flow rate of the extracting
gas affects the distribution coefficient calculated by
formula (1) in terms of the equilibrium model of dy-
namic gas extraction.

As follows from Fig. 3, K is independent of the flow
rate of the extracting gas, WG, at WG � 120 ml min�1.
At greater flow rates, K starts to increase with WG.
This circumstance indicates that the interphase equi-
librium has no enough time to be attained in this re-
gion. Similar dependences were obtained for other so-
lution volumes VL in the bubbler in the range 1�10 ml.
The only difference is that the value of W *

G , at which
deviation from the equilibrium conditions of gas-ex-
traction recovery begins, varies in direct proportion
to the solution volume.

The ratio VL/WG is the time during which the ex-
tracting gas is in contact with the bulk of the solu-
tion. On this basis, we can conclude that the minimum
time required for an equilibrium interphase distribu-
tion of OsO4 to be established between the liquid and
gas phases is VL/W *

G = 2.0 ml : 120 ml min�1 = 1 s.

Using the equilibrium model of dynamic gas ex-
traction and the resulting formula (1), we can calculate
the time R necessary for a prescribed degree of gas-
extraction recovery of OsO4 from the solution to be
attained:

R = (1 � cL/cL
0 ). (3)

Substituting cL/cL
0 from Eq. (3) into formula (1)

and making simple rearrangements, we obtain

t = (KVL/WG) ln [1/(1 � R)]. (4)

If we set the flow rate of the extracting gas as WG =
W *

G and take into account that VL/W *
G = 1 s, we ob-

tain the following approximate relationships for cal-
culating the necessary duration t (s) of the stage
of gas-extraction recovery of OsO4 from aqueous so-
lutions:

t � 3K (for R = 0.95), (5)

t � 4.6K (for R = 0.999). (6)

To verify the validity of expressions (5) and (6),
we found experimentally the time necessary for 95%
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recovery of OsO4 from 5 and 10 ml of 1 M sulfuric
acid solution at 90�C (K = 27) and air flow rates of
300 and 600 ml min�1, respectively. In both cases,
this time was 90 � 5 s, in satisfactory agreement with
the calculated value (81 s).

CONCLUSION

The duration of the stage of gas-extraction recovery
of osmium from aqueous solutions in the form of its
volatile tetroxide does not exceed several minutes at
reasonable choice of temperature, flow rate of extract-
ing gas, and sample volume. This creates favorable
conditions for development of fast procedures for
photometric determination of osmium in aqueous
media and, in particular, that for flow-through injec-
tion analysis.
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Abstract�The influence exerted by the basicity and nucleophilicity of a number of organic amines on
the formation of a monolithic silica gel by the organic sol-gel method was studied.

During several years, the fundamental aspects of
tetramethoxysilane (TMOS) hydrolysis and polycon-
densation of the forming compounds have been stud-
ied in order to obtain a monolithic silica gel SiO2.
The composition of the sol�gel system ensuring
the formation of a three-dimensional network with
minimum content of organic impurities has been op-
timized by varying the chemical nature of DCCA
(drying control chemical additives) reagents intro-
duced into the system [1], catalysts [2], and solvents
of the sol�gel process [3]. However, acid-catalyzed
sol�gel synthesis was considered in all cases.

Catalysis of an organic sol�gel process in an al-
kaline medium was described in [4], mainly with
the aim to synthesize nanodispersed SiO2 particles
[5, 6]. However, only few publications have been con-
cerned with the fundamental aspects of formation of
a monolithic SiO2 gel in the presence of bases [7, 8],
with catalysis performed in both cases by adding
an ammonia solution to the sol�gel system. In [9],
the influence exerted by a number of organic amines
on TMOS hydrolysis and polycondensation of the
forming compounds was studied in order to obtain
monodisperse SiO2 nanoparticles. In this case, the cat-
alytic process occurs under conditions of strong dilu-
tion of TMOS with water and ethanol (TMOS : water :
ethanol � 1 : 25 : 100), which is favorable for forma-
tion of an ensemble of dispersed particles [4].

In the present study, the influence exerted by ba-
sicity and nucleophilicity of a number of organic
amines on TMOS hydrolysis and polycondensation of
the forming compounds under conditions of a limited
amount of water and ethanol relative to that of the
forming SiO2 gel was analyzed, possibility of syn-
thesizing a monolithic gel under the given conditions
was determined, and preparative methods for this syn-
thesis were developed.

EXPERIMENTAL

For a study of TMOS hydrolysis and polycondensa-
tion of the forming compounds under alkaline con-
ditions the following chemically and thermally stable
aromatic amines were chosen: 3-fluoropyridine (1a),
pyridine (1b), and 2-picoline (1c), and tertiary cyclic
amines: 4-methyl morpholine (1d), 1-methylpiperi-
dine (1e), and 1-ethyl-2,2,6,6-tetramethylpiperidine
(1f ):

�N
�R ��R

�OH3C�N ��

��

�
"R�N

���R R���

���R R���1a�1c 1d 1e, 1f

�N
�R ��R

�OH3C�N ��

��

�
"R�N

���R R���

���R R���1a�1c 1d 1e, 1f

where R = H, R� = F (1a); R = R� = H (1b); R = CH3,
R� = H (1c); R�� = CH3, R��� = H (1e); R�� = C2H5, R��� =
CH3 (1f ).

The choice of the amines used is not accidental.
This becomes apparent when comparing the ionization
constants of their conjugated acids, pKa:

:NR3 + H2
�
� HN+R3 + OH�.

The boiling points and pKa constants of these
amines are listed below [for comparison, the cor-
responding constants for ammonia (1g) are also
presented]:

Amine pKa bp, �C
1a 3.0 [10] 30�31/4 mm
1b 5.247 [10] 115
1c 5.997 [10] 128
1d 7.41 [11] 115.4
1e 9.97 [12] 106
1f 11.13 [13]* 82�83/10 mm
1g 9.25 [14]

����������
* The pKa value is given for 1,2,2,6,6-pentamethylpiperidine;

for 1-ethyl-2,2,6,6-tetramethylpiperidine the pKa value must
be about the same or somewhat higher.
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All the compounds used, TMOS and the amines,
were purified by distillation on a rectification column
with efficiency of 10 theoretical plates in a vac-
uum with residual pressure of 760�10 mm Hg. Com-
pounds 1b�1e are commercial preparations; trifluoro-
pyridine 1a and 1-ethyl-2,2,6,6-tetramethylpiperidine
1f were synthesized using the procedures described in
[15] and [16], respectively.

To prepare sol�gel systems 1a�1g, TMOS (1 equiv),
ethanol (1 equiv), and a catalyst were mixed in the
order specified above and water was added under vig-
orous agitation with a magnetic stirrer. In the case of
pyridine 1b, 2-picoline 1c, or 2-fluoropyridine 1a,
water was added at room temperature; for more basic
amines, 4-methyl morpholine 1d, 1-methylpiperidine
1e, 1-ethyl-2,2,6,6-tetramethylpiperidine 1f, or am-
monia 1g, this was done under cooling to �10�C.
The ratios of amines 1a�1g used as catalysts in pre-
paring the corresponding gels 2a�2g are listed below:

Gel 2a 2b 2c 2d 2e 2f 2g
Amine 1a 1b 1c 1d 1e 1f 1g
Ratio 0.1 0.1 0.1 0.02 0.01 0.01 0.01

The resulting solutions were placed in hermetically
sealed polypropylene test tubes 15 mm in diameter
(5 test tubes for each gel) and heated at 70�C for
6 days. Then the hermetic stoppers of the test tubes
were replaced with stoppers with apertures (1 mm in
diameter) and humid gels were dried in the following
temperature mode: heating from 70 to 80�C in 2 h,
keeping at 80�C for 22 h, heating from 80 to 100�C
in 2 h, keeping at 100�C for 22 h, heating from 100
to 120�C in 2 h, and keeping at 120�C for 20 h. Gels
2b and 2f were additionally heated in glass test tubes
from 120 to 150�C in 5 h and kept at this temperature
for 20 h. This yielded samples 3b and 3f.

For the resulting gels 1a�1g, the open porosity
Wop and apparent density dapp (Archimedes method,
with toluene as saturating fluid) were determined.
The gelation point t (h) was found at 70�C as the time
after which the sol lost its fluidity. The hardness of
the samples was measured on a PMT-3 microhardness
meter. Derivatograms were measured on a Q-1500D
derivatograph (Hungary) in the temperature range
extending to 1000�C at heating rate of 20 deg min�1.
The percentage content of SiO2 in the gels obtained
was determined gravimetrically, and the content of
carbon was found by measuring the electrical conduc-
tivity of a Ba(OH)2 solution serving as absorber of

Physicochemical characteristics of the gels obtained
����������������������������������������

Sol� � � SiO2 � C �
dapp,

�
Wop,

� Hard-
� ������������� � �gel � t, h � �

g cm�3� %
� ness,

system� � % � � �kg mm�2

����������������������������������������
2a � 0.77� 88 � 2.05 � 1.07 � 46.8 � 32.6
2b � 0.18� 89.5 � 3.35 � 0.73 � 63.2 � 11.1
3b � � � 92.4 � 4.10 � 0.61 � 69.4 � 9.8
2c � 0.13� 90 � 4.55 � 0.66 � 66.7 � 15.7
2d � 0.02� 92 � 1.75 � � � � � 9.4
2e �<0.01� 91 � 1.45 � 0.58 � 71.3 � 9.2
2f �<0.01� 91 � 2.70 � 0.65 � 67.9 � 15.4
3f � � � 93 � 2.50 � � � � � �

2g �<0.01� 94 � 1.0 � � � � � 10.0
����������������������������������������

CO2 formed upon burning the samples in oxygen.
An electron-microscopic study of the gels was per-
formed on an EM-125 instrument at accelerating volt-
age of 75 kV with cellulose�carbon replicas prepared
on freshly cleaved surfaces of the gels obtained. The
porous structure of the samples was studied by analyz-
ing adsorption�desorption isotherms of ethanol on
a McBain spring vacuum balance [17].

Samples 2a and 2b were monolithic transparent
cylinders; systems 2c, 2d, and 3b, somewhat opales-
cent partly cracked cylinders; systems 2e�2g and 3f,
completely cracked samples.

The table lists the physicochemical characteristics
of the resulting gels.

It can be seen from the table that the density and
hardness of the samples synthesized decreases and
their porosity increases as the basicity of the amines
used as catalysts becomes higher. In this case, the
content of SiO2 in the gel matrix shows, according
to the derivatographic data in Fig. 1, the opposite
trend, i.e., grows, with the gelation time t of the sol-
gel system simultaneously decreasing. Such a change
in t in going from sample 2a to samples 2e�2g, which
even occurs upon a pronounced decrease in the amine
concentration, can be readily accounted for by an in-
crease in the rates of reactions of hydrolysis of
the Si�OCH3 bond [4].

�Si�OCH3 + H2O �� �Si�OH + CH3OHOH �

(1)

and condensation of the forming silanols into silox-
anes [4]

�Si�OH + HO�Si� �� �Si�O�Si� + H2O.
(II)
��
(III)

�Si�OH + HO�Si� �� �Si�O�Si� + H2O.
(II)
��
(III)
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Fig. 1. DTA and TG data for (1�5, respectively) gels 2a�2c,
2e, 2g and (1��4�, respectively) gels 2b, 2f and 3b, 3f.
(�m) Mass loss and (T ) temperature.

Of much more interest is analysis of DTA curves
(Fig. 1a) in order to determine the content of SiO2
and carbon in the gel matrix (see table). As can be
seen from an analysis of the intensities of these curves
in the temperature range 400�600�C, which corre-
spond to exothermic effects of burning-out of unhy-
drolyzed methoxy groups in the gel matrix, the num-
ber of these groups is the greatest when strongly basic
amines are used as catalysts of the sol�gel process, i.e.,
in samples 2e and 2g. The rise in the intensity of this
band in the case of gel 2f, with a simultaneous in-
crease in the content of carbon, should be attributed
to lower volatility of amine 1f as compared with
the other bases used. In contrast to the other bases,
amine 1f simply remains in the gel matrix upon its
being dried. In this case, the total amount of carbon
in these samples (see table) is much lower than that in
samples 2b and 2c. It seems reasonable to assume
that the main part of carbon in the last two gels is
contained in the form of volatile organic compounds

Fig. 2. Electron micrographs of gels (a) 2a, (b) 2b, (c) 2e,
and (d) 2f. Magnification 120 000.

remaining in the gel matrix after drying. Indeed,
the DTA curves of these gels show two extrema [in
contrast to the DTA curves of gels 2e and 2g] related
to intense endothermic evaporation effects.

Comprehensive quantitative analysis of gels 2a�2g
is rather complicated; however, analysis of DTA cur-
ves and general considerations lead to the following
conclusions. Apparently, residual amounts of meth-
anol, water, and catalyst, retained in pores of the ma-
trix by strong hydrogen bonds, remain in the gels after
drying at 120�C. To their removal from the structure
corresponds the first endothermic effect in the DTA
curves of gels 2a�2g. The second endothermic effect,
probably, corresponds to removal of volatile organic
compounds of silicon, which are formed when amines
1b or 1c are used as catalysts of the sol�gel process.
These compounds are, apparently, characterized by
low molecular weight, which allows them to easily
leave a matrix being heated.
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Such a disproportionation of alkoxysilanes to give
the starting TMOS or low-molecular-weight siloxane
has been described when studying the mechanisms
of the sol�gel process [18]. When strong bases are
used, no low-molecular-weight siloxanes are formed.
In this case, it can be seen from the DTA curves that
the evaporation of the solvents of the sol�gel process
is immediately followed by burning-out of methox-
ylyl groups �Si�OM.

Finally, the attribution of the existence of the sec-
ond dip in the DTA curves just to the process of
evaporation of volatile siloxanes (rather than to evap-
oration of the excess amount of an amine used) can be
confirmed by analysis of data for gels 2a�2c. The con-
tent of carbon in the matrix of sample 2a is much
lower than that in gels 2b and 2c, although the vol-
atilities of 3-fluoropyridine, pyridine, and 2-picoline
are about the same. The second dip in the DTA curve,
which is characteristic of gel 2b, is virtually not ob-
served at all in gel 3b (Fig. 1b), with the content
of carbon in the gel matrix remaining virtually un-
changed. It is apparent that, in this case, volatile
siloxanes are simply transformed into siloxanes with
higher molecular mass. In passing from gel 2f to gel
3f, the run of the corresponding DTA curves is not
changed (Fig. 1b).

Gels 2b and 2c still remain monolithic, whereas
with stronger bases used as catalysts of the sol�gel
process [gels 2d�2g], the samples obtained completely
crack in drying despite the increased amount of SiO2
in the gel matrix and lowered content of carbon.
The reason for such a behavior of the samples syn-
thesized can be understood when studying their micro-
structure (Figs. 2 and 3).

It follows from the electron micrographs of gels 2a,
2b, 2e, and 2f in Fig. 2 that the monolithic structure
of gel 2a, which is, on the whole, characteristic of
the sol�gel process in an acid medium, contrasts with
the cellular structure of gel 2b and even looser struc-
ture of gels 2e and 2f. These distinctions become even
more apparent when studying the porosity of the sam-
ples synthesized (Fig. 3). Analysis of the data in
Fig. 3 shows a clearly pronounced dependence of the
pore size distribution on the basicity of a catalyst for
different sol�gel systems. For comparison, data for
a sol�gel process performed in the presence of acetic
acid are show (Fig. 3, curve 1).

The mechanisms of sol�gel processes of TMOS
hydrolysis and polycondensation of the resulting
compounds and those by which particles of colloid
silica are formed have been described in detail [4, 19].
Apparently, gel 2a is formed by the polymeric mech-

Fig. 3. Curves describing pore volume V distribution with
respect to pore radii r for (2�4, respectively) gels 2a, 2b,
and 2d. (1) Sol�gel process in acid medium (acetic acid).

anism, which is characteristic of processes occurring
in the acid medium, and gels 2d�2g, by the corpus-
cular mechanism, in which the possibility of coarsen-
ing of SiO2 particles is due to the occurrence of reac-
tion (III). The mechanism by which gels 2b and 2c are
formed has intermediate nature, with the Si�O�Si
bonds between separate particles partly preserved,
which is responsible for the monolithic character of
gels 2b and 2c. The number of Si�O�Si bonds is
small, and it is this fact that accounts for the low
density and hardness of these monoliths. The use in
the process of a sterically hindered base with lowered
nucleophilicity, amine 1f, does not lead to any sig-
nificant changes in the parameters of the resulting gel
2f, in contrast to the sol�gel process of TMOS hy-
drolysis and polycondensation of the forming com-
pounds under conditions of strong TMOS dilution
with water and ethanol [9].

CONCLUSIONS

(1) A novel method for synthesis of porous SiO2
xerogels is suggested. This method employs amines
as catalysts, with the pore size controlled by the ba-
sicity of a catalyst used.

(2) Irrespective of the concentration of tetrameth-
oxysilane, the mechanism of the sol�gel process is
determined solely by the nature of a catalyst. In
the case of weakly basic amines, a mixed polymeric�
corpuscular mechanism is operative, which enables
synthesis of monolithic SiO2 xerogels.

(3) In alkaline catalysis under the action of strong
bases, the dispersed phase has the form of an ensem-
ble of weakly bound SiO2 particles, which gives no
way of obtaining monolithic samples.
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Abstract�The new determining criterion of thermodynamic similarity was suggested and used to obtain
correlations that ensure reliable prediction of the physicochemical properties of molecular inorganic com-
pounds on the basis of a single experimental characteristic of a substance, its boiling temperature.

The accumulation of reference information lags far
behind the needs of science and technology for data
on the physicochemical properties of substances. Be-
cause the experimental determination of properties is
frequently a complicated task, it becomes even more
important to determine the lacking data by calculation.
Presently, such methods use the thermodynamic sim-
ilarity theory as a theoretical basis [1].

The similarity theory originates from the reduced
Van der Waals equation, from which the law of cor-
responding states follows. The concept of the corre-
sponding states, which appeared as a consequence of
the reduced Van der Waals equation, further became
separated from the particular form of the equation
of state and transformed into a method for prediction
of the physicochemical properties of substances in
terms of the similarity theory [2].

The similarity theory is based on the generalized
form of the reduced equation of state

Yred = f (Tred , Vred), (1)

where Yred is an invariant that represents the dimen-
sionless form of the property to be determined using
the law of the corresponding states. Such an invariant
may be a dimensionless combination of any physico-
chemical properties.

Equation (1) means that, in terms of the dimension-
less parameters, the physicochemical behavior of sim-
ilar substances must be identical. This gives reason
to believe that Eq. (1) is the criterion equation of
thermodynamic similarity. The criterion equation in
the form (1) is referred to as the two-parameter form
of the law of corresponding states.

As is known from the similarity theory, criterion
equations can be applied solely to identical objects.
Correspondingly, Eq. (1) is only applicable to ther-
modynamically similar substances.

To judge whether or not the thermodynamic sim-
ilarity is the case, one commonly uses the dimension-
less parameters named the determining criteria of ther-
modynamic similarity. In the absence of such criteria,
Eq. (1) has a very narrow applicability range, being
solely suitable for small groups of substances exhibit-
ing rather rigorous thermodynamic similarity. To ex-
tend the applicability range of Eq. (1), a determining
criterion A is introduced as its additional argument to
give a three-parameter form of the law of correspond-
ing states

Yred = f (Tred, Vred, A ). (2)

Establishing the determining criteria of thermo-
dynamic similarity is a rather complicated task. It is
this circumstance that explains why more than half
a century passed between the formulation of the law
of corresponding states and its practical application
(in the form of methods for approximate calculation of
physicochemical properties). In the mid-1950s, sev-
eral criteria of the same kind were suggested, among
which the Pitzer acentric factor gained the widest ac-
ceptance [3]. The correlations developed on the basis
of the acentric factor have found wide application for
predicting properties of organic substances.

The use of the acentric factor in the case of inor-
ganic molecular compounds meets certain difficulties,
which are caused both by the specific features of the
prediction method [4] and by the fact that the correla-
tions based on the acentric factor cannot be applied to
strongly polar substances and associated liquids [3].
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Fig. 1. Relation between the criteria f and �. Digits at
points denote the sample nos. in Table 1, and digits with
asterisk, those in Table 2; the same for Figs. 2 and 3.

Fig. 2. Relation between the criterion f and the vapor to
liquid density ratio �v/�liq at the boiling point.

Fig. 3. Relation between the criterion f and the ratio of
the standard entropies of gas and liquid, S v/S liq .

It has been suggested to use in characterizing
the thermodynamic similarity of inorganic molecular
compounds the determining criterion named the factor
of complexity of the intermolecular interaction (�-fac-
tor) [5]. This factor is calculated from the boiling
temperature Tb and the molar volume of a liquid at
the boiling point, Vb (cm3 mol�1):

� = 0.01 ln Tb � 0.122 ln Vb + 0.006.

A number of correlations have been developed on
the basis of the �-factor for predicting the physico-
chemical properties of molecular inorganic liquids [6].
Many of these allow calculation of physicochemical
properties with nearly experimental error.

Although data on the molar volume of a liquid at
its boiling point are available for many substances
(e.g., in a reference book [6]), the boiling points of

a molecular liquid is its most readily available char-
acteristic. Accordingly, it would be of particular im-
portance to have, for little-studied substances, a de-
termining criterion that could be calculated solely
from the boiling point of a substance under considera-
tion.

The method used to establish the �-factor [5] was
applied to obtain a new determining criterion of ther-
modynamic similarity, defined by the equation

f = ln Tb � 1.1 ln � � 4. (3)

It should be emphasized that the parachor � is
calculated from data on the parachor increments for
different elements. The calculation procedure and all
the necessary tabulated data were reported in [6].

Prior to considering the calculation of physico-
chemical properties with the use of the criterion f,
let us note that the determining criteria f and �
are correlated (Fig. 1), with high correlation factor
(R = 0.9967):

f = 7.3� + 0.2.

The existence of the above correlation is of major
practical importance, because it allows estimation of
the polarity of a little-studied substance on the basis
of the only experimental parameter, its boiling tem-
perature. The values of the �-factor, which charac-
terize the boundaries between substances with dif-
ferent polarities, can be used to obtain the following
values of the criterion f for characterizing the polarity:
0 < f < 0.5 for nonpolar and weakly polar substances
(e.g., SiCl4 and BBr3), 0.5 < f < 0.9 for moderately
polar substances (e.g., CrCl2O2 and IF5), and f > 0.9
for strongly polar substances (e.g., HCl and NH3).

Being the determining criterion of thermodynamic
similarity, the parameter f must correlate with the in-
variants of the physicochemical properties. This is
well confirmed both graphically (Figs. 2 and 3) and
by the analytical relations (4)� (9) presented below.

Let us list the expressions derived for calculating
various physicochemical properties with the use of
the parameter f as the determining criterion.

Molar volume of a liquid at its boiling point

Vb = (�6.2 f + 31.2)�0.94. (4)

Critical temperature

(5)Tcr = Tb /(0.667 � 0.055 f 0.5 ).



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 12 2003

A SIMPLE CRITERION OF THERMODYNAMIC SIMILARITY 1911

Table 1. Physicochemical properties of substances
������������������������������������������������������������������������������������
Substance �

Substance
�

f
�

�
� �, �

Tb, K
� Vb, �

Tcr , K
� Vcr , � Pcr ,

no. � � � � J1/4 cm5/2 mol�1 � � cm3 mol�1 � � cm3 mol�1 � MPa
������������������������������������������������������������������������������������

1 � SiCl4 � 0.20 � 0.001 � 4.30 � 330.5 � 121.2 � 507.0 � 326.3 � 3.73
2 � GeCl4 � 0.22 � 0.005 � 4.49 � 356.2 � 124.1 � 552.0 � 330.0 � 3.83
3 � SiBr4 � 0.22 � 0.005 � 5.30 � 425.9 � 143.6 � 663.2 � 382.1 � 4.00
4 � SnI4 � 0.23 � 0.006 � 7.40 � 622.5 � 195.8 � 968.0 � 530.0 � 4.30
5 � SiHCl3 � 0.29 � 0.013 � 3.67 � 305.2 � 102.8 � 479.0 � 268.2 � 4.17
6 � BBr3 � 0.39 � 0.030 � 3.93 � 364.2 � 103.3 � 581.0 � 280.0 � 4.84
7 � VCl3O � 0.43 � 0.036 � 4.14 � 399.9 � 105.9 � 636.1 � 290.1 � 5.17
8 � CrCl2O2 � 0.57 � 0.056 � 3.56 � 389.0 � 88.3 � 610.0 � 240.0 � 5.60
9 � IF5 � 0.70 � 0.070 � 3.07 � 377.6 � 76.5 � 603.1 � 209.1 � 6.80

10 � SO2 � 0.93 � 0.102 � 1.80 � 263.1 � 43.9 � 430.6 � 122.0 � 7.88
11 � HCl � 1.01 � 0.112 � 1.23 � 188.1 � 30.8 � 324.7 � 87.6 � 8.26
12 � NH3 � 1.33 � 0.162 � 1.15 � 239.7 � 25.0 � 405.5 � 72.0 �11.35

������������������������������������������������������������������������������������

Table 2. Error � in calculating physicochemical properties
������������������������������������������������������������������������������������
Sub- �

Sub-
� �Vb � �Hb � �Tcr � �Vcr � �Pcr � Sub- �

Sub-
� �Vb � �Hb � �Tcr � �Vcr � �Pcr

� ������������������������������	 � ������������������������������stance� � � stance � �
no. �

stance
� % � no. �

stance
� %

�����������������������������������������
������������������������������������������
1 � SiCl4 � �2.5 � �2.0 � 1.4 � �2.2 � 4.6 � 7 �VCl3O � 2.5 � 1.3 � �0.4 � �1.4 � �2.7
2 � GeCl4 � �1.4 � �3.0 � 0.7 � 0.1 � 5.8 � 8 �CrCl2O2� 3.4 � �2.8 � 1.9 � 3.4 � 2.4
3 � SiBr4 � �0.4 � 3.3 � 0.2 � 1.1 � 3.6 � 9 �IF5 � 0.8 � �5.2 � 0.8 � 0.5 � �4.4
4 � SnI4 � �0.30 � �4.5 � 0.4 � �0.4 � 3.1 � 10 �SO2 � 0.8 � �1.6 � �0.5 � �0.8 � �2.2
5 � SiHCl3 � �2.9 � �2.2 � �0.1 � 0.7 � 1.5 � 11 �HCl � �1.6 � 8.8 � �5.3 � �5.2 � �3.4
6 � BBr3 � 0.8 � 4.0 � �0.9 � 0.8 � �1.0 � 12 �NH3 � 4.8 � 1.6 � �2.1 � 0.3 � �0.1

������������������������������������������������������������������������������������

It can be readily seen that, at f � 0, Eq. (5) trans-
forms into the known Guldberg rule, which is ob-
served for nonpolar substances.

Critical volume

Vcr = Vb(2.69 + 0.05 f ). (6)

At f � 0, Eq. (6) yields the known Hertz rule,
which is valid for nonpolar substances.

Van der Waals constant

b = Vb(0.2 f + 1.12). (7)

Critical pressure

Pcr = 1.039Tcr /b. (8)

Enthalpy of vaporization at the boiling point

(9)�Hb = RTb ln (10.255Tcr /b)/(1 � Tb /Tcr ).

The potentialities of the new criterion are illus-
trated for 12 substances belonging to different classes
and having different polarities. The physicochemical
properties of these substances were taken from a ref-
erence book [6] (see Table 1). The mean errors in
calculating the above properties by Eqs. (4)�(9) are
listed in Table 2.

The data presented show that the calculated and the
experimental values are in good agreement. It is im-
portant to note that the prediction error is virtually
polarity-independent.

The data array was expanded to 50 substances.1

All the data necessary for calculation were taken from
����������
1 The 50 substances whose properties were included into

the expanded data array are the following: CH4, B2H6, GeH4,
SnH4, CF4, MoF6, WF6, UF6, BCl3, CCl4, TiCl4, PCl3, PCl5,
BiCl3, S2Cl2, MoCl5, PBr3, SmBr4, BI3, SiI4, CCl3F,
CBr2F2, CBrF3, SiBrCl3, SiBr2Cl2, PClF2, PCl2F, NClF2,
SiHBr3, PCl3O, PBr3O, SCl2O, ClO3F, WCl4O, and CO;
the remaining 15 substances are listed in Tables 1 and 4.
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Table 3. Verification of the accuracy of the methods used
for calculating physicochemical properties
����������������������������������������

Property
� Mean error, % � Maximum error, %
����������������������������������
� �* � �** � �* � �**

����������������������������������������
Vb � 1.9 � 1.9 � 5 � 6
�Hb � 3.0 � 2.7 � 9 � 10
Tcr � 1.3 � 1.5 � 5 � 6
Vcr � 1.5 � 2.1 � 4 � 6
Pcr � 2.9 � 3.1 � 7 � 11
����������������������������������������

* Data array for 12 substances.
** Data array for 50 substances.

Table 4. Error in calculating the entropy by Eq. (10) [7]
����������������������������������������

Sub- �
Sub-

�
f

� S liq � S g �
�, %� � ���������������stance � � �

no. �
stance

� � J mol�1 K�1 �
����������������������������������������

1 � SiCl4 � 0.20 � 239.8 � 331.0 � 1.1
2 � GeCl4 � 0.22 � 245.6 � 347.8 � �1.2
3 � SiBr4 � 0.22 � 277.9 � 377.5 � 3.0
4 � SnCl4 � 0.24 � 258.6 � 364.9 � �0.7
5 � SiHCl3 � 0.29 � 227.7 � 313.4 � 2.3
6 � BBr3 � 0.39 � 228.9 � 324.3 � 0.8
7 � VCl3O � 0.43 � 236.4 � 344.0 � �1.3
8 � CrCl2O2 � 0.57 � 222.0 � 328.0 � �0.2
9 � IF5 � 0.70 � 224.7 � 338.5 � 1.0

10 � AsF3 � 0.91 � 178.2 � 295.5 � 6.1
11 � BrF3 � 1.16 � 181.2 � 293.0 � 0.1
12 � N2H4 � 1.38 � 121.6 � 238.7 � �2.2

����������������������������������������

Table 5. Influence of acentric factor � on error � in
calculating the critical parameters
����������������������������������������
Substance � Sub- � � � �

� � � � �Tr � �Vcr � �Pcrno. � stance � � � �
����������������������������������������

1 � BCl3 � 0.150 � �0.5 � �2.9 � 2.2
2 � BF3 � 0.420 � 6.7 � 7.2 � 4.5
3 � H2O � 0.344 � �0.8 ��12.6 � 17.1
4 � Re2O7 � 0.601 � 8.8 � 0.4 � 0.9
5 � NO2 � 0.860 � 14.6 � 3.9 � 20.4

����������������������������������������

a reference book [6]. As can be seen from Table 3,
that a 4-fold extension of the data array leaves virtual-
ly unchanged the error in prediction of the physico-
chemical properties considered. This points to high

reliability of the data on the error of the correlations
presented.

The criterion suggested can also be used for pre-
dicting the thermodynamic properties of substances.
For example, there is a clearly pronounced correlation
between the ratio S liq/S g of the standard entropies
(at 298 K) of a substance in the liquid and gaseous
states and the parameter f (Fig. 2). This correlation,
expressed by

S liq/S g = (0.18 f 2 + 1.385), (10)

can be used to predict the entropy of a phase state
of a substance (liquid or gas) from the entropy of
the other state. The errors of such a prediction are
listed in Table 4. Here, the set of substances is some-
what different from that of Table 1, because some
substances (SO2, HCl, NH3) do not exist in the liquid
state at T = 298 K and P = 1 atm (101 325 Pa).

Molecular inorganic compounds with widely dif-
ferent intermolecular interactions are represented in
the set of the substances studied, including nonpolar,
moderately polar, and highly polar substances. For all
these substances, the criterion suggested ensures rather
high accuracy of prediction of their physicochemical
properties.

To gain clearer insight into the potentialities of
the criterion suggested, it is appropriate to consider
the limiting case of prediction, when substances with
the most complex intermolecular interaction are under
study. To such substances belong associated liquids,
which are characterized by the presence of hydrogen
bonds and high values of the acentric factor. The er-
rors in calculating the critical parameters for such
substances are listed in Table 5. It can be seen that
there is no unambiguous pattern in this case: the cal-
culation error may be either low or rather large (this
mainly refers to the critical pressure).

The increase in error is presumably due to poorer
accuracy in calculating the parachor (for substances
with hydrogen bonds the additivity of the parachor is
violated) and, consequently, the parameter f. At the
same time, with account of the fact that prediction of
physicochemical properties with the use of the param-
eter suggested is based on the only input property
(boiling point), application of the parameter f to
the above substances, too, may be of practical im-
portance.

CONCLUSIONS

(1) A determining criterion that considerably ex-
tends the potentialities of the thermodynamic similar-
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ity theory for prediction of physicochemical properties
of little-studied substances was suggested.

(2) The similarity criterion was used to obtain the
correlations that ensure reliable prediction of physico-
chemical properties on the basis of the only charac-
teristic of a substance, its boiling temperature.
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Abstract�The enthalpies of sublimation of organic compounds belonging to various classes were studied
for the first time in terms of the fragment approach based on the QSPR (Quantitative Structure�Property
Relationships) method. The applicability of this technique to calculation of this parameter was demonstrated
and a model that makes it possible to predict the enthalpy of sublimation of compounds on the basis of
descriptors taking into account the fragment composition of a molecule was suggested.

The enthalpy of sublimation, �sub H, is the enthalpy
of a transition of a substance from the solid state
directly (without melting) to the gaseous state [1].
This property is of certain practical interest for the
chemistry of the crystalline state and, in particular, for
resolving the problems associated with dispersion of
dyes and discoloration of materials, and such ecolog-
ical problems as transport of organic contaminants in
the atmosphere, etc. [1�5]. Determining the enthalpy
of sublimation, �sub H, or other thermodynamic pa-
rameters experimentally requires application of ex-
pensive and time-consuming procedures. Therefore,
considerable attention has been given in the literature
both to theoretical calculational techniques and to
empirical QSPR (Quantitative Structure�Property Re-
lationships) methods for estimating these character-
istics. For example, the enthalpies of sublimation have
been obtained by calculating crystal packings [1�3].
For QSPR, methods of regression analysis [1], neural
networks [1], and 3D-QSAR (CoMFA) [4, 5] methods
have been used. In the case of a regression analysis
with learning sample containing 62 compounds (con-
trol sample of 10 compounds), a three-parameter equa-
tion has been obtained, in which the number of carbon
atoms, and also the number of donors and acceptors of
the hydrogen bond, were used as descriptors [1].

In 1990, the FRAGMENT software was developed.
This program can generate sets of fragments: chains
(1�9 atoms), cycles (3�6-membered), and several
types of branched fragments [6�11]. Each atom in
a fragment is designated in dependence on the type of
atom, the number of H atoms bonded to it, and the
bonding environment, which makes it possible to take

into account in adaptable manner the multiple bonds,
functions, heteroatoms, etc. The FRAGMENT pro-
gram has been successfully used in the QSAR/QSPR
software package EMMA [11�19] and neural-network
software package NASAWIN [20�23].

In previous studies concerned with QSAR/QSPR
[(Quantitative Structure�Activity Relationships)/
(Quantitative Structure�Property Relationships)], frag-
ment descriptors have been widely used both for
QSPR (chromatographic retention indices [18], boil-
ing point [18], polarizability [24], density, viscosity,
and saturated vapor pressure [25] for widely diverse
classes of compounds) and for QSAR [11, 19]. A point
of principle should be noted: if a set of compounds
is sufficiently large for constructing a statistically
significant model, then any topological index can
be replaced with a set of fragment descriptors [26].
The advantage of fragment descriptors consists in the
clearness and easy structural interpretation of the re-
sults of QSAR/QSPR. In this study, fragment de-
scriptors are used to carry out a QSPR analysis of
the enthalpy of sublimation.

As model experimental database of the enthalpies
of sublimation (Database 1) were chosen the data re-
ported in [1]: learning sample of 62 compounds and
control sample of 10 structures (compound nos. 63�
72). The complete sample comprised molecules with
known crystal structure, which contain C, H, O, and
N atoms, including aliphatic and aromatic hydrocar-
bons, their oxo and aza derivatives, carboxylic acids,
amide and amino acids, cyanides, quinones, and het-
erocycles. The input and verification of Database 1
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were performed using MEOW and BASTET soft-
ware [24]. The advantage of the given sample of com-
pounds is that the enthalpies of sublimation can be
calculated for this set in three ways: (1) by theoretical
calculation of crystal packings (with the statistical
parameters n = 62, r2 = 0.971, s = 0.939 kcal mol�1,
maximum error 3.5 kcal mol�1), (2) by regression
analysis (with the following statistical parameters:
three descriptors, n = 62, r2 = 0.92, s = 1.6 kcal mol�1,
maximum error 8.9 kcal mol�1, average error of prog-
nosis 2.8 kcal mol�1), and (3) with a neural net-
work (with the following parameters for the best
model: seven hidden neurons, n = 62, r2 = 0.865, s =
2.2 kcal mol�1, maximum error 10.1 kcal mol�1, av-
erage error of prognosis 36 kcal mol�1). This consti-
tutes a sound basis for comparison, even though
the sample is not too large.

The MEOW and BASTET software was used to
create Database 2 (88 compounds), by adding to Data-
base 1 experimental data of [2] and excluding dupli-
cates, and Database 3 (104 compounds), by adding to

Database 2 experimental data of [4] for chlorinated
diphenyls (15 structures) and excluding duplicates.
The inclusion of chlorinated phenyls is due both to
the importance of this type of compounds, which find
wide application as insulating materials and fire re-
tardants, and to the desire to extend the structural
diversity of the sample by covering chlorine-contain-
ing compounds.

The QSPR modeling was performed using QSAR
software EMMA [18, 19] and NASAWIN [20�22].
The fragment descriptors were calculated by FRAG-
MENT software (modified version distinguished by
a greater number of types of fragments and more ver-
satile classification of atoms [11, 23]), with the fol-
lowing restrictions imposed: chain length was 1�6;
fragment descriptors were selected both automatically
and manually; in selecting mutually correlated de-
scriptors, those correlated to the greatest extent with
the property were chosen.

Let us consider the comparative results of QSPR.
The table lists characteristics of the models devel-

Statistical parameters of QSPR models for the enthalpy of sublimation, based on fragment descriptors for Databases 1�3
������������������������������������������������������������������������������������

Parameter
� Descriptor
����������������������������������������������������������������������
� 1 � 2 � 3 � 4 � 5 � 6 � 7 � 8 � 9 � 10

������������������������������������������������������������������������������������
Model no. 1*

Learning sample, compound nos. 1�62

R2 � 0.5584 � 0.7331 � 0.9235 � 0.9403 � 0.9468 � 0.9520 � 0.9577 � 0.9610 � � � �

s � 5.62 � 4.41 � 2.38 � 2.12 � 2.02 � 1.94 � 1.83 � 1.78 � � � �

F � 76 � 81 � 233 � 224 � 199 � 182 � 174 � 163 � � � �

Maximum error,(1) � 13.15 � 14.47 � 8.08 � 6.41 � 6.26 � 6.33 � 6.61 � 6.17 � � � �

kcal mol�1 � (46) � (50) � (4) � (36) � (36) � (36) � (36) � (36) � � � �

Control sample, compound nos. 63�72

R2 progn. � 0.6310 � 0.7762 � 0.7688 � 0.6708 � 0.6684 � 0.6593 � 0.6954 � 0.6140 � � � �

Prognosis error, � � � � � � � � � �
kcal mol�1: � � � � � � � � � �

average � 3.7 � 2.7 � 2.7 � 3.3 � 3.2 � 3.3 � 3.1 � 3.3 � � � �

maximum � 7.6 � 5.9 � 7.3 � 7.4 � 7.7 � 7.8 � 7.4 � 8.5 � � � �

� (64) � (64) � (70) � (64) � (64) � (64) � (64) � (64)

Model no. 2**

Learning sample, compound nos. 1�62, 73�92, 94�96, 98�101, 103, 104

R2 � 0.4886 � 0.6803 � 0.8523 � 0.8734 � 0.8878 � 0.8980 � 0.9072 � 0.9151 � 0.9214 � 0.9296
s � 5.36 � 4.26 � 2.92 � 2.71 � 2.57 � 2.46 � 2.37 � 2.28 � 2.20 � 2.10
F � 85 � 94 � 167 � 148 � 135 � 123 � 116 � 110 � 106 � 106
Maximum error,(1) � 15.2 � 15.2 � 10.1 � 8.1 � 6.5 � 6.2 � 6.7 � 6.8 � 6.1 � 6.5
kcal mol�1 � (46) � (50) � (4) � (75) � (28) � (28) � (75) � (75) � (36) � (36)
������������������������������������������������������������������������������������
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Table. (Contd.)
������������������������������������������������������������������������������������

Parameter
� Descriptor
����������������������������������������������������������������������
� 1 � 2 � 3 � 4 � 5 � 6 � 7 � 8 � 9 � 10

������������������������������������������������������������������������������������
Model no. 2**

Control sample, compound nos. 63�72, 93, 97, 102

R2 progn. � 0.6563 � 0.7607 � 0.7518 � 0.7105 � 0.7319 � 0.7365 � 0.7233 � 0.7303 � 0.7319 � 0.7294
Prognosis error, � � � � � � � � � �
kcal mol�1: � � � � � � � � � �

average � 2.73 � 2.42 � 2.41 � 2.70 � 2.57 � 2.69 � 2.75 � 2.72 � 2.72 � 2.74
maximum � 7.3 � 6.1 � 7.7 � 7.6 � 7.4 � 7.4 � 7.7 � 7.6 � 7.5 � 7.8

� (68) � (70) � (70) � (70) � (70) � (70) � (70) � (70) � (70) � (70)

Model no. 3***

Learning sample, compound nos. 1�35, 37�62, 64, 70, 73�92, 94�96, 98�101, 103, 104

R2 � 0.4786 � 0.6714 � 0.8450 � 0.8656 � 0.8802 � 0.8908 � 0.9004 � 0.9094 � 0.9161 � 0.9235
s � 5.39 � 4.30 � 2.97 � 2.78 � 2.64 � 2.54 � 2.44 � 2.34 � 2.27 � 2.18
F � 83 � 91 � 160 � 140 � 126 � 116 � 109 � 104 � 100 � 98
Maximum error,(1) � 15.2 � 15.2 � 10.0 � 8.1 � 7.5 � 7.5 � 7.8 � 7.5 � 7.5 � 7.7
kcal mol�1 � (46) � (50) � (4) � (75) � (70) � (70) � (70) � (70) � (70) � (70)

Control sample, compound nos. 36, 63, 65�69, 71�72, 93, 97, 102

R2 progn. � 0.7554 � 0.8488 � 0.8161 � 0.7796 � 0.7989 � 0.7982 � 0.7783 � 0.8027 � 0.7994 � 0.7905
Prognosis error, � � � � � � � � � �
kcal mol�1: � � � � � � � � � �

average � 2.18 � 1.98 � 2.16 � 2.43 � 2.31 � 2.46 � 2.56 � 2.37 � 2.37 � 2.42
maximum � 7.3 � 5.4 � 5.9 � 5.6 � 5.6 � 5.9 � 6.3 � 5.9 � 6.1 � 6.5

� (68) � (71) � (36) � (36) � (36) � (36) � (36) � (36) � (36) � (36)
������������������������������������������������������������������������������������
(1) Given in parentheses are the numbers of compounds for which the maximum error is presented; the enumeration corresponds

to that in Databases 1�3, which can be provided by the authors if requested.
* Model no. 1: descriptor 1: fr1 is the number of arbitrary atoms; descriptors 2, 3: fr2, fr3 are the numbers of fragments of

the types �CR�OH and Nsp3�C�O, respectively; descriptor 4; fr4 is te number of simple bonds in a molecule, •� •; descriptors
5�8: fr5, fr6, fr7, fr8 are the numbers of fragments of the types RCAr�CArH�CArH�CArR, NH2, •� •� •� •� •� •, and CH3,
respectively.

** Model no. 2: descriptor 1: fr1 is the number of arbitrary atoms; descriptors 2�10: fr2, fr3, fr4, fr5, fr6, fr7, fr8, fr9, fr10 are
the numbers of fragments of the types �CR�OH, Nsp3�C�O, CH2�CH2�CH2�CH2, �CR�CAr(�CArH)2, �CR�CH2,
CAr�CAr(�CArR)2, C�C�C�C�, •� •� •� •� •� •, C�C�C�C�O, respectively.

*** Model no. 3: descriptor 1: fr1 is the number of arbitrary atoms; descriptors 2�10: fr2, fr3, fr4, fr5, fr6, fr7, fr8, fr9, fr10 are
the numbers of fragments of the types �CR�OH, Nsp3�C�O, CH2�CH2�CH2�CH2, �CR�CAr(�CArH)2, CAr�CAr(�CArR)2,
�CR�CH2, C�C�C�C�C, •� •� •� •� •, C�C�O�C�O, respectively.

oped on the basis of the fragment descriptors. First,
a QSPR model was constructed (see table, Model
no. 1) using the same sample as that in [1], i.e., 62
compounds were taken as learning sample and 10
compounds (63�72) for prognosis purposes (Data-
base 1). It can be seen from the table that a satisfac-
tory statistics, which is comparable with that in [1]

and provides a reasonable prognosis (Model no. 1),
is obtained with fragment descriptors 3�5. Interest-
ingly, descriptor 1 (number of nonhydrogen atoms)
models the first descriptor of [1], and the follow-
ing two fragment descriptors indirectly model the
number of centers forming hydrogen bonds (as in
[1]).
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It is also of interest that formic acid (15.2 kcal mol�1

for learning sample) and adamantane (14.30 kcal mol�1

for control sample) fall out of the correlation, irrespec-
tive of the number of descriptors. In other words, frag-
ment descriptors fail to reflect structural features of
these compounds, which are important for prognostica-
tion of the enthalpy of sublimation.

Formic acid is the first member of the homolo-
gous series of acids, with Database 1 containing data
(kcal mol�1) for acetic (16.3), propionic (17.7), oleic
(19.2), and valeric acids (20.2). In going from formic
to valeric acid, the enthalpy of sublimation shows
monotonic linear variation, which, presumably, obvi-
ates the question of experimental error in determining
the value of �sub H and may be due to the fact that
the models include no descriptors that would reflect
the tendency toward variation of the enthalpy of sub-
limation in the series of carboxylic acids.

It is noteworthy that adamantane has nearly spher-
ical molecule and is highly volatile, and the absence
of its derivatives and analogues from the learning sam-
ple leads to unsatisfactory prognosis. It should be
emphasized in this context that, despite separate dis-
cussions, no rigorous scientific approach to the divi-
sion of a sample into learning and control samples
has been reported in the literature.

Naturally, with Database 3 available, it was of inter-
est to obtain a QSPR model, using an extended learn-
ing sample. For this purpose, compound nos. 1�62
(Database 1), 73�88 (Database 2), and 13 compounds
of the series of chlorinated diphenyls were used as
a learning sample. The control sample included, in
accordance with [1], the same 10 compounds (63�72),
but was supplemented with three compounds belong-
ing to the series of chlorinated diphenyls: two com-
pounds used for prognostication in [4], namely, 2,2�,5-
trichlorodiphenyl (23.8 kcal mol�1) and 2,2�, 5,5�-tetra-
chlorodiphenyl (24.1 kcal mol�1), and also 2,2�, 3,3�,-
4,4�, 6-heptachlorodiphenyl (29.3 kcal mol�1). Thus,
the learning sample comprised 91 compounds, and
the control sample, 13 compounds. The QSPR model
constructed (see table, Model no. 2) is distinguished
by good prognosticating capacity, which exceeds that
of Model no. 2 and makes it possible to predict the
property under study for compounds belonging to
the series of chlorinated diphenyls. The average error
of prognostication varies from 2.4 kcal mol�1 (model
based on three descriptors) to 2.7 kcal mol�1 (model
based on eight descriptors).

It is also of interest that compound no. 70 (dimeth-
ylglyoxime, 23.2 kcal mol�1), which falls out of
the correlation for the control sample, remains in this
position upon inclusion of a varied number of descrip-

Scatter diagram of calculated and experimental enthalpies
of sublimation (kcal mol�1) for (a) learning and (b) con-
trol samples of Database 3 in accordance with the linear-
regression model [Eq. (1)].

tors into the model. This fact may indicate that either
the experimental data are to be refined or this com-
pound (dihydroxylated diazadiene) is to a certain ex-
tent unique among the structures in Database 3.

Finally, the above consideration of the structures
that fall out of the correlation gave rise to an idea to
change the learning and control samples in the fol-
lowing way: two structures, adamantane and dimeth-
ylglyoxime were transferred from the control to the
learning sample, and formic acid, contrariwise, from
the learning to the control sample. Thus, the learn-
ing sample comprised 92 compounds, and the control
sample, 12 compounds. The QSPR model constructed
(see table, Model no. 3) has the best prognosticating
capacity, compared with the set of the linear-regres-
sion models described.

The equation corresponding to the model based on
three fragment descriptors (Model no. 3), which is
characterized by the maximum value of the Fisher
criterion and high prognosticating capacity, is pres-
ented below

�sub Hcalc = +5.57 + 1.23fr1 + 6.92fr2 + 6.95fr3, (1)

n = 104, r2 = 0.8540, s = 2.97, F = 160, average error
(absolute value) of prognostication 2.16 kcal mol�1,
where fr1 is the number of any nonhydrogen atoms, •;
fr2, the number of fragments of the type �CR�OH;
fr3, the number of fragments of the type Nsp3�C�O.
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The figure shows the scatter of the experimental
and calculated enthalpies of sublimation, which agrees
with the given model.

The maximum errors in prognostication of the en-
thalpy of sublimation (kcal mol�1) are observed for
formic acid (5.9) and pentaerythritol tetranitrate (4.8);
for the learning sample, octadecane (10), dibenzoyl-
methane (8.6), dimethylglyoxime (7.7), and nitrogen
(6) fall out of the correlation. The deviations from
the correlation for formic acid and dimethylglyoxime
remain the same, which supports the above explana-
tions for both these cases.

In the next stage, the applicability of the frag-
ment approach to prognostication of the enthalpies of
sublimation of organic compounds with QSPR mod-
els constructed using artificial neural networks was
analyzed [27]. A three-layer feed-forward back-propa-
gation neural network produced using the software
package NASAWIN [28] was chosen for this purpose.
The input layer of the network comprised eight neurons
in accordance with the number of descriptors prelim-
inarily selected using a procedure for step-by-step
linear regression analysis of descriptors. Two neurons
were placed in the internal layer, since their greater
number leads, when working with the given database,
to strong �overlearning,� and smaller number, to con-
struction of a model that does not differ fundamental-
ly from the linear-regression model. The output layer
comprised a single neuron that corresponded to the
property being prognosticated. As the learning algo-
rithm was taken the �generalized delta rule� [27], with
the learning rate parameter equal to 0.25 and learning
�instant� parameter of 0.9. The learning process was
terminated when the minimum prognostication error
was achieved for the control sample.

The differences between the statistical parameters
of linear-regression and neural-network models ob-
tained on the basis of the same fragment descriptors
are insignificant. At the same time, inclusion of de-
scriptors selected as a result of the neural-network
procedure makes it possible to improve the quality of
the models. For example, it was possible to construct,
for the learning and control samples of the linear-re-
gression Model no. 3 (see table), a model with the best
prognosticating capacity among all the models ob-
tained (average prognostication error 1.66 kcal mol�1,
R2 = 0.8308, RMSlearn = 3.9364, RMSprogn = 2.1964).
The model is based on eight descriptors: descriptor 1:
fr1, �• (number of nonhydrogen atoms); descriptors
2�8: fr2, fr3, fr4, fr5, fr6, fr7, fr8, the number of
fragments of the type �CR�OH, Nsp3�C�O, •�•�•
(chain of three arbitrary atoms), CAr�CArR�CAr

(� is an aromatic bond), CH3�C�C, CH2�(C�)�OR,
CH2�CH2�CH2, respectively.

As in the preceding cases, the strongest deviations
from correlation in the control sample are character-
istic of pentaerythritol tetranitrite (5.34 kcal mol�1)
and formic acid (1.95 kcal mol�1).

Thus, the enthalpies of sublimation of organic
compounds belonging to various classes were studied
for the first time using the fragment approach based
on the QSPR method. It was shown that the models
for calculation of the enthalpy of sublimation, ob-
tained using this technique, have parameters com-
parable with, and, in some cases, exceeding those of
the regression equations reported in the literature. In
other words, the model suggested makes it possible
to prognosticate the enthalpy of sublimation of com-
pounds with the use of descriptors taking into account
the fragment composition of a molecule.
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Abstract�Isothermal calorimetry was applied to study the heats of dissolution of lappaconitine hydro-
bromide at varied dilution. The data obtained were used to calculate the standard enthalpy of dissolution
of C32H44N2O8 � HBr in an infinitely diluted (standard) aqueous solution. The heats of combustion and
melting of C32H44N2O8 � HBr were calculated using approximate methods. A combination of experimental
and calculation techniques was used to find the standard heats of formation of lappaconitine hydrobromide
and its 33 analogues.

Studying the thermochemical and thermodynamic
properties of alkaloids is of certain theoretical and
practical interest for directed synthesis of these com-
pounds with prescribed properties.

The alkaloid lappaconitine is an ester of triatomic
amino alcohol lappaconine and N-acetylanthranilic
acid; the structural formula of lappaconitine hydro-
bromide (allapinine) is given below [1]:

It should be emphasized that, until now, neither
experimental nor estimated values of the thermochem-
ical and thermodynamic constants of this theoretically
and practically important alkaloid and its derivatives
are available in the literature.

In view of the aforesaid, the aim of this study
was to analyze experimentally the thermochemical

properties of lappaconitine hydrobromide and to use
the data obtained to find, by combining calculation
procedures, the standard enthalpies of formation of
C32H44N2O8 � HBr and its analogues.

The enthalpy of dissolution of lappaconitine hy-
drobromide C32H44N2O8 � HBr in water was stud-
ied calorimetrically under isothermal conditions on
a DAK-1-1A calorimeter. The theory of, and proce-
dure for a calorimetric study were described in detail
in [2�5]. The DAK-1-1A commercial differential au-
tomated calorimeter has the following main technical
characteristics: working temperatures 25�200�C, car-
tridge volume 8 cm3, error in measuring heat release
energy �20 �W. The calorimeter measures the integral
heat flux outgoing from the calorimetric cartridge, in
which a substance is being dissolved, through the dif-
ferentially connected thermocouples and the massive
central unit of the microcalorimeter. The rated error
in determining the heat effects is �2.0%.

The experimental errors and the uniformity of var-
iance in determining the heat effects were calculated
using the Student and Bartlett criteria.

The heat of combustion of lappaconitine hydro-
bromide was calculated using the Karas and Frost
methods [7], and the heat of fusion was found from
an empirical equation recommended in [8].

The values of �f H 0
298.15 for analogues of C32H44N2O8 �

HBr were calculated using the system of enthalpy in-
crements for anions [9, 10].
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EXPERIMENTAL

The commercial lappaconitine hydrobromide cho-
sen for the calorimetric study (M = 665.6 g mol�1 [11])
was of analytically pure grade (>99.0% main sub-
stance) and had melting point of 225�C (with decom-
position), in conformity with the data of [11].

The homology-based technique was used to index
the powder X-ray diffraction pattern of C32H44N2O8 �
HBr. It was found that C32H44N2O8 � HBr crystallyzes
in the tetragonal system with the following lattice
constants: a = 12.26, c = 10.72 �; V 0 = 1611.3 �3;
Z = 2; �X-ray = 1.41, and �pycn = 1.38 � 0.04 g cm�3.

The enthalpy of dissolution of lappaconitine hy-
drobromide in water was determined experimentally
at dilutions of 1 : 36 000, 1 : 44 000, and 1 : 50 000
(moles of a salt : moles of water) with automated heat
compensation. The heat effects were recorded with
a KSP-4 potentiometer and, simultaneously, with
an IP-4 high-precision integrator. A substance under
study (weighed on an analytical balance to the fourth
decimal place) was introduced in a metallic ampule,
which was then inserted into a metallic cartridge
with the solvent. The time of preliminary thermostat-
ing of the solvent and the substance was 2 h. The zero
drift of the integrator did not exceed 3 units in
the last digit position in 100 s. The substance under
study dissolved when the ampule was submerged in
the solvent.

The instrument was tested by measuring the heat
of dissolution of thrice-recrystallized KCl at dilutions
of 1 : 1600, 1 : 2400, and 1 : 3200 (moles of a salt :
moles of water). The resulting averaged heat of KCl
dissolution in water at 25�C (17 860 � 283 J mol�1) was
in satisfactory agreement with the recommended val-
ues (17 577 � 34 [13] and 17 489 � 371 [14] J mol�1),
obtained at the same temperature with accuracy of 1.6
and 2.0%, respectively.

Table 1 lists the calorimetrically determined heats
of lappaconitine hydrobromide dissolution at various
dilutions.

The experimentally found enthalpies of dissolution
of C32H44N2O8 � HBr at varied dilution were further
used for calculating the �H 0 of its dissolution at stan-
dard (infinite) dilution. A mathematical processing of
the experimental data established that the dependence
of the enthalpy of dissolution (kJ mol�1) on the molal
concentration 	

�
m is described, similarly to [15], by

the equation

(1)�H m
dissC32H44N2O8 � HBr = 6.02 � 93.13�

�
m.

Table 1. Heat effect and molar enthalpy of C32H44N2O8 �

HBr dissolution in water at varied dilution*

����������������������������������������
C32H44N2O8 � HBr, g � Q, J � �H m, kJ mol�1

����������������������������������������
Dilution 1 : 36 000

0.0051 � 0.018 � 2.35
0.0049 � 0.018 � 2.44
0.0053 � 0.019 � 2.39
0.0050 � 0.018 � 2.40
0.0051 � 0.018 � 2.35

����������������������������������������
Average 2.39 � 0.05

����������������������������������������
Dilution 1 : 44 000

0.0041 � 0.016 � 2.60
0.0042 � 0.017 � 2.69
0.0040 � 0.016 � 2.66
0.0040 � 0.016 � 2.66
0.0042 � 0.017 � 2.69

����������������������������������������
Average 2.66 � 0.04

����������������������������������������
Dilution 1 : 50 000

0.0039 � 0.017 � 2.90
0.0038 � 0.017 � 2.98
0.0039 � 0.018 � 3.07
0.0037 � 0.017 � 3.06
0.0038 � 0.016 � 2.80

����������������������������������������
Average 2.96 � 0.14

����������������������������������������
* Dilution, mole of a salt : mole of H2O; the same for Table 2.

By solving this equation, the standard enthalpy
of lappaconitine hydrobromide dissolution in an in-
finitely diluted aqueous solution was found to be
6.02 � 0.17 kJ mol�1. This value is of great theoret-
ical and practical importance for calculating the stan-
dard heats of formation of various lappaconitine de-
rivatives.

Further, the enthalpies of interaction between an
aqueous solution of C32H44N2O8 � HBr and crystalline
silver nitrate were determined in the reaction

C32H44N2O8 � HBr (solution, nH2O) + AgNO3(s.)

= C32H44N2O8H+ (solution, nH2O)

(2)+ NO3
� (solution, nH2O) + AgBr(s.) � �H 0

int.
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Table 2. Enthalpies of interaction of an aqueous solution
of C32H44N2O8 � HBr with AgNO3 at varied dilution
����������������������������������������

AgNO3, g � Q, J � ��H 0, kJ mol�1

����������������������������������������
Dilution 1 : 36 000

0.0013 � 0.307 � 40.11
0.0012 � 0.285 � 40.34
0.0013 � 0.309 � 40.37
0.0013 � 0.312 � 40.77
0.0013 � 0.317 � 41.42

����������������������������������������
Average 40.60 � 0.64

����������������������������������������
Dilution 1 : 44 000

0.0011 � 0.275 � 42.47
0.0011 � 0.266 � 41.08
0.0010 � 0.249 � 42.30
0.0010 � 0.247 � 41.96
0.0011 � 0.271 � 41.85

����������������������������������������
Average 41.93 � 0.67

����������������������������������������
Dilution 1 : 50 000

0.0010 � 0.253 � 42.98
0.0010 � 0.244 � 43.21
0.0010 � 0.258 � 42.83
0.0009 � 0.232 � 43.79
0.0009 � 0.233 � 43.98

����������������������������������������
Average 43.56 � 0.54

����������������������������������������

Table 3. X-ray diffraction characteristics of AgBr
����������������������������������������

d, � � I/I0
����������������������������������������

2.975 (3.333)* � 8 (7)*

2.874 (2.886) � 100 (100)
2.040 (2.041) � 73 (36)
1.737 (1.742) � 3 (2)
1.664 (1.667) � 20 (15)
1.442 (1.444) � 8 (7)

����������������������������������������
* Published data [16] are given in parentheses.

The AgNO3 crystals subjected to a calorimetric
study were of analytically pure grade. Table 2 lists
the results obtained in determining the �H 0 of the in-
teraction.

The mass of the resulting crystalline precipitate
of AgBr had, after its being dried, a mass totally cor-
responding to the theoretical yield. This indicates that
lappaconitine hydrobromide completely dissociated
upon dissolution in water. The same conclusion fol-
lows from X-ray diffraction data for AgBr (Table 3)

formed in reaction (2), which were in full agreement
with reference data [16].

To calculate �f H 0
298.15 for C32H44N2O8 � HBr, its

standard heat of combustion was evaluated using the
Karas and Frost methods [7], which are the most ap-
propriate techniques for taking into account the con-
tributions of different groups to the heat of combus-
tion. The resulting averaged heat of C32H44N2O8 � HBr
combustion was �18 318 � 619 kJ mol�1, with relative
calculation error of 3.4%. The standard enthalpy of
formation of (molten) C32H44N2O8 � HBr was calcu-
lated from the �H 0 of combustion by the Hess cycle
by the reaction

2C32H44N2O8 � HBr(l) + 78.5O2(g)

= 64CO2(g) + 45H2O(l) + 2N2(g) + Br2(g) (3)

to be �718 kJ mol�1. It should be emphasized that
the Karas and Frost methods are only applicable to
calculation of �H 0 of combustion of liquid hydrocar-
bons. The data required for calculating �f H 0

298.15 of
C32H44N2O8 �HBr(l) by scheme (3), with the exception
of �H 0 of combustion, were taken from [17].

In view of the fact that lappaconitine hydrobromide
is in the crystalline state at 298.15 K, its �f H 0

298.15
is to be calculated for the solid state. For this purpose,
�H 0

melt of C32H44N2O8 � HBr was estimated using
the empirical equation [8]:

�H0
melt = 44.4Tmelt � 4400, (4)

which is commonly used for strongly polar halide
compounds. The value of �H 0

melt of C32H44N2O8 �HBr,
found using Eq. (4), is 17.7 kJ mol�1. The equation

�f H 0
298.15C32H44N2O8 � HBr(s)

= �f H 0
298.15C32H44N2O8 � HBr(l) � �H0

melt (5)

was used to calculate the standard enthalpy of
C32H44N2O8 �HBr(cr) formation to be �736.0 kJ mol�1.

Further, the �H 0 of C32H44N2O8 � HBr dissolution
at infinite dilution (6.02 kJ mol�1) was used to calcu-
late the standard enthalpy of C32H44N2O8 � HBr for-
mation in the standard aqueous solution by the equa-
tion

�f H 0
298.15C32H44N2O8 �HBr (solution, H2O, standard

state) = �f H 0
298.15C32H44N2O8 �HBr(s) + �H 0

solv (6)

to be �730 kJ mol�1. The relation
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�f H 0
298.15C32H44N2O8H+ (solution, H2O, standard state)

= �f H 0
298.15C32H44N2O8 �HBr (solution, H2O, standard

(7)state) � �f H 0
298.15Br� (solution, H2O, standard state),

was used to calculate, on the basis of the data ob-
tained and the reference value of �f H 0

298.15 (solution,
H2O, standard state), the standard enthalpy of forma-
tion of the [C32H44N2O8H]+ ion in a standard aqueous
solution to be �599.0 kJ mol�1. The value obtained by
the calculation was used to calculate �f H 0

298.15 for
other lappaconitine derivatives. In [9, 10], a system of
thermochemical enthalpy increments was developed.
This system makes it possible to calculate standard
heats of formation of compounds in the crystalline
state by the equation

�f H 0
298.15Mm(X�O�)n = [m�f H 0

298.15(Mn+, solution, H2O,

standard state)]K + n�f H i
298.15)X�O�

m�, (8)

where �f H i
298.15 is the enthalpy increment for the an-

ion, and K is the proportionality factor.

To calculate �f H 0
298.15 of the compounds by Eq. (8),

it suffices to know the �f H 0
298.15 (solution, H2O, stan-

dard state) of the cation, whereas the coefficients K
and �f H i

298.15 for the anions are tabulated; the accura-
cy of the calculation is �5.0%. For the lappaconitine
derivatives, Eq. (8) can be represented as (for the ex-
ample of C32H44N2O8 � HNO3):

�f H 0
298.15C32H44N2O8 � HNO3(s)

= [�f H 0
298.15C32H44N2O8H+ (solution, H2O, standard

state)]K + �f H i
298.15NO3

�. (9)

Table 4 lists the values of ��f H 0
298.15 for 33 lap-

paconitine derivatives, calculated using Eq. (9).

CONCLUSIONS

(1) The enthalpies of lappaconitine hydrobromide
dissolution in water at varied dilution were determined
experimentally for the first time. The values obtained
were used to calculate by indirect methods the standard
enthalpy of C32H44N2O8 �HBr dissolution, �f H 0

298.15
of [C32H44N2O8H]+ (solution, H2O, standard state),
standard enthalpy of formation of molten and crystal-
line C32H44N2O8 � HBr, its heat of combustion, and
heat of fusion.

(2) The standard heats of formation of 33 lappa-
conitine derivatives were calculated.

Table 4. Standard heats of formation of lappaconitine
derivatives
����������������������������������������

Compound � ��f H 0
298.15, kJ mol�1

����������������������������������������
C32H44N2O8 � HF � 913

�C32H44N2O8 � HCl � 747
�C32H44N2O8 � HI � 638
�C32H44N2O8 � HClO4 � 747
�C32H44N2O8 � HClO3 � 740
�C32H44N2O8 � HBrO3 � 727
�C32H44N2O8 � HJO3 � 877
�[C32H44N2O8H]2S � 1026
�[C32H44N2O8H]2SO4 � 2092
�[C32H44N2O8H]2S2O3 � 1872
�[C32H44N2O8H]2Se � 1080
�[C32H44N2O8H]2SeO4 � 1764
�[C32H44N2O8H]2TeO4 � 2001
�[C32H44N2O8H]2SO3 � 1800
�[C32H44N2O8H]2SeO3 � 1649
�[C32H44N2O8H]2TeO3 � 1685
�C32H44N2O8 � HNO3 � 819
�C32H44N2O8 � HNO2 � 711
�[C32H44N2O8H]3PO4 � 3006
�[C32H44N2O8H]4P2O7 � 4602
�[C32H44N2O8H]3AsO4 � 2638
�[C32H44N2O8H]2CO3 � 1842
�[C32H44N2O8H]2C2O4 � 2018
�C32H44N2O8 � HAlO2 � 1489
�C32H44N2O8 � HBO2 � 1315
�C32H44N2O8 � HReO4 � 1456
�C32H44N2O8 � HMnO4 � 1199
�[C32H44N2O8H]2Cr2O7 � 2761
�[C32H44N2O8H]2CrO4 � 2091
�[C32H44N2O8H]2WO4 � 2287
�[C32H44N2O8H]2MoO4 � 2100
�C32H44N2O8 � HVO3 � 1514
�C32H44N2O8 � HNbO3 � 1691

����������������������������������������
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Abstract�Sorption of Cu(II), Ni(II), Zn(II), and Cr(VI) ions with POLAN-OG sorbent was studied. The ca-
pacity and kinetic characteristics of the sorbent in hydrochloric acid and chloride solutions were determined.

Complexing ion exchangers occupy a leading posi-
tion among sorption-active polymeric materials. Their
use is diverse, from waste-free high technologies to
solution of environmental problems. Recently, there
has been a steady trend toward use of fibrous com-
plexing sorbents for concentration and recovery of
microelements from aqueous media and process solu-
tions in analytical monitoring. The fibrous materials
based on cellulose, polyacrylonitrile, polyvinyl al-
cohol, polycaproamide (PCA) and their copolymers
show high performance in recovery of heavy metals,
including platinum group metals, and radionuclides
[1, 2]. In addition, they exhibit higher kinetic char-
acteristics as compared to granulated or porous sor-
bents [3]; metals sorbed can be relatively readily de-
sorbed with acids, and these sorbents can be used re-
peatedly in sorption�desorption cycles.

It is known [4] that the complexing properties of
polymeric ion exchangers depend not only on the kind
offunctional groups, but also on the polarizability of
atoms bound to these groups, distribution of ligand
groups along the polymer chain, and other factors.
This allows preparation of fibrous complexing ion ex-
changers with a wide spectrum of the sorption prop-

erties, in particular, by polymer-analogous transforma-
tions. A variety of fibrous chemisorption materials
(fibers, nonwoven materials, cloths) allow variation of
the chemisorption equipment design.

Commercially available fibrous sorbents do not
meet the demand for such materials in solving en-
vironmental problems, both in assortment and in pro-
duction volume. Therefore, synthesis of new sorption
fibers, study of their properties, and assessment of
specific application fields are topical. In this study,
we examined the sorption properties and kinetics of
sorption of heavy metal ions with chemisorption poly-
amide fiber POLAN-OG. This material differs from
the known chemisorption fibers in the chemical com-
position, structure, nature of functionally active groups,
and advanced production technology.

A fibrous sorbent with the static exchange capacity
(SEC) with respect to HCl of 1.73 mmol mol�1 was
prepared by polymer-analogous transformation of
polycaproamide (PCA) fiber with grafted polyglycidyl
methacrylate (PGMA) under the action of aqueous
hydrazine hydrate [5]. The chemisorption fiber has
the following chemical structure.

����������
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Fig. 1. Degree of recovery of metal ions, R, from solutions
with amine-containing polyamide fiber vs. heavy metal ion
concentration c. Sorption conditions: sorption time 60 min,
L /S ratio 100, pH 5. Ion recovered: (1) Cu(II), (2) Cr(VI),
(3) Ni(II), and (4) Zn(II).

Ionogenic functional groups NH and NH2 in the co-
ordination-active (deprotonated) state form the outer
coordination sphere and play the role of ligands to-
ward ions being sorbed.

Electron-microscopic studies have shown [1] that
grafted PMGA is distributed over the surface of the
polycaproamide fiber. Therefore, the chemically active
hydrazide groups introduced are accessible in chemi-
sorption, and the mass exchange is fast. In addition,
hydrophobic grafted chains of carbon-chain PMGA
protect the fibrous PCA matrix and thus increase the
sorbent resistance toward aggressive media. The use
of physically active grafted copolymers, e.g., PCA�
PMGA as the starting material in obtaining fibrous
chemisorbents, has a number of technological advan-
tages as compared to widely described chemisorption
fibers based on random copolymers (fibers of VION
type [6]): problems with preparing the fiber from co-
polymers with insufficient fiberforming ability and
necessity for cross-linking of such fibers to make
them insoluble are eliminated [1, 7].

Although certain processes for treatment of waste-
water from electroplating shops have been devel-
oped, and there are a lot of publications on this issue
[8�11], the problem of efficient removal of heavy
metal ions to the level of maximum permissible con-
centration remains urgent. In this study, we studied
the sorption of transition metal ions [Cu(II), Ni(II),
Zn(II), and Cr(VI)] contained in the process solu-
tions of electroplating shops with PCA�PMGA co-
polymers.

The sorption was performed under static conditions
from model solutions with metal ion concentrations of
1 g l�1 and lower at a solution volume (ml) to fibrous
sorbent weight (g) ratio (L /S ) equal to 100. The con-
tent of metal ions in the solution was determined
spectrophotometrically with a Specord M-40 spectro-
photometer. The optical density � of the solution with
introduced reagent picramine before and after addition
of fibrous sorbent was measured at � = 550 nm and
solution layer thickness l = 5 cm. The content of
sorbed metal ions was determined using a calibration
plot.

The static capacity of the fibrous sorbent (g g�1)
was found by the formula

SC = �������� ,
(c0

_ c1)V
p � 1000

SC = �������� ,
(c0

_ c1)V
p � 1000

where c0 is the initial metal ion concentration, (g l�1);
c1, the metal ion concentration after sorption (g l�1);
V, the solution volume (ml); and p, the sorbent
weight (g).

The specific surface area (Ssp) of the chemisorp-
tion fiber was determined gravimetrically (in a desic-
cator) with water vapor as adsorbate [12]. To com-
pare the values of Ssp obtained by the sorption meth-
od in the dessicator and on a device equipped with
a Mackbain balance [13], we used polycaproamide
fiber as reference. The Ssp value was found to be
66 m2 g�1, in good agreement with the reference value
of 70 m2 g�1.

We found that the fibrous sorbent exhibits high
absorptive power with respect to Ni(II) and Zn(II)
even in dilute solutions (0.125 g l�1) (Fig. 1). The de-
gree of metal ion recovery R reaches 99%, which
makes expedient use of the POLAN-OG fiber in sorp-
tion of trace amounts of these metals. A somewhat
lower R, 93 and 95.5%, was obtained for solutions
containing Cu(II) and Cr(VI) ions, respectively, at
their concentration of 0.125 g l�1.

At solution volume to fibrous sorbent weight ratios
of 50�500 and metal ion concentration of 0.1 g l�1,
the R value decreases only slightly with increasing
solution volume. Upon a tenfold increase in the L /S
ratio, R decreases by 3%, at most, from 99.6 to
96.6%. This trend is preserved for all the solutions
studied.

The sorption efficiency substantially depends on
the sorption kinetics. The kinetic curves of sorp-
tion of Cu(II), Ni(II), and Cr(VI) ions are shown in
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Figs. 2a�2c. The equilibrium distribution of metal
ions between the fiber and solution is reached in a
short time (20�30 min) within a wide range of con-
centrations at room temperature. Such a short time is
due to the high specific surface area of the chemisor-
bent, 40 m2 g�1, and to the fact that chemically active
groups are mostly situated in the surface layers of the
fiber [1]. The degree of metal ion recovery reaches
high values, 98% for Cu(II) and Cr(VI) and 100%
for the other ions studied, in sorption from 1 g l�1

solutions.

The high degree of Cu(II) recovery (99% in
30 min) is also achieved in sorption from solutions
with concentrationstypical of natural water, 0.001�
0.0005 mg l�1 [maximum permissible concentration
of Cu(II) in water of fish ponds is 0.001 mg l�1],
which demonstrates high sorption characteristics of
this fibrous chemisorbent. Since wastewater from elec-
troplating shops may differ not only in composition,
but also in acidity, the effect of pH on the metal ion
sorption should be studied. In addition, it is known
that the main part of basic ligand groups have strong
affinity for hydrogen ions, since the energy of the
L� � H+ coordination bond is higher than that of the
L� � Mn+ bond. This leads to substantial influence
of the H+ concentration on complexation of ionogenic
groups. The R = f (pH) curves (Fig. 3) show that, un-
der the conditions studied, the sorption of 3d-element
ions is the most efficient within the pH 5�7 range.
The degree of metal ion recovery sharply decreases
to 20�40% with increasing solution acidity. This is
caused by a decrease in the concentration of coordina-
tion-active (nonprotonated) ionogenic groups in the
fiber phase and by a change in their electron-donor
properties. Since the chemisorption fiber was used
in the sorption process in the OH form, the solution
pH increased owing to partial transfer of OH� ions to
the solution in complexation.

The change in color of the complexing ion ex-
changer allows quantitative estimation of the sorption
of Cu(II) and Ni(II) ions. At pH > 5, the degree of
metal ion recovery is higher, and accordingly, the in-
tensity of color of the fibrous chemisorbent increases
as compared to the color of the sorbent at pH < 5. In
accordance with the known coordination properties of
transition metal ions [Cu(II), Ni(II), Zn(II)] [14] in
the systems studied, ML4 complexes are formed in
the course of sorption on the fiber containing NH and
NH2 groups. Because of the polymeric structure of
the fiber ligand groups, their irregular distribution
along the chain, and the heterogeneity of the system in
which the metal ions are recovered, interchain com-
plex formation (rather than intramolecular coordina-
tion) is the most probable:

Fig. 2. Kinetics of sorption of (a) Cu(II), (b) Cr(VI), and
(c) Ni(II) with chemisorption polyamide fiber. Sorption
conditions: L /S ratio 100, pH 5. (R) Degree of metal ion
recovery and (�) sorption time. Concentration (g l�1):
Cu(II) and Ni(II), (1) 0.0625, (2) 0.125, (3) 0.25, (4) 0.5,
and (5) 1.0; Cr(VI), (1) 0.125, (2) 0.5, and (3) 1.0.

Fig. 3. Degree of transition metal ion recovery R with
amine-containing fibrous chemisorbent as a function of pH.
Sorption conditions: sorption time 24 h, L /S ratio 100,
metal ion concentration 1.0 g l�1. Ion being recovered:
(1) Cu(II), (2) Ni(II), (3) Zn(II), and (4) Cr(VI).
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The complexation in sorption of Cr(VI) involves
chromium reduction to Cr(III), which is probably due
to the presence of hydrazide groups, which exhibit re-
ductive properties (E0

Cr2O7
2�/2Cr3+ = 1.33 V and E0

N2H4/N2
=

�1.16 V). Initially, the fiber becomes brown and then
it acquires a dingy green color, which is characteristic
of Cr(III) complexes. The brown color is probably due
to mixing of the orange-red color of the Cr2O7

2� ion
and green color of Cr(III) formed by partial reduction
of Cr(VI) on the sorbent. The reduction of Cr2O7

2�

ion on the surface of POLAN-OG fibrous sorbent
has not been studied previously.

One of parameters of sorption with complexing ion
exchangers is the distribution coefficient of the metal
ion in the sorbent�sorbate system, which gives im-
portant information about the applicability of a chem-
isorbent.

The distribution coefficients of metal ions, D, cal-
culated for sorption at various equilibrium pH values
are listed in the table. The table shows that, for all
the metal ions studied, D values grow with increas-
ing pH. The highest D values were obtained for Zn(II)
and Cr(VI) at pH 7.

To estimate the selectivity of sorption with the fi-
brous sorbent studied, we recovered metal ions from
aqueous solution containing a mixture of Cu(II),
Ni(II), Zn(II), and Cr(VI) in the concentration of
0.25 g l�1. The D values obtained are listed below.

Ion Cu2+ Ni2+ Zn2+ Cr(VI)
D � 10�3, ml g�1 9.9 9.8 9.9 9.4

As seen, the POLAN-OG fiber virtually equally
sorbs all the metal ions studied (the D values do not
differ substantially) and hence does not exhibit se-
lectivity in this system. The distribution coefficients
increase, as the metal ion concentration decreases,
which is caused by the shift of the reaction equilib-
rium toward complexation.

The sorption capacity (SC) of POLAN-OG fiber
measured for 1 g l�1 solutions is given below.

Ion Cu2+ Ni2+ Zn2+ Cr(VI)

SC, mg g�1 98.36 99.24 99.44 98.40
SC, mmol g�1 1.54 1.69 1.52 1.89

As seen, the POLAN-OG fibrous sorbent is char-
acterized by fairly high SC with respect to 3d-ele-
ment ions. It is inferior to POLIORGS-35 fiber in
sorption of copper(II), but its SC with respect to zinc
and nickel is considerably higher, by a factor of 1.5
and 2, respectively [2]. The degree of water decon-
tamination to remove zinc ions is comparable with
that obtained with VION chemisorption fiber [16].
The SC of POLAN-OG fiber increases in the order
Zn(II) < Cu(II) < Ni(II) < Cr(VI).

CONCLUSIONS

(1) Fibrous complexing ion exchangers based on
a graft copolymer of polycaproamide and polyglycid-
yl methacrylate, which contains hydrazide groups
(POLAN-OG), has sorption capacity with respect
to Cu(II), Ni(II), Zn(II), and Cr(VI) ions of about
1.52�1.89 mmol g�1 and virtually quantitatively (97�

Distribution coefficients of heavy metal ions at various pH (sorption conditions: sorption time 24 h, L /S ratio 100,
metal ion concentration 1 g l�1)
������������������������������������������������������������������������������������

Ion
� D � 10�2, ml g�1, at indicated pH
�����������������������������������������������������������������������������
� 1 � 2 � 3 � 4 � 5 � 6 � 7

������������������������������������������������������������������������������������
Cu2+ � 0.25 � 0.67 � 1.22 � 2.45 � 6.69 � 16.7 � 32.3
Ni2+ � 0.43 � 0.72 � 1.22 � 2.45 � 6.14 � 19.0 � 19.0
Zn2+ � 0.32 � 0.85 � 1.38 � 2.57 � 7.33 � 19.0 � 49.9
Cr(VI) � 0.85 � 1.08 � 1.50 � 2.89 � 13.3 � 24.0 � 32.3
������������������������������������������������������������������������������������
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100%) recovers them from 0.5�1.0 g l�1 aqueous
solutions.

(2) A scheme of coordination binding of metal
ions with nitrogen-containing ligand groups of
the polymeric chemisorption fiber is suggested.

(3) The POLAN-OG fiber exhibits no selectivity
with respect to copper(II), nickel(II), chromium(VI),
and zinc(II) ions and can be recommended for their
group recovery or for metal ion sorption from indi-
vidual solutions.
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Abstract�The influence of cobalt on processes that occur in a nickel oxide electrode of a nickel�zinc battery,
fabricated from spherical nickel hydroxide on foamed nickel support, was studied.

A considerable progress has been made recently in
improving the nickel oxide electrode (NOE) of the
conventional power cells with alkaline electrolyte
(nickel�cadmium and nickel�metal hydride). This
resulted from simultaneous optimization of the mor-
phological and electrochemical parameters of nickel
hydroxide by imparting spherical shape to its par-
ticles and by modifying its structure with cobalt ad-
ditives [1].

The electrodes made of spherical nickel hydroxide
show better working capacity when charged and dis-
charged in intensive modes and have stable electro-
chemical parameters in cycling. The anodic oxidation
of the active paste of NOE, which contains incorpo-
rated cobalt compounds, occurs at low current expen-
diture for oxygen evolution, especially with lithium
added simultaneously [2]. It was noticed that the
strongest increase in the NOE activity is achieved in
the presence of cobalt compounds.

It has been established, when analyzing the mech-
anism by which cobalt affects the NOE properties,
that its incorporation into the structure of nickel hy-
droxides changes the nature of protonic bonds in it,
which is accompanied by delocalization of protons [3].

In more recent studies [4, 5], the specific prop-
erties of nickel hydroxide modified with cobalt are
accounted for by the formation, in the course of NOE
forming, of intercalation compounds Ni1 � xCoxOOH
(at x = 0.03�0.28), whose conductivity is higher by
three orders of magnitude than that of Ni(OH)2. This
intercalation compound is revealed by Raman spec-
troscopy (its presence in Ni(OH)2 can be judged from
the intensity of the line at 515 cm�1 [4]). The de-

pendence of the electron (proton) exchange on cobalt
content per nickel atom in conversion from Ni(OH)2
to NiOOH is described by a curve peaked at 1.1�1.2,
the values attained at Co/(Ni + Co) = 0.07. This result
was obtained in studying electrodes made of highly
dispersed spherical Ni(OH)2 (particle size 250 � [4].
Virtually the whole amount of spherical Ni(OH)2 used
in power cells consists of particles with radii ranging
from several to 20�30 �m. In this case, the exchange
is characterized by values of 0.85�0.95 [1].

EXPERIMENTAL

In this study, we analyzed specific features of pro-
cesses occurring on NOE made of spherical nickel
hydroxide in NTs-25 nickel�zinc (NZ) batteries. Nick-
el hydroxide used in the study contained 5�6% cobalt
and 3% zinc. Zinc, which is the conventional additive
to spherical nickel hydroxide, is introduced to prevent
formation in the course of charging of the gamma
phase of NiOOH, which has irregular and easily de-
structible structure.

The active paste was deposited onto a foamed nick-
el support, and then the electrodes were compacted
and dried.

A degree of compaction of the assembly that is nec-
essary for stable reversible operation of the negative
electrode was ensured when assembling batteries with
the NOE under study, in contrast to the case of metal-
ceramic (MC) electrodes. This was done by varying
the relative thicknesses and capacities of the positive
and negative electrodes at the their constant total
thickness in the assembly and by using an appropriate
set of separators.
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Table 1. Parameters of the NTs-25 batteries under study, with a positive electrode made of spherical nickel hydroxide
and containing cobalt as additive
������������������������������������������������������������������������������������
Variant � Electrode thickness, mm � Number of electrodes in an assmebly � Theoretical capacity, A h � Ratio

���������������������������������������������������������������������of as- � � � � of Zn/NOE
sembly � Zn � NOE � Zn � NOE � Zn � NOE � capacities
������������������������������������������������������������������������������������
I � 1.25 � 0.95 � 2 � 8 � 7 � 95 � 50 � 1.9
II � 1.25 � 0.80 � 2 � 9 � 9 � 107 � 46 � 2.3
III � 1.25 � 2 � 0.95 � 2 � 4 � 2 + 2 � 5 � 118 � 36 � 3.3
������������������������������������������������������������������������������������

For most of the batteries under study, the NOE on
a foamed nickel support had the same thickness as
the MC electrodes; in some experiments, we used
thinner electrodes, with their number in the battery
assembly changed simultaneously. The positive elec-
trodes were used in pairs.

The negative electrodes in differently assembled
batteries were of the same design, but contained dif-
ferent amounts of the active paste.

For this purpose, the middle electrodes in the as-
sembly of type III were paired. The electrolyte vol-
ume was 105 ml for all types of batteries. The basic
parameters of the batteries are listed in Table 1.

Since the zinc electrode is insensitive to the form-
ing modes, the primary goal of the study was to op-
timize the forming modes for the positive electrodes.

A study of the properties of Ni1 � xCoxOOH com-
pounds revealed that they are formed under conditions
of anodic polarization of an NOE containing Co(OH)2
as additive at rather high oxidation rates (currents of
0.1�0.5 A) [5]. In this case, the oxidation occurs to
give an intercalation compound with mosaic structure.
The intercalated compound also remains stable under
steady-state conditions and in the case of cathodic po-
larization of the NOE, but is reduced to give Co(OH)2
when the potential is lowered to 0.1�0.0 V (relative
to the Hg/HgO electrode in the same solution) [5].
Further lowering of the NOE potential is accom-
panied by even deeper reduction of cobalt hydrox-
ide. As a result, metallic cobalt, which is inactive
under the conditions of operation of the positive elec-
trode, can be formed in the NOE at negative poten-
tials.

Based on the results of electrochemical, X-ray
diffraction, and electron-microscopic studies, it was
recommended in [5] to charge NOE made of spherical
nickel hydroxide in rather intensive modes, with ex-
cess charge imparted in the forming cycles, and to
discharge it without allowing the final potential of

the positive electrode to decrease below a certain
value. As noted in studies devoted to this problem,
a high degree of its charging is achieved in 2�3 cy-
cles, with the capacity equal to 150% of the theoret-
ical value in terms of the Ni2+ to Ni3+ conversion
imparted in each cycle [1].

The data of [6] clearly show that the NOE of the
type considered should be formed with excess charge
imparted. In this study, the effect of cobalt on the pro-
cesses occurring in the electrode was studied using
potentiodynamic cycling, with the potential varied
stepwise. This allowed evaluation of the contribution
from each individual process in charging of the elec-
trode, depending on the amount of cobalt added, con-
ditions of its introduction, and forming mode.

In charging of the electrode under study, which
was made of spherical nickel by its codeposition
with cobalt hydroxide, Co(II) is converted to Co(III)
in the first cycle, with the structural transformation
and oxidation of a part of nickel occurring simulta-
neously. In the process, the capacity spent for
formation of the intercalation compound is approx-
imately twice that necessary for charging of co-
balt.

In the course of the subsequent discharge, the ca-
pacity spent for the formation of this complex is not
returned, since the complex is not reduced under the
standard operation conditions. In addition, the final
period of charging is accompanied by oxygen evolu-
tion. All these circumstances lead to discrepancy be-
tween the capacity imparted in the first charging and
the discharge capacity.

In the second cycle, charging occurs more effec-
tively at lower potential, which is due to the influence
exerted by cobalt intercalation. However, in this case
too, the whole amount of the active paste is only in-
volved in the process after an excess charge is im-
parted, compared with the value calculated for the
Ni(II) to Ni(III) conversion [6].
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Fig. 1. Effect of charging capacity on the coefficient of
utilization of the active paste in an NOE made of spherical
nickel hydroxide in forming of NTs-25 batteries in modes
I�IV. (Cd /Ctheor) Ratio of discharge to theoretical capacity
and (Cc /Ctheor) ratio of charging to theoretical capacity;
the same for Fig. 2. Cycle: (1�4) first and (1��4�) second.

Fig. 2. Coefficient of utilization of the active paste of NOE
made of spherical nickel hydroxide with varied density vs.
charging capacity in forming of NTs-25 batteries. Cycle
no.: (1, 1�) first, (2, 2�) second, and (3) third. NOE density
(g cm�3): (1�3) 2.7 and (1��2�) 2.5.

Fig. 3. Variation with cycling of the potential E of NOE
(1) with and (2) without cobalt and (3) potential of oxygen
evolution. Charging current 5 A. (Cc ) Charging capacity.

The concepts concerning the conversion conditions
and further effective influence of cobalt on the elec-
trochemical processes on NOE, formulated for the case
of nickel-metal hydride batteries, were taken into
account when studying the NZ battery only in the
part regarding the inadmissibility of overcharging of
the zinc electrode. The forming modes with different
ratios of charging to theoretical capacity Cc /Ctheor

were chosen based on the negative to positive elec-
trode capacity ratios in Table 1. The results obtained,
summarized in Fig. 1, refer to a 0.95�1-mm-thick
NOE with active paste density of 2.5 g cm�3.

The first charging of the batteries was done with
currents corresponding to 0.06�0.1C, i.e., in more
prolonged modes as compared with those recom-
mended in [5]. This is due to the considerable thick-
ness of the electrodes used in NZ batteries. Four form-
ing modes were tested, which differed in the charging
capacities Cc /Ctheor . The largest coefficient of utiliza-
tion of the active paste in the first cycle (0.65) was
achieved after imparting a charge capacity of 1.5Ctheor
(forming variant IV). After the second charging, the
maximum value of Cc /Ctheor , equal to 0.8, was ob-
tained after a charging capacity of 1.4Ctheor was
imparted in the course of 8�10 h (Fig. 1, variant III).

The coefficient of utilization of the active paste in
the first forming cycle grows with its density increas-
ing to 2.7 g cm�3 (Fig. 2). This is presumably due to
improvement of the conductivity in the solid phase.
However, the degree of charging increased in the sec-
ond cycle only slightly and, therefore, a third forming
cycle was required. But even in this case, the current
utilization coefficient was lower than the maximum
value obtained at active paste density of 2.5 g cm�3

(Fig. 1, variant III).

The forming mode at which the capacities equal to
1.1 and 1.4Cteor are imparted in, respectively, the first
and second cycles was chosen on the basis of the re-
sults obtained. The degree of charging of the active
paste, obtained in this case, is 0.8, which is much
lower than that in nickel�cadmium and nickel�metal
hydride batteries (0.95Crat). The possible reason is
that zincate ions are incorporated into the structure of
nickel hydroxide from the electrolyte, thereby being
involved in the conversion of the active paste [7]. In
the first cycle, when the electrolyte if free of zincate
ions, the degree of NOE charging grows steadily with
increasing charging capacity, but the effect achieved
tends to disappear in the second cycle.

In the subsequent cycling of NZ batteries, the uti-
lization coefficient of the active paste remains at the
level reached, and the effect of zincate ions is not
manifested during a certain period. This makes it pos-
sible to reveal specific features of the processes as-
sociated with cobalt intercalation. The stationary po-
tential of an NOE containing cobalt additive is shifted
toward negative values relative to that for NOE made
of pure nickel hydroxide. Correspondingly, their
charging potentials (Fig. 3) and the battery voltages
are different, too [7, 8].
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Another specific feature of an NOE modified with
cobalt is its ability, acquired in the course of forming,
to be charged in more intensive modes. The current
utilization is the highest at a final charging potential
of 0.52�0.54 V (battery voltage 1.92�1.93 V), which
is lower than the 0.55�0.6 V potential (battery voltage
1.98�2.05 V) commonly used for charging of batteries
with NOE containing no cobalt additive. Despite that
the NOE capacity continues to grow with increasing
final charging potential, the current utilization coef-
ficient decreases and, simultaneously, the consump-
tion of current for oxygen evolution increases.

The tolerance to fast charging is the important
advantage of NZ batteries with NOE made of spher-
ical nickel hydroxide, which is topical for power
cells intended for vehicles. With a 0.6�0.8-mm-
thick NOE, batteries of this kind can be charged in
2�5 h.

The results obtained in studying deep discharge of
NOE, at which the NOE potential shifts toward neg-
ative values as far as the potential of hydrogen evolu-
tion (�1.1 V), which corresponds to a battery voltage
of 0�0.1 V (Fig. 4), are characteristic of the trans-
formations occurring with cobalt compounds. A charg-
ing that follows a deep discharge occurs at a lower po-
tential equal to 0.35�0.37 V (battery voltage 1.75 V)
in its initial stage, which confirms that NOE oxidation
proceeds by another mechanism. In the cycle follow-
ing the deep discharge, the NOE capacity decreases by
15�20 %.

Repeated deep discharges of the batteries are ac-
companied by further decrease in the NOE capacity,
which points to gradual degradation of its active paste
[8]. If the final discharge potential is not allowed to
be lower than the minimum value of 0�0.1 V (bat-
tery voltage 1.2 V), the electrochemical characteristics
of NOE remain constant during a long time, i.e., the
forming intercalation compound Ni1 � xCoxOOH is not
decomposed under these conditions.

Apart from the phenomena considered, which are
associated with intercalation processes, the electrode
made of spherical nickel hydroxide reveals other es-
sential features imparting new properties to this elec-
trode. A very important result illustrating the spe-
cificity of the processes occurring on NOE made of
spherical nickel hydroxide was obtained in [7, 8].
In cycling of NZ batteries, the uniformity of the ac-
tive paste distribution over the zinc electrode surface
was considerably improved, compared with that in
a battery with MC-supported NOE. No tendency to-
ward �loss of shape� was observed on the negative
electrode after 200 cycles [8]. At the same time, in

Fig. 4. Variation of the potential U in the course of
(1�3) charging and (1��3�) discharge of an NTs-25 battery,
following the discharge to a voltage of (2, 2�) 1.2 V and
(3�3�) 0.0�0.1 V. (C) capacity. (1, 1�) Control cycle.

batteries with an NOE on an MC support, tested under
the analogous conditions, the loss of active paste in
the upper part of the electrode surface is commonly
as great as 50% [9].

The reasons for zinc redistribution on the negative
electrode of an NZ battery being cycled have been
studied extensively. The observed loss of shape is
commonly attributed to processes occurring on the
zinc electrode itself or in the electrolyte, without tak-
ing into account the effect of NOE. Only in [9], data
were obtained, indicating that this phenomenon is
certainly associated with the nonuniformity of current
distribution over the NOE surface. This nonuniformity
is responsible for a similar current distribution over
the surface of the negative electrode, too, and, even-
tually, leads to dissolution of zinc in the upper part of
the electrode and to its local passivation.

A clearly pronounced improvement of the state of
the zinc electrode in its joint operation with NOE
made of spherical nickel hydroxide, all other factors
being the same, can be accounted for by specific fea-
tures of the processes occurring on the positive elec-
trode of this type. The high conductivity of the active
paste in the presence of cobalt, established in [4, 5],
plays a certain role in the changes observed, by mak-
ing less significant the difference in conductivity be-
tween Ni(OH)2 and NiOOH. At the same time, the
observed effect cannot be accounted for solely by this
factor, since introduction of other electrically conduct-
ing additives into NOE (e.g., graphite) does not lead
to any results of this kind.

Probably, the observed ability of cobalt additives
to level the current distribution over the surface
of NOE can be attributed to the effect produced by
cobalt on the intercalation hysteresis of protons
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Fig. 5. Cyclic voltammetric curves for NOE (1) not con-
taining and (2) containing cobalt as additive [10] and
(3) curve for oxygen evolution. ( I ) Current and (E ) po-
tential.

under conditions of its anodic and cathodic polariza-
tion [10].

We established in this study that the voltammetric
charging�discharge hysteresis loops are shifted, upon
incorporation of cobalt into the NOE structure, to
lower potentials by approximately 120 mV, with
the distance between their peaks decreasing from
90 mV (for �pure� NOE) to 50 mV (for an elec-
trode containing cobalt hydroxide). This shift makes
the difference between the potentials of NOE oxida-
tion and oxygen evolution greater, which creates more
favorable conditions for separation of these processes
in battery charging.

The voltammetric curves (1, 2) obtained in study-
ing the hysteresis of protons on NOE with and with-
out cobalt [10] are shown schematically in Fig. 5.
The values of current refer solely to the I�E curve
for oxygen evolution, since, according to the authors’
data, the position of the peak, a critical parameter
for the problem under consideration, is independent
of the potential sweep rate and current. The anodic
and cathodic portions of the voltammetric curves
are shifted by 0.085 V toward positive values, with
account taken of the change in the potential of the
mercury oxide reference electrode on passing from
a 1 M KOH electrolyte used in [10] to a 7 M KOH
electrolyte in the present study. The voltammetric
curves show that, in principle, the intercalation hys-
teresis of protons can affect the current distribution
in the case of anodic polarization of NOE.

It can be seen that, for pure NOE containing no
cobalt (Fig. 5, curve 1), the peak potential of the an-
odic current is approximately the same as the potential
of the onset of oxygen evolution (Fig. 5, curve 3). In

this case, the oppositely varying currents consumed
for the main and side processes cancel out each other
to a certain extent in the most overcharged region.
In this region, the total current remains constant or
increases only slightly, whereas the fraction of current
consumed for oxygen evolution grows.

For NOE containing cobalt as an additive, the peak
potential of the anodic polarization current on the
voltammetric curve is shifted to more negative values
(Fig. 5, curve 2). Therefore, the decrease in current is
not compensated for by oxygen evolution. In this case,
a decrease in current in a certain area of the electrode
must be accompanied by an increase in current in its
less charged areas, whose potential is still lower than
the value corresponding to the peak in the voltam-
metric curve, i.e., the currents will be equalized auto-
matically.

The difference in the positions of the peak po-
tentials of the anodic and cathodic currents in the volt-
ammetric curves (Fig. 5) is in agreement with the data
according to which the discharge potential (Fig. 3) of
batteries with NOE modified with cobalt is lower than
that of batteries with NOE containing no cobalt [7, 8].

CONCLUSIONS

(1) Nickel�zinc batteries with a nickel oxide elec-
trode made of spherical nickel hydroxide acquired
new properties associated with the intercalation effect
of the cobalt additive contained in nickel hydroxide.
The conversion of nickel hydroxide to an electrically
conducting intercalation compound made it possible
to charge the nickel oxide electrode in shorter modes,
with high coefficient of current utilization for the main
process and its insignificant consumption for oxygen
evolution.

(2) The best separation of the main and side pro-
cesses is provided by the shift of the stationary po-
tential of the nickel hydroxide electrode made of
spherical nickel hydroxide toward negative values,
compared with the potential of pure nickel hydroxide
electrode. This makes the difference between the po-
tentials of the main oxidation process and oxygen
evolution larger.

(3) The change in the voltammetric characteristic
of the nickel oxide electrode, caused by the effect
of cobalt intercalation on the hysteresis of protons,
makes the anodic current distribution over the elec-
trode surface more uniform. This leads to a more
uniform distribution of the current density over the
surface of the zinc electrode, too, and decelerates
the processes leading to loss of its shape.
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Abstract�The cell voltage balance components of monopolar and bipolar electrolyzers were analyzed on
the basis of calculations in terms of a mathematical model of the potential and current distributions along
the cell height and tests of a laboratory electrolyzer of industrial height. Ways to diminish energy expenditure
and to intensify diaphragm electrolysis of aqueous sodium chloride solutions were substantiated theoretically
and experimentally.

Further improvement of the electrochemical produc-
tion of chlorine and sodium hydroxide by diaphragm
electrolysis of aqueous sodium chloride solutions
remains a topical task, since about 50% of the world
output of these products is manufactured in this way.
Therefore, despite the fact that membrane electrolysis
of aqueous sodium chloride solutions [1] is a promis-
ing technique, improving the diaphragm electrolysis
is of practical and theoretical interest.

In [2, 3], a procedure was suggested for calculating
the potential and current distributions along the height
of vertical diaphragm chlorine electrolyzers with
account of the gas-filling of the anolyte. The influ-
ence exerted by the electrical resistance of the current-
carrying support of the anode on the potential and cur-
rent distributions along the height of a vertical chlo-
rine electrolyzer, in which an asbestos diaphragm is
deposited on the cathode grid, hydrogen is removed
from the back side of the grid cathode, and chlorine is
released into the interelectrode space (BGK-50 and
DM-50 electrolyzers).

However, a no less important factor that affects
the potential and current distributions and, more-
over, hinders intensification of electrolysis is the gas-
filling of the anolyte [3]. A possible way to diminish
the effect of gas-filling on the current distribution
along the electrolyzer height is to remove chlorine
from the back side of a gas-permeable external elec-
trode, as this is done in membrane electrolyzers [1].
For this purpose, it was suggested in [4] to use an ad-

ditional diaphragm tightly pressed against the external
perforated or gridlike anode.

The aim of our study was to analyze the potential
and current distributions along the height of a vertical
diaphragm chlorine electrolyzer with gas removal
from the back side of external electrodes and to assess
the possibility of intensifying further the electrolysis
of aqueous sodium chloride solutions and diminishing
the specific power consumption in this process.

The equivalent electrical circuit of such a cell is
shown in Fig. 1. To develop a mathematical model of
the electrolyzer, we divide a cell with parallel elec-
trodes into n parts, as this was done in [2], and regard
each part as a closed electric circuit with current sup-
ply at x = 0 for all the circuits. Therefore, the voltage
applied to this circuit is the same for all the circuits
and equal to the voltage across the cell. The depen-
dence of the polarization on current density in a nar-
row range of variation of this parameter (1000�
2000 A m�2) can be approximated with a straight line.
In this case, the voltage balance at any point x along
the height of a monopolar cell with gas removal from
the back side of the external electrodes is constituted
by the following components

E = E eq
Cl2/Cl� � E eq

H2O/H2
+ �Cl2

+ �H2
+ Ud + Uad + Uel

+ Ediff + Ua + Uc + Ucont , (1)

where E
eq
Cl2/Cl� and E

eq
H2O/H2

are the equilibrium elec-
trode potentials; �Cl2

and �H2
, the overvoltages of
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chlorine and hydrogen evolution; Ud, Uad, and Uel,
the voltage drops across the main (cathode) diaphragm,
additional (anode) diaphragm, and electrolyte, respec-
tively; Ediff, the diffusion potential; Ua, Uc, and Ucont,
the voltage drops across the anode, cathode, and con-
tacts, respectively.

According to published data [5�7], the dependence
of the overvoltage of gas evolution on the current
density is described by the equations

�Cl2
= 0.100 + 0.028 log ia , (2)

�H2
= 0.240 + 0.100 log ic , (3)

where ia and ic are the cathode and anode current
densities.

As in [2], these equations can be approximated
with a linear dependence in a narrow range of current
densities (250�3000 A m�2) of practical interest. Us-
ing the least-squares procedure, we obtained the fol-
lowing equations

�Cl2
= �Ea + pa ia = 0.051 + 0.130 ia , (4)

�H2
= �Ec + pc ic = 0.286 + 0.340 ic , (5)

where �Ea and �Ec are the constant components
of the anode and cathode polarization, and pa and
pc are the coefficients of their variable components
(� cm2).

According to the equivalent circuit (Fig. 1), a cur-
rent I0 is applied to the anode at point x = 0. Taking
into account the fact that the conditions and parame-
ters of electrolysis are the same across the cell width,
we can relate the current load to unit anode width.
Let us denote the current flowing across the cross-sec-
tion of the anode at a height x from the point of cur-
rent supply by I; then, we have the following expres-
sion for the current flowing through the electrolyte, Iel

Iel = I0 � I. (6)

The density of the current flowing through the elec-
trolyte at any point x along the electrode height is
given by

i = ��� = ��� .
dIdIel
dxdx

(7)

Taking into account (7), we can rewrite Eqs. (4)
and (5) as

(8)�Cl2 = �Ea � pa�� = 0.051 � 0.130�� ,
dx
dI

dx
dI

Fig. 1. Equivalent electrical circuit of a monopolar cell
with gas removal from the back side of gas-permeable
electrodes. (1) External grid anode, (2) additional anode
diaphragm, (3) anolyte, (4) diaphragm, and (5) external
grid cathode; the same for Fig. 4.

�H2
= �Ec � pc�� = 0.086 � 0.340 �� .

dx
dI

dx
dI

(9)

The equation for the voltage drop across the ano-
lyte at its zero gas-filling takes the form

Uel = ���R0,
dI
dx (10)

where R0 is the reduced resistance of the anolyte at
zero gas-filling (� cm2).

The voltage drop across the diaphragm is given by

Ud = ���Rd,
dI
dx (11)

where Rd is the reduced resistance of the diaphragm
(� cm2).
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The voltage drop across the additional (anode)
diaphragm is given by

Uad = ���Rad,
dI
dx (12)

where Rad is the reduced resistance of the additional
diaphragm (� cm2).

Using Ohm’s law for an anode fragment of unit
height, we obtain

��� = IRa ,
dUa
dx (13)

where Ra is the electrical resistance of this frag-
ment.

Integrating expression (13), we obtain an equation
that describes the ohmic loss of voltage along the
anode height:

Ua = Ra Idx.�
�

x

0

(14)

Substitution of the values of the voltage balance
components (8)�(12) and (14) into Eq. (1) gives

E � Econst = Ra I dx � �� ( pa + pc + Rdiff + Rad + R0 ),�
�

x

0
dx
dI

(15)

where Econst = E
eq
Cl2/Cl� � E

eq
H2O/H2

+ Ediff + �Ea +
�Ec + �Uc + Ucont is the overall voltage balance
constant.

Differentiating Eq. (15) and making certain rear-
rangements, we have

��� = I� ����������������� = �2I.d2I
dx2

Ra
�

�
�
�

pa + pc + Rdiff + Rad + R0

����������
(16)

The solution to a differential equation of this kind
is the function

I = A ch �x + B sh �x, (17)

where A and B are coefficients found from boundary
conditions;

� = � ����������������� .
Ra

�

�
�
�

pa + pc + Rdiff + Rad + R0

����������
(18)

cosh �h
At x = 0 I = I0, A = I0; at x = h I = 0, B =

�I0������.
sinh �h

Substituting the values of A and B into Eq. (17),
we obtain an equation that can be used for calculating
the current density

I = I0 ���������� .
sinh �

sinh[�(h � x)]
(19)

Differentiating (19), we have the following equa-
tion for the current density

��� = i = �I0 ���������� .
sinh �

sinh [�(h � x)]dI
dx

(20)

Substituting I from Eq. (19) into Eq. (14), we ob-
tain the dependence of voltage drop on x along the
anode height for the boundary conditions x = 0, Ua = 0

Ua = ������ {cosh �x � cosh [�(h � x)]}.
I0 Ra

� sinh �h
(21)

The relations (19)�(21) make it possible to calcu-
late how the current, current density, and voltage
drop across the anode vary along the height of a
monopolar cell with gas removal from the back side
of gas-permeable electrodes.

Using the mathematical model obtained, we stud-
ied the potential and current distributions along the
height of an electrolyzer cell with gas removal from
the back side of gas-permeable electrodes on labora-
tory electrolyzers of industrial height (H � 900 mm)
with units of BGK-50/25 and DM-50 industrial elec-
trolyzers. The design of a laboratory electrolyzer was
described in [3].

A new feature in the design of the laboratory elec-
trolyzer is that an additional polypropylene diaphragm,
tightly pressed against the frontal side of the external
anode, was used to ensure removal of evolving chlo-
rine to behind the back side of the external perforated
anode. The removal of the evolving chlorine from
the back side of the gas-permeable anodes made it
possible to work with a virtually gas-free anolyte and,
therefore, to diminish the interelectrode distance to
6 mm, of which 2.5�3 mm was occupied by an asbes-
tos diaphragm. In this cell, brine is fed into the inter-
diaphragm space, which ensures a uniform flow across
the cathode diaphragm.

The reduced resistance of the additional anode
diaphragm was 0.98 � cm2 at a current density of
1450 A cm�2. The reduced resistance of the anolyte
decreased by 1.67 � cm2, compared with BGK-50/25,
and by 1.17 � cm2, compared with DM-50, at aver-
age current densities of 1450 and 1675 A m�2, re-
spectively.
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The experimental current density distribution along
the height of the laboratory electrolyzer (points) and
that calculated using the mathematical model are pres-
ented in Fig. 2. For comparison, the current distribu-
tion in a BGK-50/25 industrial electrolyzer is shown
by a dashed line. These data demonstrate a satisfac-
tory agreement between the experimental and calcu-
lated dependences, which gives reason to conclude
that the mathematical model we developed is adequate
to the processes occurring in real electrolyzers with
gas removal from the back side of gas-permeable elec-
trodes. The bends in the current distribution curves
can be attributed to nonuniformity of the cross-section
of the ORTA current lead along its height for the elec-
trolyzer types mentioned.

The absence of gas-filling in the interelectrode
space leads to a more uniform current density distribu-
tion along the electrolyzer height. The ratio of the in-
itial to final current density was 1.35 for laboratory
electrolyzers assembled with the use of units of BGK-
50/25 industrial electrolyzers and 1.28 for DM-50 at
average current densities of 1450 and 1675 A m�2,
respectively. The remaining nonuniformity of the
current density distribution is only associated with
the nonuniformity of voltage drop across the anode.
The variation of the variable voltage balance compo-
nents along the height of the laboratory electrolyzers
described here is shown in Fig. 3.

The voltage drop across the anolyte, Uel + Uad,
decreased in the experimental electrolyzers, compared
with their industrial analogues, from 0.47 to 0.22 V
for BGK-50/25 and from 0.29 to 0.23 V for DM-50;
the voltage across the electrolyzers at working current
densities was 3.28 and 3.33 V, respectively. The more
pronounced effect obtained with the additional anode
diaphragm for a BGK-50/25-based electrolyzer is due
to considerable ohmic voltage loss in the anolyte be-
cause of the larger interelectrode distance and greater
working height of the anode, compared with those in
the electrolyzer based on DM-50.

The ohmic voltage loss in diaphragm electrolysis of
aqueous sodium chloride solutions can be decreased
to a minimum with a bipolar cell design with gas re-
moval from the back side of gas-permeable electrodes.
This cell differs from the previously described mono-
polar cells in that its anode and cathode have lateral
current leads to the external electrodes. An asbestos
diaphragm at the cathode and an additional poly-
propylene diaphragm at the anode ensure removal of
the evolving gases from the back side of gas-per-
meable electrodes. The feed brine is delivered into

Fig. 2. Distribution of the current density i along the height
x of cells of different types with gas removal from the back
side of electrodes, obtained on (1, 2) laboratory and
(1�) industrial electrolyzers. Cell type: (1, 1�) BGK-50/25
and (2) DM-50. Lines, calculation; points, experiment.

Fig. 3. Variation of the variable voltage balance compo-
nents along the height of a laboratory electrolyzer with gas
removal from the back side of electrodes, fabricated with
the use of units of various industrial electrolyzers. (E ) Sum
of variable voltage balance components and (x) anode
height. (a) BGK-50/25 and (b) DM-50. (1) Anode over-
voltage; voltage drops across (2) anode, (3) anode dia-
phragm, (4) anolyte, (5) cathode diaphragm, and (6) cath-
ode; (7) cathode overvoltage.

the interdiaphragm space. The equivalent electrical
circuit of the cell described is shown in Fig. 4.

In accordance with the equivalent electrical circuit,
the voltage balance equation for the given bipolar cell
has the form

E � Econst = Uel + Ud + Uad + i ( pa + pc ). (22)

Substituting Eqs. (8)�(12) into expression (22), we
obtain

(23)E � Econst = ��� ( pa + pc + Rd + Rad + R0 ).
dx
dI
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Comparative characterization of different types of cells in diaphragm chlorine electrolyzers fabricated with the use
of the same units*

������������������������������������������������������������������������������������
� � � Current density, A m�2 � �
� � ���������������������� �Cell type � I, A � H, cm � � Ucell, V � d, mm
� � � i0 � iav � ifin � �

������������������������������������������������������������������������������������
Monopolar: � � � � � � �

BGK-50/25 � 1276 � 88 � 1883 � 1450 � 1185 � 3.50 � 12
DM-50 � 1256 � 76 � 1883 � 1675 � 1323 � 3.35 � 8
with gas removal from the back side � 1276 � 88 � 1692 � 1450 � 1252 � 3.28 � 2
of gas-permeable electrodes � 1256 � 76 � 1772 � 1675 � 1355 � 3.32 � 2

Bipolar with gas removal from the back � 1276 � 88 � 1450 � 1450 � 1450 � 3.18 � 2
side of gas-permeable electrodes � 1256 � 76 � 1675 � 1675 � 1675 � 3.27 � 2
������������������������������������������������������������������������������������
* i0, iav, ifin, the initial, average, and final current density, respectively; Ucell, cell voltage; d, interelectrode distance.

From Eq. (23) follows the relation for the current
density

��� = ����������������� .
dx
dI E � Econst

pa + pc + Rd + Rad + R0
(24)

In accordance with Eq. (24), the current density
in a bipolar cell of a vertical diaphragm chlorine elec-
trolyzer is independent of the electrode height and
remains constant for any point along the electrolyzer

Fig. 4. Equivalent electrical circuit of a bipolar cell.

height. For example, under the electrolysis conditions
used in the preceding calculations (E = 3.5, Econst =
2.47 V; pa = 0.13, pc = 0.34; Rd = 3, Rad = 0.33,
and R0 = 0.98 � cm2) the current density will
be 2150 A cm�2, which exceeds by nearly a factor of
1.5 the average current density in BGK-50/25. In elec-
trolysis with average current density of 1450 A cm�2,
the voltage across the bipolar cell we suggested will
be 3.18 V. Hence follows that use of a bipolar cell
design in a vertical chlorine electrolyzer instead of
the monopolar one will make it possible to intensify
the process 1.5-fold at the same energy expenditure or
to diminish the energy consumption by 235�245 kW h
per 1 ton of NaOH (100%) at the same current load
on the electrolyzer.

Comparative characteristics of different types of
cells of vertical chlorine electrolyzers fabricated using
units of BGK-50/25 and DM-50 industrial electro-
lyzers are listed in the table.

Use of the monopolar cell design in a chlorine elec-
trolyzer with gas removal from the back side of gas-
permeable electrodes makes it possible to decrease
considerably the specific power consumption and to
improve the current density distribution along the
height of a cell of this kind. A more uniform cur-
rent density distribution offers an opportunity to in-
tensify the process of electrolysis by raising the work-
ing current densities. It is possible to further intensify
the chlorine diaphragm electrolysis and to diminish
the specific electric power consumption if a bipolar
cell design with gas removal from the back side of
gas-permeable electrodes is used. The requirement of
a uniform current density distribution does not restrict
the height of such a bipolar cell, which enable a con-
siderable intensification of the diaphragm electrolysis
of aqueous sodium chloride solutions.
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With the problem of a diaphragm with lower spe-
cific electrical resistance under electrolysis conditions
resolved, the bipolar design of a chlorine diaphragm
electrolyzer becomes the most promising in the de-
velopment of new chlorine electrolyzers.

CONCLUSIONS

(1) The main reason for nonuniformity in the po-
tential and current distributions along the height of
monopolar cells in industrial diaphragm chlorine elec-
trolyzers is the gas-filling of the electrolyte and low
electrical conductivity of the titanium ORTA current
leads.

(2) Up to 90% of the ohmic voltage loss in elec-
trolysis of an aqueous sodium chloride solution is that
in the anode, electrolyte, and diaphragm.

(3) The minimum ohmic voltage loss and the best
potential and current distributions are observed in

a bipolar cell with gas removal from the back side of
the external gas-permeable electrodes.
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Abstract�The contact extraction of copper in the form of dispersed powders onto compact zinc from
H2SO4�CuSO4 and H2SO4�CuSO4�ZnSO4 solutions was studied. The influence exerted by acidity and
temperature of the solution on the rate and time of cementation, specific consumption of metallic zinc,
and morphology of copper deposits was investigated.

The increasing demand for dispersed metal powders
[1] stimulates the development of new technologies,
especially those using secondary raw materials. This
is in the first place topical for copper powders occupy-
ing the leading position in volume of production
among nonferrous metals [2]. Reprocessing of sec-
ondary copper, e.g., of copper�zinc-containing cat-
alysts of KSO and KSO-F brands yields ZnSO4�
H2SO4�CuSO4 solutions, from which copper and zinc
are successively extracted electrochemically. At the
same time, complete electrochemical extraction of
copper is uneconomical, and, to prevent contamina-
tion of zinc with copper, the metal should be only ex-
tracted after thorough purification of the solution to
remove copper ions by cementation [3]. Taking into
account the considerable volumes of this kind of
processing, it is reasonable to precipitate copper to
obtain cement powders that can be successfully used
in powder metallurgy [4].

This study is concerned with contact deposition of
dispersed copper powder onto compact zinc in model
technological solutions formed in integrated reprocess-
ing of secondary copper raw.

EXPERIMENTAL

The contact precipitation of copper was performed
and the kinetic relationships of the process were
studied, along with the morphology of dispersed
powder, using H2SO4�CuSO4 and H2SO4�CuSO4�
ZnSO4 solutions, which model technological solutions
used reprocessing of copper-containing raw materials

and spent copper�zinc catalysts. The initial solutions
contained (mol dm�3): CuSO4 0.2, H2SO4 0.1�2.0,
and ZnSO4 0�0.8. The cementation was performed
on a disc-shaped zinc electrode 30 mm in diameter
in a thermostated vessel containing 0.2 dm3 of the so-
lution, in the temperature range 20�60�C under
constant agitation. The disc was situated at the ves-
sel bottom, with its working face upwards. The elec-
trodes were trimmed with a fine emery paper and
degreased with alcohol prior to each test. In the course
of cementation, the solutions were sampled at reg-
ular intervals of time for analysis by the standard
iodometric method for the content of copper. After
the contact deposition of copper was complete, the
dispersed powder was washed with a 0.1 N H2SO4
solution, water, and ethanol, and then dried in a vac-
uum. The morphology of the copper powders obtained
was studied with a JEOL T-20 scanning electron mi-
croscope.

The results of the study show that, at the initial
concentration of 0.2 mol dm�3 CuSO4, the morphol-
ogy of the copper deposits obtained by the contact
method depends on the H2SO4 concentration. It was
established that the dispersity of the copper powder
grows with increasing acidity. At the same time, no
influence of indifferent ions and, in particular, Zn2+

on the dispersity of copper deposits was revealed up
to a ZnSO4 concentration of 0.8 mol dm�3.

Under the given cementation conditions, the prima-
ry structural units of the cement deposit are globular
particles, which form conglomerates with varied spa-
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Fig. 1. Electron micrographs of copper powders deposited by the contact method onto zinc in a 0.2 M CuSO4 solution
of various compositions. H2SO4 concentration (mol dm�3): (a, b) 0.25, (c, d, g, h) 0.5, and (e, f ) 2.0. Temperature (�C):
(a�f ) 2 and (g, h) 50. Magnification: (a, c, e) 1000, (b) 2000, and (d, f�h) 3000.

tial structure (Fig. 1). The size of the primary parti-
cles depends on the ratio of rates of nucleation and
growth of crystalline copper nuclei, which to a certain
extent correlates with the content of H2SO4 in so-
lution. With increasing sulfuric acid concentration,
the contribution of the conjugate reaction of hydro-
gen evolution becomes more pronounced. As a result,
the degree of surface blocking by hydrogen increases,
thus making slower the growth rate of nuclei of
the metal being deposited. In addition, the intensified
hydrogen evolution facilitates renewal of the surface
of zinc owing to a decreased adhesion of the cement
deposit to the metal. Hence, with increasing acid-
ity, the rate of nucleation becomes higher, whereas
the rate of nucleus growth decreases. For example, at
a H2SO4 concentration of 2 mol dm�3 the particle size
does not exceed 10 �m, whereas at the 0.25 mol dm�3

concentration, particles up to 40 �m in diameter are
formed.

In the second stage, the globular particles, which
are structural elements of the copper deposit formed
in the first stage, are layered to form conglomerates
as the second spatial step of formation of the cement
deposit. Starting with the H2SO4 concentration of
0.5 mol dm�3, growth of dendrite-like deposits is
observed (Figs. 1c, 1d, and 1g), which can be related
to the third stage of deposit formation. This can be
accounted for by a considerable adsorption of H3O+

on the forming copper particles, with the subsequent
electroreduction of hydrogen. As a result, the copper
deposit, probably, grows as in the case of electrol-
ysis in the mode of deposition of a dispersed copper
powder [2]. In deformation, the forming dendrites are

easily disintegrated into conglomerates of the second
stage.

It is clearly seen that the primary structural ele-
ments decrease in size as the cement deposit grows
(Figs. 1c, 1d, 1g, and 1h). This is due to a decrease
in the concentration of copper ions in the course of
cementation.

It was established that the size of the primary struc-
tural elements decreases somewhat with increasing
temperature, which can be accounted for by the ac-
celeration of hydrogen electroreduction on the copper
being deposited. At the same time, no strong effect of
temperature on the spatial form of the cement deposits
was observed.

The acid concentration also strongly affects the ki-
netic properties and the process parameters in ob-
taining a copper powder in purification of zinc sulfate
solutions. With the H2SO4 concentration increasing
to 2 mol dm�3, the cementation rate becomes faster
(Fig. 2a), and the process duration, shorter (see table).
This is due to the increasing share of the conjugate
reaction of hydrogen reduction. This, firstly, facilitates
the diffusion of the electrolyte toward the surface of
zinc; secondly, makes larger the area of the cementing
metal, owing to the appreciable etching of its sur-
face; and, thirdly, prevents formation of an insoluble
film of the xZnSO4 � Zn(OH)2 salt of variable com-
position on this surface.

The dispersed powder deposited by the contact
method in the form of small conglomerates is easily
detached from the zinc surface, which also ensures
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Rate V, cementation time �, and specific yield of copper powder by zinc, SY*
Cu , at various concentrations of H2SO4

and ZnSO4 and temperatures (initial concentration of CuSO4 0.2 mol dm�3)
������������������������������������������������������������������������������������
Test no.** � T, �C � [H2SO4], mol dm�3 � V � 103, mol dm�3 min�1 � �, min � SYCu, mol %
������������������������������������������������������������������������������������

1 � 20 � 0.25 � 3.2 � 90 � 88
2 � 20 � 0.5 � 4.7 � 78 � 69
3 � 20 � 0.5 � 3.9 � 83 � 74
4 � 20 � 1.0 � 6.7 � 70 � 43
5 � 20 � 2.0 � 7.4 � 45 � 33
6 � 20 � 3.0 � 7.1 � 42 � 27
7 � 30 � 0.5 � 4.8 � 75 � 59
8 � 40 � 0.5 � 5.1 � 70 � 53
9 � 50 � 0.5 � 7.0 � 72 � 52

10 � 50 � 0.5 � 6.9 � 60 � 58
11 � 60 � 0.5 � 6.9 � 60 � 55

������������������������������������������������������������������������������������
* SYCu = (�Cu /�Zn) � 100, where �Cu and �Zn are the number of moles of copper deposited by the contact method and of

dissolved zinc, respectively.
** Solution used in test nos. 3 and 10 contained (mol dm�3): H2SO4 0.5 and CuSO4 0.8.

a large working area of the cementing metal. At the
same time, the specific yield of the copper powder
considerably decreases with increasing sulfuric acid
concentration (table).

With increasing temperature, the cementation rate
grows to reach its maximum value at 50�C, with the
subsequent deceleration of the process. The time of
complete cementation (see table, Fig. 2) decreases to
the minimum value at 50�C. This is associated with
the increasing rate of the chemical reaction of zinc
with H2SO4.

The presence of ZnSO4 somewhat hinders cementa-
tion at 20�C (Fig. 2a, curve 3). However, this effect
manifests itself to a lesser extent at higher tempera-
tures, and is not virtually observed at 50�C (Fig. 2b,
curve 6). The inhibiting effect of indifferent ions at
their high concentrations is due to electrostatic re-
pulsion forces [5]. Analysis of the results obtained
shows that the effect of indifferent zinc ions is mainly
compensated for by etching of the surface of the ce-
menting metal, i.e., by a sharp increase in the active
surface area.

Fig. 2. Influence of (a) H2SO4 concentration and (b) temperature on the kinetics of contact deposition of copper onto zinc
in a 0.2 M CuSO4 solution of various compositions. (c) Concentration of Cu2+ ions in solution and (�) time. (a) Tem-
perature 20�C. H2SO4 concentration (mol dm�3): (1) 0.25, (2, 3) 0.5, (4) 1.0, and (5) 2.0. ZnSO4 concentration (mol dm�3):
(1, 2, 4, 5) 0, and (3) 0.8. (b) H2SO4 concentration 0.5 mol dm�3. Temperature (�C): (1) 20, (2) 30, (3) 40, (4, 6) 50, and
(5) 60. ZnSO4 concentration (mol dm�3): (1�5) 0 and (6) 0.8.
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CONCLUSIONS

(1) The cementation of copper on zinc from H2SO4�
CuSO4 and H2SO4�CuSO4�ZnSO4 technological so-
lutions formed in processing of secondary copper-
and copper�zinc-containing raw materials is suitable
for obtaining finely dispersed copper powders.

(2) The optimal concentration of sulfuric acid is
0.5 mol dm�3, with the ZnSO4 content not limited.
The temperature does not affect strongly the morphol-
ogy of the dispersed copper powder within the range
20�50�C.
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Abstract�Experiments on liquid-phase oxidation of H2S with oxygen in the presence of catalysts, cobalt
phthalocyanine sulfonates [CoPc(SO3Na)n], were performed on a laboratory static installation in order to
find conditions under which a stationary oxidation mode can be established at pH � 8. The influence ex-
erted by additional introduction of a soluble salt of Mn2+ (MnSO4, MnCl2) into the reaction mixture at var-
ious pH values was studied.

Cobalt(II) phthalocyanine sulfonates [CoPc(SO3Na)n]
are active catalysts for liquid-phase oxidation of H2S
with oxygen [1�3], which can be successfully used in
liquid oxidative processes for purification of various
gases to remove hydrogen sulfide. Liquid oxidative
methods for gas purification include H2S absorption
with an aqueous solution that contains an alkaline
agent and a catalyst and catalytic oxidation of the thus
caught H2S with atmospheric oxygen.

In a weakly alkaline medium (pH 7.3�8.0), the ab-
sorbed H2S, which is in the form of HS� ions, is
oxidized in the presence of CoPc(SO3H)n at a high
rate by the polysulfide mechanism [1]. The main ox-
idation products are elementary sulfur and thiosul-
fates [1]. HS� ions are oxidized via redox transitions
Co(II)Pc(SO3H)n + HS� �� Co(I)Pc(SO3H)n The ox-
idation mechanism is described by the scheme

Co(II)Pc(SO3Na)n + HSn
�
� Co(I)Pc(SO3Na)n

+ HSn
. + H+, (1)

2HSn
.
� S2n

2� + 2H+, (2)

2Co(I)Pc(SO3Na)n + 0.5O2 + 2H+

� 2Co(II)Pc(SO3Na)n + H2O, (3)

HS� + S2n
2�
� HSn

� + S2�
(n + 1). (4)

In alkaline solutions (pH > 11), HS� ions are ox-
idized through oxygen activation via formation of
[Co(III)Pc(SO3Na)n � O2�] complexes [4], i.e., via the
redox transitions [1, 4, 5]

Co(II)Pc(SO3Na)n
�
� Co(III)Pc(SO3Na)n.

In this case, the catalyst activity is more than an or-
der of magnitude lower [1], with sulfites and sulfates
formed as a result of oxidation. It should be noted
that, in gas purification to remove H2S, it is important
to obtain elementary sulfur, since it is easily separated
from the absorbing solution.

At pH 8�11, lower rates of liquid-phase oxidation
of H2S are commonly observed in the presence of
CoPc(SO3Na)n, compared with those at pH 7.3�8.0
and pH > 11. The rate of oxidation and the composi-
tion of the oxidation products formed at pH 8�11 are
even affected by minor changes in the process param-
eters {pH value, presence of oxidation (semi)products,
such as S0 and SO3

2� ions [6]}.

In gas purification to remove H2S, it is necessary to
maintain a stationary oxidation mode of oxidation of
H2S being caught. The purification process should be
stable in an as wide fluctuation range of the purifica-
tion process parameters as possible, and, primarily,
it should be stable against accumulation of oxidation
products and semiproducts.

The aim of this study was to find conditions that
make it possible to establish a stationary mode of li-
quid-phase oxidation of H2S with oxygen in the pres-
ence of catalysts CoPc(SO3Na)n at pH 8�11, to select
optimal oxidation conditions, and to perform test pu-
rification of petroleum gas to remove H2S on a pilot
installation.

EXPERIMENTAL

Experiments on liquid-phase oxidation of H2S
were performed on a static laboratory installation [6].
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For the experiments, Na2S and Na2SO3 solutions
and solutions of the catalysts Co(II)Pc(SO3Na)2 and
Co(II)Pc(SO3Na)4 were prepared. The content of
Na2SO3 and Na2S2O3 in the working solutions was
determined by iodometry [7], and the concentration
of the catalysts, cobalt(II) phthalocyanine sulfonates,
by spectrophotometry [6]. The pH value of a solution
being oxidized was maintained constant by introduc-
ing a phosphate buffer solution.

The rate of NaHS oxidation in the static installation
was determined volumetrically from the oxygen ab-
sorption, and also from changes in the iodometrically
found concentration of NaHS in the reaction mixture
[7]. The completion of NaHS oxidation was indicated
both by termination of oxygen absorption and by the
absence of HS� ions in the reaction mixture, which
was determined using lead indicator paper [8]. The
content of oxidation products, Na2SO3 and Na2S2O3,
in the reaction mixture was found iodometrically [7].
The presence of elementary sulfur in the oxidation
products in the static installation was determined vi-
sually, and the amount of sulfur formed, spectropho-
tometrically [9]. The overall balance of oxidation
products in the static installation correlated with the
amounts of oxidized NaHS and oxygen consumed
for oxidation.

The concentration of H2S in an unpurified petro-
leum gas was found by means of chromatography.
The absence of H2S in a purified gas was established
visually, using a lead indicator paper moistened with
water and placed in the gas flow [8]. The content of
the products formed in oxidation of the H2S caught,
Na2SO3 and Na2S2O3, was determined iodometrically
[7], and the absence of Na2SO4 in the absorbing solu-
tion was established using BaCl2 [10]. The content
of elementary sulfur in the absorbing solution was
found spectrophotometrically [9], and the concentra-
tion of soda (NaHCO3 + Na2CO3), by titration with
sulfuric acid [11]. The overall balance of the amount
of products formed in oxidation of the H2S caught
in the absorbing solution correlated with the total
amount of H2S caught by the installation for purifica-
tion of petroleum gas to remove H2S.

Figures 1a and 1b show the results of experiments
on liquid-phase oxidation of H2S in the presence of
catalysts, CoPc(SO3Na)2 and CoPc(SO3Na)4, at pH
8.0 and 10.2, performed on the static installation.

As can be seen from Fig. 1a, introduction of al-
ready a second portion of the substrate results in that
the process becomes steady-state, being characterized
by rather high oxidation rate [especially in the pres-
ence of CoPc(SO3Na)4]. In the experiments with

Fig. 1. Kinetics of liquid-phase oxidation of H2S with
oxygen in the presence of a catalyst, (1�3) CoPc(SO3Na)4
or (1��3�) CoPc(SO3Na)2 at pH value of (a) 8.0 and
(b) 10.2. T = 25�C, PO2

= 101 kPa, V
�

= 20 ml,
[CoPc(SO3Na)n] = 5 mg l�1. (VO2

) Oxygen volume and
(�) process duration; the same for Figs. 2�4. Concentration
[H2S]0 (M): (1, 1�) 2.4 � 10�2, (2, 2�) 4.8, and (3, 3�) 7.2.

the initial concentration of H2S (curves 1 and 1�),
the main oxidation product was Na2S2O3 and, in part,
elementary sulfur. The increase in the oxidation rate
and sulfur yield upon repeated introduction of the sub-
strate being oxidized into the oxidized reaction mix-
ture (curves 2 and 2�) is due to the fact that the ele-
mentary sulfur formed in the initial experiments
maintains a high concentration of polysulfide ions
in the reaction mixture through the reaction

HS� + (n � 1)S0 = HSn
�. (5)

The high running concentration of polysulfide ions
in the reaction mixture favors the liquid-phase oxida-
tion of H2S by the polysulfide mechanism. The yield
of S0 in NaHS oxidation is about 60%, and that of
Na2S2O3, approximately 40% (curves 2 and 2�). The ki-
netic curves 2, 3 and 2�, 3�, which describe liquid-phase
oxidation of H2S, are very close. This is accounted for
by the fact that the oxidation products S0 and Na2S2O3,
which are accumulated in the solution, have no in-
hibiting effect on the liquid-phase oxidation of H2S
[6]. Thus, a stationary mode of liquid-phase oxida-
tion of H2S in the presence of catalysts, cobalt(II)
phthalocyanine sulfonates CoPc(SO3Na)n, is ensured
at pH 8.0.

The process of liquid-phase oxidation of H2S at
pH 10.2 (Fig. 1b) does not become steady-state upon
repeated charging of the substrate: the time of oxida-
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Table 1. Calculated equilibrium compositions of an ab-
sorbing solution of soda in purification of an H2S-contain-
ing gas ([H2S] = 0.3, [CO2] = 2.5 vol %; Pgas = 101 kPa)
����������������������������������������

pH
� Concentration, M
�����������������������������������

value
� NaHCO3 � Na2CO3 � NaHS � Na2S

����������������������������������������
8.0 �3.17 � 10�2�1.47 � 10�4�2.22 � 10�3�1.6 � 10�7

8.5 � 0.100 �1.47 � 10�3� 7 � 10�3�1.6 � 10�6

9.0 � 0.317 �1.47 � 10�2�2.22 � 10�2�1.6 � 10�5

9.5 � 1.00 � 0.147 � 0.07 �1.6 � 10�4

10.0 � 3.17 � 1.47 �2.22 � 10�1�1.6 � 10�3

����������������������������������������

tion increases upon introduction of each subsequent
portion of the substrate into the reaction mixture.
The elementary sulfur formed in the initial experi-
ment (curve 1) dissolves afterwards (curves 2 and 3):
in runs with the CoPc(SO3Na)2 catalyst, no sulfur was
formed at all. At pH 10.2, an intermediate oxidation
mechanism is operative [4], in which a major part of
polysulfide ions formed in reactions (1)�(4) is non-
catalytically oxidized to SO3

2� ions. Sulfite ions ac-
cumulated in the absorbing solution increasingly dis-
rupt the polysulfide oxidation mechanism by decom-
posing the sulfide ions:

(n � 1)SO3
2� + HSn

� = (n � 1)S2O3
2� + HS�. (6)

In the experiments performed at pH 10.2, the li-
quid-phase oxidation of H2S did not become steady-
state. Therefore, absorbing solutions of this composi-
tion cannot be recommended for use in gas purifica-
tion to remove hydrogen sulfide.

Fig. 2. Kinetics of oxidation with oxygen of alkaline
aqueous solutions of NaHS in the presence of catalysts,
CoPc(SO3Na)2, CoPc(SO3Na)4, and MnSO4. T = 25�C,
PO2

= 101 kPa, pH 11.3, V
�

= 20 ml, [H2S]0 = 2.4 �

10�2 M. Concentration (M): (1) [MnSO4] = 0.5 � 10�3,
(2) [CoPc(SO3Na)2] = 10, (3) [CoPc(SO3Na)4] = 10;
(4) [CoPc(SO3Na)4] = 10 mg l�1, [MnSO4] = 0.5 � 10�3 M.

The disodium salt of disulfonic acid of cobalt
phthalocyanine, CoPc(SO3Na)2, is used in air puri-
fication to remove H2S [12, 13]. In this case, a suffi-
cient capacity of a weakly alkaline absorbing solution
for H2S is ensured both by the alkalinity of the ab-
sorbing solution and by the high activity of the cat-
alyst CoPc(SO3Na)2. In purification of oxygen-free
gases, the capacity of the absorbing solution for sulfur
depends solely on the alkalinity of the absorbing so-
lution. Table 1 lists calculated equilibrium composi-
tions of a soda solution at various pH values of the
solution in purification of a gas containing H2S.

As follows from the data in Table 1, raising the pH
of the absorbing solution from 8.0 to 10.0 leads to
an increase in the equilibrium content of H2S being
caught in the absorbing solution by two orders of
magnitude (H2S is present in solutions at pH 8�10
mainly as HS� and S2� ions). Therefore, it is necessary
to use absorbing solutions with the highest possible
pH value in purification of oxygen-free gases to re-
move H2S with CoPc(SO3Na)n. Consequently, it is
important to select the conditions at which H2S is ox-
idized in solutions with the highest possible pH value
in the stationary mode by the polysulfide mechanism,
to give elementary sulfur as a result of oxidation.

The process of liquid-phase oxidation of H2S at
pH 10.2 (Fig. 1b) does not become steady-state be-
cause of the accumulation of the oxidation semiprod-
uct Na2SO3 in the absorbing solution. To pass to
a stationary oxidation mode, it is necessary to restrict
the accumulation of SO3

2� ions in the reaction mixture.

It is known that manganese compounds are active
catalysts for liquid-phase oxidation of H2S and oxi-
dation of sulfite ions to sulfate ions. In this study,
it is suggested to introduce soluble Mn2+ salts into
the reaction mixture in addition to the CoPc(SO3Na)n
catalyst.

Figure 2 shows data on oxidation of alkaline aque-
ous solutions of NaHS with oxygen in the presence
of the CoPc(SO3Na)2, CoPc(SO3Na)4, and MnSO4
catalysts.

Addition of Mn2
+ salts to the CoPc(SO3Na)4 cata-

alyst (Fig. 2, curve 4) makes shorter the time of
complete NaHS oxidation, from 48 to 14 min. Also,
the composition of the oxidation products is changed:
the volume of oxygen consumed for complete oxidation
of the reaction mixture decreases from 19.6 to 16.4 ml.
In the simultaneous presence of CoPc(SO3Na)4 and
MnSO4, elementary sulfur is formed in NaHS oxidation.
In the presence of only one of these catalysts, MnSO4
(Fig. 3, curve 1) or CoPc(SO3Na)4 (Fig. 3, curve 3),
no elementary sulfur is formed in NaHS oxidation.
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Table 2. Results obtained in purification of petroleum gas on the pilot installation (amount of petroleum gas being pu-
rified 0.76 m3 h�1, air flow rate 2.4 m3 h�1, solution circulation rate 47 l h�1, time of oxidative regeneration of solution
12.8 min, MnCl2 concentration 80 mg l�1, purified gas contains no H2S, regenerated solution contains HS� ions)
������������������������������������������������������������������������������������

� H2S content � Amount of � Solution pH � Content of indicated substance in absorbing solution
� � ������������������������������������������������������������, � in unpurified � H2S caught �

min � gas, � by 1 l of � after � after � NaHCO3, � Na2CO3, � Na2S2O3 , �CoPc(SO3Na)4 ,
� vol % � solution, g � absorber �regenerator� g l�1 � g l�1 � g l�1 � mg l�1

������������������������������������������������������������������������������������
135 � 2.34 � 0.57 � 8.4 � 8.8 � 14.9 � 4.77 � 111 � 22
495 � 1.36 � 0.38 � 8.8 � 9.0 � 10.8 � 5.3 � 102 � 22
180 � 1.63 � 0.4 � 8.6 � 9.0 � � � � � � � �

505 � 2.55 � 0.64 � 8.5 � 8.8 � 6.89 � 4.62 � 108 � 8.0
960 � 1.99 � 0.49 � 8.7 � 8.9 � 6.84 � 3.68 � 112 � 8.4
������������������������������������������������������������������������������������

Figures 3 a 4 show the kinetic curves obtained in
experiments on NaHS oxidation in the presence of
MnSO4 and CoPc(SO3Na)4 catalysts at pH 11.0 and
11.85, respectively. In these experiments, the stage of
oxidative regeneration of the absorbing solution was
simulated by multiple introduction of the substrate
into an oxidized solution.

At pH 11.0 and 11.85, the process of liquid-phase
oxidation of H2S becomes steady-state already after
a second introduction of the substrate. The main
oxidation products are elementary sulfur and thio-
sulfates. Thus, simultaneous use of two catalysts,
CoPc(SO3Na)4 and Mn2+, must ensure a stationary
mode of liquid oxidative purification of oxygen-free
gases to remove H2S.

Petroleum gas was purified to remove H2S by the
liquid oxidative method on the pilot installation. The
initial absorbing solution contained CoPc(SO3Na)4
and MnCl2 catalysts, and also sodium thiosulfate,
carbonate, and bicarbonate.1

The gas to be purified was fed into the bottom
part of an absorber packed with iron chips and was
washed there in the counterflow mode with the ab-
sorbing solution.

The gas purified to remove H2S was directed from
the upper part of the absorber through a spray catcher
to the flare, and the absorbing solution saturated with
hydrogen sulfide was delivered to the bottom part of
the regenerator, an apparatus with a continuous bubbl-
ing bed. In the regenerator, air was bubbled through
the solution and the H2S caught was oxidized. The re-
generated solution was delivered from the upper part
of the regenerator to the upper part of the absorber.
����������
1 The tests were performed by staff members of the VNIPIgaz-

pererabotka Institute (Krasnodar) with participation of one of
the authors of this paper.

The elementary sulfur formed as a a result of oxida-
tion was floated to the solution surface in the regen-
erator and was removed therefrom as sulfur foam.

Table 2 presents the results obtained in purification
of petroleum gas to remove H2S with CoPc(SO3Na)4
and MnCl2 catalysts.

Fig. 3. Kinetics of NaHS oxidation with oxygen in the pres-
ence of CoPc(SO3Na)4 and MnSO4 catalysts. T = 25�C,
PO2

= 101 kPa, pH 11.0, V
�

= 20 ml, [CoPc(SO3Na)4] =
10 mg l�1, [MnSO4] = 0.5 � 10�3 M. (1) [NaHS]0 =
2.4 � 10�2 M, (2�7) reaction mixture after the preceding
experiment, into which NaHS was introduced in amount
equal to its initial content in the reaction mixture.

Fig. 4. Kinetics of oxidation of aqueous alkaline solutions
of NaHS with oxygen in the presence of CoPc(SO3Na)4
and MnSO4 catalysts. T = 25�C, PO2

= 101 kPa, pH 11.85,
V
�

= 20 ml, [CoPc(SO3Na)4] = 10 mg l�1, [MnSO4] =
0.5 � 10�3 M. (1) [NaHS]0 = 2.4 � 10�2 M, (2�4) reaction
mixture after the preceding experiment, into which NaHS
was introduced in amount equal to its initial content in
the reaction mixture.
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It follows from the data in Table 2 that complete gas
purification was observed at sufficiently high loads
in terms of H2S to be purified (up to 0.6 g H2S l�1).
At solution pH 8.4�9.0, the purification mode was
stable. The yield of sulfur was about 90%.

CONCLUSIONS

(1) It was shown that the process of liquid oxida-
tive purification of oxygen-free gases to remove H2S
with cobalt phthalocyanine sulfonates as catalysts is
stable if accumulation of SO3

2� ions in the absorbing
solution is prevented.

(2) If manganese chloride MnCl2 was used, together
with the CoPc(SO3Na)4 catalyst, on a pilot installation,
petroleum gas containing 1.4 to 2.6 vol % H2S was
completely purified to remove H2S. In this case, the
capacity of the absorbing solution for H2S was up to
0.6 g l�1, with the yield of elementary sulfur obtained
in the process of purification equal to about 90%.
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Abstract�The efficiency of water treatment with organic coagulants (cationic polymers) and calcium
hydroxide (alkalizing agent) in combination with iron(II) sulfate (mineral coagulant) was studied as influenced
by the nature and concentration of an organic coagulant and concentration of a mineral coagulant.

Coagulation treatment of natural water to remove
coarse and colloidal admixtures is an important stage
of water pretreatment at heat and electric power plants
(HEPPs). Pretreatment is usually performed with var-
ious salts of Al(III), Fe(II), and Fe(III) (mineral co-
agulants); for simultaneous water softening, this pro-
cess is often combined with liming [Ca(OH)2 is added
to the treated water].

To intensify the treatment after liming and coagula-
tion, natural water was treated with Praestol high-
molecular-weight polyacrylamide flocculants [1].
The use of flocculants at the water-treatment installa-
tion the Kazan HEPP-2 improved the quality of water
passed through ion-exchanging filters in further stages
of water treatment and was economically efficient.

In the recent decades, organic polymeric coagulants
have found increasing application; these water-soluble
cationic polymers are mainly used for treatment of
wastewater and more complete dehydration of pre-
cipitates. Positively charged macromolecules of or-
ganic coagulants interact with negatively charged pol-
lutant particles in water, causing their destabilization
and rapid flocculation to form coarser aggregates.
Mineral coagulants are less expensive, but organic
coagulants provide more efficient removal of colloi-
dal and dispersed particles. It should be noted that, in
the absence of mineral coagulants, the salt content in
purified water would be lower, which, in turn, should
decrease the load on the ion-exchange filters and the
mineralization of wastewater. Moreover, the concen-

trations of organic coagulants required for water treat-
ment are significantly smaller than those of mineral
compounds; they can be used in a wide pH range and
do not affect the acidity of the medium.

Organic coagulants for water treatment are widely
used in the Republic of South Africa [2]. The long-
time use of organic coagulants (Zetafloc LP526 poly-
amines) significantly improved the quality of drinking
water and decreased its cost. Its has been found [2]
that the best results are obtained in a narrow concen-
tration range of organic coagulants, whereas the over-
charge of a mineral coagulant does not affect the qual-
ity of purified water.

Good results have been obtained with Kemazur
4535 organic coagulant in the stage of water pretreat-
ment at a water-desalinating electrodialysis installa-
tion of a cement plant in Tunisia [3]. The water fed
into this installation was characterized by wide fluc-
tuations of the content of colloidal and dispersed
particles, and the optimal charge of the organic coagu-
lant and flocculant substantially improved the quality
of desalinated water and prolonged the service life of
the filters. It should be noted that the organic coagu-
lants are most widely used in North America, in con-
trast to Europe, where various inorganic coagulants
are preferred [4].

Previously [5], we studied the water treatment with
organic coagulants formed by degradation of high-
molecular-weight cationic Praestols [copolymer of
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Fig. 1. Turbidity � vs. the sedimentation time t of natural
water in the presence of various coagulants. Concentrations:
Ca(OH)2 3.0 mg-equiv l�1, FeSO4 10 mg l�1, and organ-
ic coagulant 1 mg l�1. Coagulants: (1) Ca(OH)2 + FeSO4,
(2) 1 + FL 15, (3) 1 + FL 28 P3, and (4) 1 + FL 45C.

acrylamide (AA) with N-acrylamidopropyl-N, N, N-
trimethylammonium chloride (APTMAC)]. The re-
sulting low-molecular-weight cationic Praestols im-
prove the efficiency of water treatment, but compar-
ison of their effect with that of water-soluble poly-
mers of other classes, e.g., poly-2-hydroxypropylene-
dimethylammonium chlorides and polydiallyldimeth-
ylammonium chloride, is advisable.

In this study, we analyzed the performance of poly-
2-hydroxypropylenedimethylammonium chlorides and
polydiallyldimethylammonium chloride (organic co-
agulants) used in combination with calcium hydroxide
in the presence and absence of iron(II) sulfate (mineral
coagulant).

EXPERIMENTAL

In the tests, we used cationic poly-2-hydroxypro-
pylenedimethylammonium chlorides FL 15 (M� =
7 � 104) and FL 28 P3 (M� = 4 � 105) and poly-
diallyldimethylammonium chloride FL 45C [M� =
(1�3) � 105] purchased from SNF FLOERGER
company (France):

�[�N+�CH3�CH�CH2�]n� Cl�����
��

CH3

CH3

(FL 15; FL 28 P3)

OH

�[�N+�CH3�CH�CH2�]n� Cl�����
��

CH3

CH3

(FL 15; FL 28 P3)

OH

���[�CH2�CH CH�]n�

��CH2 CH2

����
N+

CH3H3C Cl�

(FL 45C)

CH2

���[�CH2�CH CH�]n�

��CH2 CH2

����
N+

CH3H3C Cl�

(FL 45C)

CH2

Iron(II) sulfate FeSO4 �7H2O [technical-grade green
vitriol, GOST (State Standard) 6981�75] and a satu-
rated solution of construction lime Ca(OH)2 (GOST
9179�77) were used as coagulants. The initial and
purified water was analyzed using chemically pure
and analytically pure grade reagents; all solutions
were prepared in distilled water. The experiments
were performed using river water samples taken at
the water scoop of the Kazan HEPP-2 (total hardness
3.8 mg-equiv l�1, alkalinity 2.4 mg-equiv l�1, perman-
ganate oxidizability (PO) 11.0�17.3 mg O l�1, and
total content of iron 159�240 mg l�1).

The coagulation tests were carried out by the stand-
ard procedure [6] and by sedimentation analysis, using
an LAM-1 laboratory turbidity analyzer [7]. The op-
timal charges of Ca(OH)2 and FeSO4 solutions were
calculated in conformity with regulations [6]. The
tests were performed as follows. First, natural water
samples (150 cm3) were placed in cylinders with
ground-glass stoppers, and then the reagents were
added in the following order: Ca(OH)2 solution, min-
eral coagulant, and, finally, organic coagulant. All
the reagents were added successively at 1-min inter-
vals. Then the mixture was agitated by carefully mixed
turning-over the cylinder five times (to preserve the
sludge structure), poured into a cylindrical optical cell,
and the variation of the optical density of the result-
ing suspension with time was recorded. The measure-
ments were carried out in the same cylinder at a depth
of 90 mm from the surface (� 670 nm, l 35.2 mm).

First, we analyzed the effect of organic coagulants
on the sedimentation of the disperse phase in natural
water after its treatment with calcium hydroxide and
mineral coagulant. Figure 1 shows how the water tur-
bidity varies in the absence (curve 1) and in the pres-
ence of various organic coagulants (curves 2�4).
The tests were carried out at constant concentrations
of Ca(OH)2, FeSO4, and polymers. As seen, the tur-
bidity of water considerably decreases upon addition
of organic coagulants owing to intensive sedimenta-
tion of the dispersed particles. Comparison of the
data of Fig. 1 at � = const shows that the effect on
the suspension clarification increases in the order
FL 15 < FL 28 P3 < FL 45C (passing from curve 2
to curve 4, Fig. 1).

A chemical analysis of the initial and purified wa-
ter showed that organic polymers do not affect the pH
and hardness of water being treated, and only PO val-
ues and iron content decrease. Therefore, we evalu-
ated the effect of organic coagulants on the removal
of iron compounds and natural organic compounds
from natural water. The total content of organic com-
pounds and iron in water was determined from the PO
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values (mg O l�1) and by photometry, respectively.
The analyses of the initial and clarified water were
performed using the known procedures [8]. The effect
of the concentration of the organic coagulants on the
PO values and content of iron in water is illustrated in
Tables 1 and 2, respectively. As seen from these data,
the efficiency of water treatment increases with in-
creasing concentration of the organic coagulant. It
should be noted that the content of organic and iron
compounds decreases even with small additions of
organic coagulants.

We also compared the results of water treatment
upon substitution of the mineral compound with or-
ganic coagulant at optimal and decreased concentra-
tions of iron(II) sulfate. The optimal charge of iron(II)
sulfate of 40 mg l�1 was determined by analysis of
the initial water and confirmed by special coagulation
tests. The results obtained are listed in Table 3. It
can be seen that lowering the charge of iron(II) sul-
fate from 40 to 10 mg l�1 leads to a decrease in the ef-
ficiency of water treatment, i.e., the content of re-
sidual iron in the treated water grows. Upon substi-
tution of the mineral coagulant with FL 54C, the ef-
ficiency of water treatment improves, this organic
coagulant provides more complete removal of organic
compounds and iron from water as compared with the
effect of the mineral coagulant at its optimal charge
of 40 mg l�1.

Figure 2 shows the effect of FL 45C organic floc-
culant on PO (curve 1) and content of iron compounds
(curve 2). These parameters of the water treatment effi-
ciency upon addition of the optimal charge (40 mg l�1)
of the mineral coagulant are 58 and 69% of the initial
values, respectively. As seen from Fig. 2, addition of
even insignificant amounts of organic coagulant pro-
vides better purification of water as compared with
the mineral coagulant.

Our experimental data show that the mineral co-
agulant FeSO4 can be replaced with with an organic
coagulant in pretreatment of water at heat and elec-
tric power plants. In this case, use of water-soluble
cationic polymers FL 15, FL 28 P3, and FL 45C not
only provides more complete removal of impurities
but also decreases the salt content in the wastewater.
For example, at FeSO4 concentration of 40�50 mg l�1,
the content of sulfate ions in water increases by 5�
20 g m�3. Moreover, we should remember that, in the
flood period, the coagulant is usually taken in a dou-
ble amount, which increases the pollution of water
with sulfate ions. In the subsequent stages of water
pretreatment, the ion-exchange filters sorb the sulfate
anions, but in the course of filter regeneration they

Table 1. Oxidizability PO of the clarified water as
influenced by the concentration of organic coagulants, coc
(FeSO4 10 mg l�1, PO of initial water 8.48 mg O l�1)
����������������������������������������

� PO (% of the initial value)
Polymer � at indicated coc, mg l�1

���������������������������������brand
� 0 � 0.1 � 1.0 � 5.0 � 10.0

����������������������������������������
FL 15 � 81 � 81 � 65 � 62 � 53
FL 28 P3 � 81 � 52 � 50 � 47 � 41
FL 45C � 81 � 61 � 61 � 36 � 41
����������������������������������������

Table 2. Content of iron in the clarified water as in-
fluenced by the concentration of organic coagulants coc
(FeSO4 10 mg l�1, total content of iron compounds in
initial water 198 mg l�1)
����������������������������������������

�Iron concentration (% of the initial value)
Polymer � at indicated coc, mg l�1

���������������������������������brand
� 0 � 0.1 � 1.0 � 5.0 � 10.0

����������������������������������������
FL 15 � 78 � 55 � 55 � 44 � 53
FL 28 P3 � 78 � 64 � 56 � 35 � 27
FL 45C � 78 � 66 � 52 � 34 � 42
����������������������������������������

Table 3. Efficiency of water treatment with mineral
(FeSO4) and organic (FL 45C) coagulants (initial water:
PO 14.8 mg O l�1 and iron content 204 mg l�1)
����������������������������������������
Charge, mg l�1 � Purified water
����������������������������������������
FeSO4 �FL 45C�PO, % of the initial�Fetot, % of the initial
����������������������������������������

40 � � � 58 � 69
10 � � � 52 � 99
� � 5 � 32 � 27

����������������������������������������

pass into wastewater. Thus, use of organic coagulants
significantly decreases the salt content in wastewater
and improves the environmental situation at waste-
water discharge sites.

Fig. 2. Quality parameters of clarified water, A: (1) per-
manganate oxidizability and (2) total iron content, vs.
the concentration of FL 45C organic coagulant, coc.
Ca(OH)2 content 3.0 mg-equiv l�1.
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CONCLUSIONS

(1) Poly-2-hydroxypropylenedimethylammonium
chlorides FL 15 and FL 28 P3 and polydiallyldimeth-
ylammonium chloride FL 45C can be used as effective
organic coagulants in the stage of water pretreatment
at heat and electric power plants.

(2) The turbidity of water and the content of organ-
ic impurities and iron compounds in water decrease
upon its treatment with organic coagulants in com-
bination with calcium hydroxide both with and with-
out iron(II) sulfate mineral coagulant.
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Abstract�Autocondensation of cyclohexanone in air at 119�137�C, catalyzed with a solid alkali, was studied.

Cyclohexanone is an intermediate in industrial
organic synthesis. Its characteristic feature is tendency
to undergo autotransformations yielding a series of
products [1]. In synthesis of caprolactam [2] and adip-
ic acid [3], autocondensation is a side reaction, where-
as in the first step of industrial synthesis of 2-phenyl-
phenol (a bactericide) [4�6] or 2-cyclohexylcyclohex-
anol (a fragrance) [7], this is the principal process.
To improve the existing processes involving cyclo-
hexanone and develop new ones, it is appropriate to
study the kinetic features of its autocondensation,
primarily with the aim to obtain input data for simu-
lation of flowsheets and process equipment.

The condensation is nonselective and yields a mix-
ture of isomers; the resulting compounds with double
bonds are not quite stable. Therefore, not all of the
products of deep autocondensation of cyclohexanone
have been identified. Compounds I�III have been
studied in most detail [1, 8�10].

I
��
��OH����O

��
�����

O

�
II
��
�����

O

�
IIII

��
��OH����O

��
�����

O

�
II
��
�����

O

�
III

Formation of condensation products containing
three and more rings was considered in [11�13]. The
autocondensation is reversible, and, at elevated tem-
peratures, compounds II and III are hydrolyzed back
to cyclohexanone in the presence of water. The ki-
netic (in the range 180�290�C) and thermodynamic
characteristics of this reaction, which is very important
for processing by-products from caprolactam produc-
tion [14], have been considered previously [15�17].

Data on liquid-phase autooxidation of cyclohex-
anone under various conditions are summarized in
Table 1. It is seen that the major influence on the
reaction rate is exerted by the temperature and cata-
lyst. Virtually no data are available for the interval
from 80 to 210�C in which the majority of industrial
processes are performed. In this study, we examined
the kinetics of cyclohexanone autocondensation in air
at 119�137�C, catalyzed with a solid alkali.

EXPERIMENTAL

The kinetics of liquid-phase aldol condensation of
cyclohexanone was studied in a laboratory installation
consisting of a round-bottomed three-necked glass
flask fully immersed in a thermostat with silicone oil.

Table 1. Kinetics of liquid-phase autocondensation of cyclohexanone
������������������������������������������������������������������������������������

T, �C � Catalyst/solvent � Other conditions �Analytical method�References
������������������������������������������������������������������������������������

25 � Aqueous NaOH �Analysis of aqueous and organic layers � IR � [8]
30�70 �Alcoholic or aqueous-alcoholic KOH�Preliminary purging with argon � 1H NMR � [9]

80 � �/� �Under N2, � GLC � [18]
� �/CCl4 �in the dark, � �
� �/CCl4 + DPPH* �with removal of water � �

119�137 � KOH(cr.)/� �In air, with removal of water � GLC � This work
210�0.5 � Al, Fe oxides/decalin �Under N2, without removal of water � GLC � [19]
(0.6 MPa)� � � �
������������������������������������������������������������������������������������
* DPPH is 1,1-diphenyl-2-picrylhydrazyl (inhibitor of radical reactions).
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Table 2. Kinetic study of base-catalyzed autocondensation
of cyclohexanone
����������������������������������������

T,
�

�,
� Cyclo- �Condensation products, wt %

� � ����������������������� �hexanone,�
�C

�
min

� wt % � II + III � IV � V
����������������������������������������
119 � 5 � 98.7 � 1.2 � 0.1 � 0.1

� 10 � 96.9 � 2.9 � 0.1 � 0.1
� 20 � 93.6 � 6.0 � 0.1 � 0.3
� 40 � 90.9 � 8.6 � 0.2 � 0.3
� 80 � 87.6 � 11.6 � 0.2 � 0.5
� 160 � 84.2 � 14.7 � 0.5 � 0.6

125 � 5 � 98.1 � 1.8 � 0.1 � 0.1
� 10 � 96.0 � 3.8 � 0.1 � 0.1
� 20 � 92.1 � 7.5 � 0.2 � 0.2
� 42 � 88.4 � 11.0 � 0.3 � 0.3
� 84 � 85.0 � 14.5 � 0.5 � 0.5
� 160 � 81.4 � 17.3 � 0.6 � 0.7

129 � 5 � 95.9 � 3.7 � 0.2 � 0.1
� 10 � 92.7 � 6.9 � 0.2 � 0.3
� 20 � 89.4 � 10.0 � 0.3 � 0.4
� 40 � 85.8 � 13.0 � 0.5 � 0.5
� 80 � 81.7 � 17.0 � 0.6 � 0.7
� 160 � 76.7 � 21.4 � 0.9 � 0.9

133 � 5 � 95.0 � 4.0 � 0.2 � 0.1
� 10 � 92.0 � 6.9 � 0.2 � 0.2
� 20 � 88.5 � 11.3 � 0.3 � 0.3
� 40 � 84.4 � 14.4 � 0.4 � 0.2
� 80 � 79.0 � 18.2 � 0.6 � 0.5
� 160 � 72.3 � 25.3 � 1.4 � 1.0

137 � 5 � 92.4 � 7.1 � 0.3 � 0.2
� 10 � 90.2 � 9.3 � 0.2 � 0.3
� 20 � 86.0 � 13.2 � 0.4 � 0.5
� 40 � 79.6 � 18.7 � 0.8 � 0.8
� 80 � 68.0 � 28.7 � 1.7 � 1.5
� 160 � 56.0 � 38.2 � 3.5 � 2.4

����������������������������������������

The flask was equipped with a reflux condenser with
a Dean�Stark trap, a high-speed glass stirrer with
a glass hydroseal, and a control thermometer. The
temperature in the flask was maintained with an accu-
racy of �0.2�C.

Fig. 1. Variation of the concentrations c of (1) cyclo-
hexanone and of its condensation products (2) II + III
and (3) IV with time � at 137�C.

Five experiments were performed at 119, 125, 129,
133, and 137�C. The flask was charged with 240 ml
of purified cyclohexanone (main substance content
>99.5%), which was preliminarily kept at the experi-
mental temperature for 40 min. Granulated KOH
(chemically pure grade), 2.4 g, was added with vigor-
ous stirring. The time of mixing of the alkali with
cyclohexanone was considered to be the start of the
process. Samples of the reaction mixture (2�3 ml)
were taken with a glass syringe 5, 10, 20, 40, 80, and
160 min after the start of the reaction. The samples
were transferred into glass test tubes containing 1-tet-
radecene (pure grade, distilled). The reaction in a
withdrawn sample was stopped by rapid cooling. Pre-
liminary experiments showed that change in the re-
actant concentrations after rapid cooling to �20�C
was negligible.

The amount of water collected in the Dean�Stark
trap was insignificant. The maximum amount was
about 5 ml at the highest experimental temperature
(137�C). Therefore, despite the fact that the distillate
was an azeotropic mixture of water and cyclohexan-
one, changes in the amount of cyclohexanone in the
flask were negligible.

Samples were analyzed by gas�liquid chromatog-
raphy (GLC) on a Tsvet-800 device (flame ionization
detector; 2000 � 3-mm steel column packed with
Chromaton N-Super + 3% OV-1; column temperature
schedule: 140�C, 25 min; heating to 190�C at a rate of
25 deg min�1; 190�C, 35 min; vaporizer and detector
temperatures 200�C; carrier gas nitrogen).

According to our results and those of Kim et al.
[11], GLC makes it possible to determine the ratios of
condensation products differing in the number of cy-
clohexane rings, but not the ratios of particular iso-
mers, because the products undergo isomerization in
the chromatographic column in the course of the anal-
ysis. Thus, we determined the total amount of prod-
ucts with two (II + III, retention time 10 min), three
(IV, 35 min), and more (V, 52 min) cyclohexane
rings. This assignment was based on the retention
times of authentic samples of II [16], III [20], cis-2,6-
di(1-cyclohexen-1-yl)cyclohexanone (a representative
of compounds IV) [13], 2,6-dicyclohexylidencyclo-
hexanone [21], and dodecatriphenylene (a representa-
tive of compounds V) [22]. Compound I is thermally
unstable [10] and decomposes in the course of the ki-
netic experiment.

The concentrations of cyclohexanone and its con-
densation products (Table 2) were calculated from the
chromatograms using 1-tetradecene (retention time
5 min) as internal reference [23].
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Fig. 2. Variation of the concentrations c of (a) cyclohexanone and (b) II + III with time � of autocondensation at (1) 119,
(2) 125, (3) 129, (4) 133, and (5) 137�C.

The kinetic curves of consumption of cyclohexan-
one and accumulation of condensation products are
shown in Figs. 1 and 2. The reaction order evaluated
from these curves is abnormally high for all the tem-
peratures except 137�C. We failed to interpret the
kinetic curves in terms of formal kinetics and to sug-
gest the condensation mechanism; apparently, several
reactions occur simultaneously.

CONCLUSIONS

(1) A procedure was developed for GLC analysis
of products of cyclohexanone autocondensation, which
differ in the number of cyclohexanone rings.

(2) The temperature dependences of the concentra-
tions of the starting cyclohexanone and reaction prod-
ucts in autocondensation in air were obtained. The
reaction is accompanied by formation of �heavy� con-
densation products in the entire temperature range
studied (119�137�C); at 137�C, their amount reaches
4.5% in 2 h.
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Abstract�The possibilities of using pheophorbid (a), chlorin e6, its copper complex, 6-N-(2-aminoethyl-
amido)chlorin e6 dimethyl ester, and its complexes with Cu(II), Ni(II), Co(II), and Zn(II) as dyes for cellulose,
acetate, and wool fibers were studied.

Chlorophyll is not only one of the most important
�life complexes� in photosynthesis, but also the most
abundant environmentally clean natural dye. Chloro-
phyll has been actively studied for several decades,
mainly as a compound initiating the photochemical
step of photosynthesis [1�7]. Its potential as a source
of environmentally clean tetrapyrrole dyes has not re-
ceived due attention. There are only reports on the use
of chlorophyll as a food dye and also as a household
dye for imparting color and other useful properties to
cleansing agents (toilet soap) and tooth-pastes [8].

Our goal was to search for suitable chlorophyll de-
rivatives and appropriate conditions for dyeing fibrous
materials of various origins.

It is known that industrially used synthetic organic
dyes are environmentally hazardous not only in pro-
duction, but also in the use of the dyed textiles. Ap-
parently, tetrapyrrole macrocyclic dyes based on syn-
thetic porphyrins and phthalocyanines are environmen-
tally much more friendly:

E = 2H, chlorophyll ligand;
E = M, metallochlorophyll

Porphyrin dyes based on tetra( p-chloromethylphe-
nyl)porphine [9], its ammonium, sulfonium [10], and
thiosulfo derivatives [11], and also on tetra( p-methyl-
pyridinio)octaphenyltetraazaporphine [12] were tested
and showed good results as active dyes for polyamide

E = 2H, chlorin e6;
E = M, metallochlorin e6

fibers and as cationic dyes for wool, polyamide, poly-
acrylic, and cellulose fibers. Unfortunately, the study
failed to go beyond the stage of lab tests. A partic-
ular place among tetrapyrrole compounds was occu-
pied by pigments and water-soluble dyes based on
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phthalocyanines. Their applications and physicochem-
ical properties are discussed [13�15]. The produc-
tion of phthalocyanine pigments and dyes is not en-
vironmentally friendly. However, ready pigments
based on metall-free phthalocyanine and its Cu(II),
Co(II), Ni(II), and Al(III) complexes are absolutely
resistant to alkalis, moderately concentrated acids,
and atmospheric oxygen. Therefore, phthalocyanines
are the most harmless in service among synthetic
dyes [13].

We performed experiments on dyeing of cotton
fabric and of wool and acetate fibers with metal deriv-
atives [Cu(II), Zn(II), Co(II), Ni(II) complexes] of
pheophorbid, chlorin e6, and its aminoethylamide di-
methyl ester (at carboxy groups in 6- and �-positions).
The pretreatment of the textiles and dyes and the fin-
ishing were performed as recommended in [16�23].

EXPERIMENTAL

Pheophorbid, chlorin e6, and 6-N-(2-aminoethyl-
amido)chlorin e6 dimethyl ester were prepared from
pheophytin recovered from the acetone extract of
nettle leaves. Pheophorbid (H2Pb) was prepared by
hydrolyis of the phytol residue of pheophytin with
concentrated HCl [6]. The electronic absorption spec-
trum of the compound are in agreement with published
data [4]. Chlorin e6 (H2Chln e6) was prepared from
pheophorbid by opening of ring E with a 30% solu-
tion of KOH in methanol [6]:

Metallopheophorbids: E = Cu(II), Zn(II), Co(II), Ni(II)

6-N-(2-aminoethylamido)chlorin e6 dimethyl ester
was prepared from pheophorbid dimethyl ester in
ethylenediamine solution. The electronic absorption
spectrum of the product is in agreement with pub-
lished data [4]. The compounds were tested in dyeing
wool and cotton and acetate fibers.

Before dyeing, wool was pretreated with Na2Cr2O7
as follows. A wool sample was placed in a solution
containing sodium bichromate (4 wt % relative to the
fiber) and 5% acetic acid (bath ratio 25). The solution
was gradually heated to boiling and boiled for 1 h.
Then the bath was cooled, and the wool was washed,
dried, and dyed. Since hydrophobic H2Pb and H2Chln
e6 are poorly soluble in neutral aqueous solutions,
dyeing was performed in 5% aqueous ammonia. With
6-N-(2-aminoethylamido)chlorin e6 dimethyl ester,
dyeing was performed in a weakly acidic solution
(pH 4). The dyeing solution contained 2.5 g l�1 H2Chln
e6 or its derivatives [CuChln e6, 6-N-(2-aminoethyl-
amido)chlorin e6 dimethyl ester, or its Cu complex].
In dyeing of wool with 6-N-(2-aminoethylamido)chlo-
rin e6 dimethyl ester, 10 g l�1 of MgSO4 was added
to improve fixation of the dye. The wool sample was
kept in the boiling dyeing bath for 30 min. The dyed
samples were washed with hot water (70�C), detergent
solution (5 g l�1), and cold water and then dried. Sam-
ples dyed with chlorin ligand had intense green-brown
color; those dyed with CuChln e6 were blue-green;
with H2Pb, light green-brown; and with 6-N-(2-amino-
ethylamido)chlorin e6 dimethyl ester, khaki.

In dyeing of wool with H2Chln e6 and 6-N-(2-ami-
noethylamido)chlorin e6 dimethyl ester, followed by
keeping for 1 min in aqueous Cu(CH3COO)2, the re-
sulting color was intense blue-green in the first case
and yellow-green in the second.

6-N-(2-Aminoethylamido)chlorin e6 dimethyl ester
was tested as a dye for acetate fiber at a bath ratio of
25. For this purpose, the fiber sample was treated for
30 min in a boiling bath containing 2.5 g l�1 of the
dye and 10 g l�1 of MgSO4. As a result, the fiber
acquired the khaki color. Subsequent treatment with
aqueous solutions of Cu(CH3COO)2 and Ni(CH3COO)2
imparted to the sample intense apple-green color, and
upon treatment with Co(CH3COO)2 and Zn(CH3COO)2
solutions this color was very weak.

Chlorin H2Chln e6 was also tested for dyeing of
cotton fabric and printing on it. Dyeing was performed
by impregnation with the dye solution, followed by
thermal fixation of the dye (bath ratio 25). For dyeing
of cotton, 2 g l�1 of H2Chln e6 was dissolved in water
containing 5 g l�1 of NaOH and 40 g l�1 of NaCl. The
sample was padded at room temperature for 1 min.
The dye was fixed by two methods. After squeezing,
the fabric was either placed for 10 min in an oven
heated to 150�C or treated for 10 min with steam in
a steaming unit at 103�105�C. The samples became
green-yellow. The degree of fixation of the dye on
the fabric was determined with a photocolorimeter.
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Longer (30 min) steam treatment impaired fixation
of the dye. Addition of urea (150 g l�1) to the dyeing
bath, followed by steam treatment of the fabric for
30 min, also resulted in worse fixation of the dye.
The effect of urea on the uptake and fixation of dyes
is ambiguous [24]. It is only obvious that the effect
of urea is specific and strongly depends on a particular
dye and its concentration in the dyeing bath.

Then, we performed a series of experiments on
dyeing a cotton fabric with CuChln e6 (2 g l�1) by
padding with addition of urea (150 g l�1). We found
that CuChln e6 is fixed on fabric worse than H2Chln
e6 does. To obtain more intense color, padding was
performed with H2Chln e6. After squeezing, the sam-
ple was treated with aqueous Cu(CH3COO)2, washed
with hot water, a detergent solution, and cold water,
and dried. The sample had an intense green color.
Steaming is not appropriate.

We also tested printing with chlorin e6. The print-
ing paste consisted of H2Chln e6 solution (2.5 g l�1)
in 1% aqueous NaOH, mixed with 12% starch thick-
ener. With carboxymethyl cellulose thickener used
instead of starch thickener, the fixation of the dye on
the fabric was better.

The use of chlorophyll proper (MgChl) as technical
dye involves several serious problems. First, chloro-
phyll and its metal analogs are readily soluble in
organic solvents, so that these dyes are easily removed
from fibers. Chlorophyll and its metal analogs are un-
stable to alkaline treatments (laundering): The cyclo-
pentenone ring is opened, and water-soluble metallo-
chlorins are formed. Furthermore, chlorophyll is in-
sufficiently stable in acidic solutions, dissociating
with the release of Mg2+ [26, 27]:

MgChl + 2H3O+(2H+
solv) � Mg2+ + H2Chl.

All these factors prevent straight use of chlorophyll
as a dye. However, these difficulties can be overcome
[5, 25�31] by modifying chlorophyll molecules. Chlo-
rophyll ligand (H2Chl) can be readily converted into
metal porphyrins difficultly soluble in organic sol-
vents, or into their ionic species. The cyclopentenone
ring in H2Chl and in its phytol-free analog, pheophor-
bid H2Pb, transforms in strongly alkaline solutions
into other, hydrophobic functional groups [6]. Chlo-
rins and porphyrins obtained from chlorophyll readily
form stable complexes with d metals. The coordinated
metals are not released under conditions of dyeing and
use of textiles; furthermore, they can form extra coor-
dination bonds [32] with functional groups of natural
and synthetic polymers, thus ensuring their stronger

binding with the fiber. Also, d metals incorporated
in metallochlorins e6, their functional derivatives,
and metalloporphyrins deactivate singlet oxygen 1O2,
an agent destroying dyes and fibers, and exert a photo-
stabilizing effect on macrocyclic dyes [32, 33].

Thus, our experiments on dyeing of cellulose, ace-
tate, and wool fibers with chlorophyll dyes gave en-
couraging results. Bright stable colors were obtained.
The tint depends on cation in metal-containing chlo-
rins. Furthermore, metals exert auxochromic and
photostabilizing effects on the chlorin chromophore;
they enhance the affinity of chlorin for the fiber [33].
The dyes exhibit a weak chemical affinity for cellu-
lose fibers. This is due to low chemical affinity of
the � system and functional groups (CO2R, COOH,
C=O, CH=CH2, Alk, CH2NH2) of the dyes to func-
tional groups of cellulose (�O�, �OH) and, possibly,
also to the low ability of bulky macrocyclic � sys-
tems (chlorins, porphyrins, phthalocyanines) to penet-
rate deep into cotton fiber. However, chemical mod-
ification of chlorins, porphyrins, and their metal
derivatives [6] may allow preparation of active dyes
suitable for high-quality dyeing to obtain green, red,
and pink colors.

CONCLUSIONS

(1) Chlorophyll derivatives pheophorbid (a), chlo-
rin e6, 6-N-(2-aminoethylamido)chlorin e6 dimethyl
ester, and their Cu(II) and Ni(II) complexes can be
considered representatives of a new class of chloro-
phyll dyes for dyeing of cellulose, wool, and acetate
fibers.

(2) In dyeing of wool, chlorin e6 has advantages
over pheophorbid (a); to obtain more intense color
of cotton fabric and articles from wool fiber, it is
appropriate to use chlorin e6 or 6-N-(2-aminoethyl-
amido)chlorin e6 dimethyl ester, with subsequent
treatment with aqueous solutions of Cu(II) or Ni(II)
salts.
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Abstract�Binding of Cu(II), Co(II) and Ni(II) cations to humic acids and their sodium salts was studied
in aqueous media at pH 3�6 by spectrophotometry and potentiometric titration technique.

Humic acids are the main organic component of
soils. They are polyfunctional substances containing
carboxy, hydroxy and amino groups. Among these
functional groups, the carboxy groups prevail. These
functional groups are responsible for binding of met-
al cations and, in particular, heavy metal cations. The
influence of the medium on the complexing of humic
acids with heavy metals is an environmentally im-
portant problem. It has been found that binding of
double-charged metals to humic acids depends on par-
ticular metal [1]. For example, the amount of lead and
cadmium bound to humic acids varies in direct pro-
portion to the metal concentration in solution, whereas
the binding of zinc passes through a maximum. Ac-
cording to [2�4], the carboxy and amino groups of
humic acids form chelates with heavy metal cations.
The amount of copper(II) bound to humic acids grows
with increasing initial copper(II) concentration and
pH [5].

In this study, we examined the binding of cop-
per(II), cobalt(II), and nickel(II) to humic acids and
their sodium salts.

EXPERIMENTAL

In our experiments, we used CuSO4, CoCl2, and
NiSO4 of chemically pure grade and humic acids pro-
duced by the Olaine Plant of Chemicals [TU (Tech-
nical Specification) 10P 316�69]. The solubility of
humic acids grows with pH increasing from 3 to
8. At pH lower than 3, the solubility of humic acids
slightly increases owing to protonation of the amino
groups. The titration curve of humic acids with aque-
ous alkali shows that humic acids contain free carboxy
groups (titrated approximately at pH 7) and carboxy
groups bound to amino groups (titrated at pH 11).

In the curve of back titration of aqueous humic acid
ammonium salt, there is a bending point at pH 7.
The calculated concentration of free and bound car-
boxy groups in humic acids is 1.9 and 1.7 mmol g�1,
respectively.

Our experiments on interaction of humic acids with
transition metal cations were carried out as follows.
An aqueous suspension of humic acids or an aqueous
solution of their sodium salt was mixed with aqueous
metal salt being studied and kept for a day with stir-
ring. The resulting suspension was centrifuged for
20 min at 8000 rpm and then the solution of a metal
salt with humic acids was separated from the insoluble
precipitate. At pH < 5, the concentration of humic
acids in the solution after centrifugation was within
the limits of the experimental error. After separation
of the solid precipitate of the transition metal humates,
the concentration of copper(II) and cobalt (II) in the
aqueous phase was determined from the absorption of
their ammonia complexes at 540 and 490 nm, respec-
tively. The concentration of metal bound to humic
acids was determined as the difference between its
initial and final concentrations in the liquid phase.

In aqueous suspension, humic acids behave as ion
exchangers. Therefore, on adding NaCl or CaCl2 to
an aqueous dispersion of humic acids, the pH of the
dispersion decreases, and the pH remains unchanged
after separation of the suspension by centrifuging.
This fact shows that the metal cations are strongly
bound to humic acid species by replacing hydrogen
ions. Titration of a humic acid suspension with NaCl
and CaCl2 solutions shows (Fig. 1) that, at the bend-
ing point, the maximum extent of binding of metals to
humic acids is attained at the ratio of the metal chlo-
ride to humic acids of 7.9 and 25 mmol g�1 for NaCl
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and CaCl2, respectively. The amount of metal bound
to humic acids was calculated from the difference of
the pH values of the initial humic acid (HA) suspen-
sion and that at the bending point. These values are
1.0 and 1.2 mmol g�1 HA for sodium and calcium
cations, respectively. We believe that, at suspension
pH of approximately 3, mixed calcium humate-chlo-
ride salts are formed. Since the total content of car-
boxy groups in the humic acids, determined by titra-
tion with NaOH, is 3.6 mol g�1, our results show that
only some portion of the carboxy groups of humic
acids interact with sodium and calcium cations.

The titration curve of aqueous CuSO4 with a humic
acid suspension (pH 2.8) shows (Fig. 2, curve 2)
that the minimum pH is approximately equal to pH of
the initial humic acid suspension. A bend occurs in
the titration curve at �[(CuSO4)/mHA] = 1.6 mmol g�1,
which exceeds that in titration of aqueous NaCl and
CaCl2. Comparison of the titration curves of CuSO4
with humic acid and sodium humate (Fig. 2, curves
2 and 3) shows that the position of the bending point
is independent of the initial pH of these titrating so-
lu tions, although the minimum pH in the titration
curves grows with increasing initial pH of titrants.
When titrating aqueous sodium humate (pH 7.9) with
aqueous CuSO4, the minimum pH in the titration
curve is close to the pH value corresponding to CuSO4
hydrolysis (3.8�4.6). Although the titration curves
(Fig. 2, curves 2 and 3) differ in the minimal pH val-
ues, the corresponding �[(CuSO4)/mHA] ratios are
equal. Under the conditions corresponding to the bend-
ing point, insoluble copper humates precipitate.

We found that the amount of copper bound to hu-
mic acids in the precipitate grows virtually in direct
proportion to the CuSO4 concentration in the solution
(Fig. 3). This fact shows that the distribution of Cu(II)
cations between the aqueous phase and the solid phase
of humic acid suspension [formation of copper(II)
humate] is an equilibrium process. With pH increasing
from 4.0 to 4.6, the slopes of these straight lines be-
come steeper (Fig. 3, curves 1 and 2), i.e., this equi-
librium is shifted toward copper(II) humate forma-
tion. At pH of about 7 and low copper(II) concentra-
tion, water-soluble copper(II) humates are formed.
With the copper(II) concentration increasing at pH of
about 7, a mixture of copper(II) humate and Cu(II)
hydroxide precipitates. This precipitate contains up to
40 mmol Cu(II) g�1 HA, which considerably exceeds
the concentration of carboxy groups in the humic acid
suspension (3.6 mmol g�1 HA). This fact shows that,
under these conditions, poorly soluble basic copper(II)
humates are formed.

Fig. 1. Curves of potentiometric titration of humic acids
with (1, 2, and 5) CaCl2 and (3, 4) NaCl aqueous solu-
tions �(M2+)/mHA. Metal chloride concentration 10 wt %.
Humic acid concentration in suspension (wt %): (1) 10,
(2, 3) 5, and (4, 5) 2.

Fig. 2. Curves of potentiometric titration of (1) aqueous
sodium humates (pH 7.8) with aqueous CuSO4, (2) aque-
ous CuSO4 with humic acid suspension (10 wt %, pH 2.8),
and (3) aqueous CuSO4 with sodium humate solution
(pH 7.6). �(CuSO4)/mHA is the ratio of CuSO4 to humic
acids. CuSO4 concentration (wt %): (1) 7.9, (2) 1.9, and
(3) 3.95. Sodium humate concentration (wt %): (1) 1.2
and (3) 5.

Fig. 3. Plot of the concentration c of (1, 2) copper(II)
and (3) cobalt(II) bound to humic acids in suspension vs.
the concentration of these metals, cCu(II), cCo(II), in
the solution. Initial concentration of humic acids, g l�1:
(1, 3) 2.5 and (2) 1.25. pH: (1) 4.0 and (2, 3) 4.6.
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Fig. 4. Curves of potentiometric titration of solution of
(1) CuSO4, (2, 3) CoCl2, and (4) NiSO4 with aqueous
sodium humate with the initial pH 7.6. Concentration of
titrated salt (wt %): (1) CuSO4 0.395, (2) CoCl2 2.0, and
(3) NiSO4 0.25. Sodium humate concentration (wt %):
(1) 5 and (2�4) 10.

The curves of potentiometric titration of cobalt(II),
nickel(II), and copper(II) with aqueous sodium humate
(initial pH 7.6) have a similar shape (Fig. 4). These
curves show that, on adding first small portions of
sodium humate, pH decreases. We believe that this
acidification is caused by displacement of protons of
both the free carboxy groups and protonated amino
groups of humic acids by the metal cations. On fur-
ther addition of sodium humate, pH first remains ap-
proximately constant and then sharply increases. The
minimum pH in these curves increases in the order
copper(II) < cobalt(II) < and nickel(II), i.e., in the
same order in which grows the pH of conversion of
these cations into their hydroxides. At the same time,
the bending points in these titration curves occur at
approximately equal �(M2+)/mHA ratios: copper(II)
1.6, cobalt(II) 2.0, and Ni(II) 1.4. We believe that
the flat lower portion of the potentiometric titration
curves is due to formation of basic metal humates. We
found that, like copper(II), the amount of cobalt(II)
bound to humic acids at pH 4.6 increases in direct
proportion to the equilibrium cobalt(II) concentration
in the liquid phase (Fig. 3, curve 3). The slope of this

plot (1.67) is smaller than that for copper(II) (2.42).
We believe that this difference is due to the fact that
basic Co(II) humates are less stable than basic cop-
per(II) humate at pH 4.6. This difference is also in
line with our assumption of formation of basic metal
humates and is consistent with the known fact that
copper(II) hydroxide, as compared to cobalt(II) hy-
droxide, is formed at lower pH.

CONCLUSIONS

(1) Humic acids and sodium humates are bound
with double-charged transition metal cations in aque-
ous solutions within the pH range 3�5. The amount
of transition metal bound to humic acids grows with
the pH increasing from 4.0 to 4.6.

(2) The bending point in the curve of potentio-
metric titration of double-charged transition metal
cations with humic acids and sodium humates oc-
curs at �[(M2+)/mHA] ratios equal to 1.6, 2.0, and
1.4 mmol g�1 for copper(II), cobalt(II), and nickel(II),
respectively; its position only slightly depends on the
initial pH of the titrants.
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Abstract�Kinetics of formation of thermolysis products in heating of thin films of poly-N-vinylpyrrolidone
and of poly-N-vinylpyrrolidone with covalently bound fullerene C60 was studied by thermal desorption mass
spectrometry.

Since fullerene C60 (C60) exhibits biological activ-
ity, synthesis of its water-soluble forms and, in par-
ticular, polymer�C60 systems, is a topical task [1�4].
These are two types of fullerene-containing polymers
in which C60 is bound to water-soluble macromolec-
ules by covalent or noncovalent bonds. Poly-N-vinyl-
pyrrolidone (PVP) is a nonionic water-soluble amphi-
philic polymer that can form complexes with molec-
ules of diverse structures and polarities [5]. Poly-N-
vinylpyrrolidone is produced commercially and is
widely used in medicine [6]. Fullerene C60 supported
by this polymer can be used in biological studies [7].
Some features of the interaction between C60 and PVP
are known. A radical ion donor�acceptor complex in
the PVP�C60 system has been detected by ESR spec-
troscopy [8]. The formation of donor�acceptor bonds
between C60 and the carbonyl groups of PVP has been
confirmed by 13C NMR studies [9].

The structure and properties of solutions of PVP�
C60 systems are determined by the type of the PVP�
C60 interaction and the nature of a solvent. As deter-
mined by the method of Rayleigh scattering, solutions
of PVP�C60 complexes contain domains whose size
is determined by the balance of the attractive forces
between C60 molecules and repulsive force between
the macromolecules [10]. It should be noted that the
degree of heterogeneity of composite and nanocom-
posite polymer systems is an important parameter af-
fecting their properties. However, there are only a few
methods for measuring this parameter. At the same
time, this parameter is required to correlate the struc-
ture and the properties of these systems and to devel-
op techniques for their synthesis.

The high sensitivity of mass spectrometry and ther-
mal desorption mass spectrometry (TDMS) to a mol-
ecule flow in the gas phase allows determination of
the weight loss by the polymer�C60 system in the
course of C60 desorption. The sensitivity of other
common methods of thermal analysis (e.g., thermo-
gravimetry) is substantially lower, and these methods
are unsuitable for this purpose. The type of poly-
mer�fullerene bonding and the structural state of C60
(X-ray-amorphous or crystalline) were determined by
TDMS from the curves of thermal desorption of C60
and the thermolysis products of the polymeric matrix
[11�15]. In this study we examined thermal desorp-
tion of fullerene C60 from PVP�C60 systems prepared
by different procedures and analyzed the thermolysis
products of PVP.

EXPERIMENTAL

Samples of PVP and PVP containing C60 bound by
covalent bonds (PVP�cov-C60) were prepared by rad-
ical polymerization in toluene, using asobis(isobutyro-
nitrile) (AIBN) of pure grade [TU (Technical Specif-
ication) 6-09-3840�74]. Trace amount of water were
removed from AIBN in a vacuum [16]. N-Vinylpyr-
rolidone (N-VP) was dried over KOH and distilled
under reduced pressure. The middle fraction was de-
gassed. A fullerene powder with 98% C60 was kept in
a vacuum at 100�C. The toluene solutions of C60 were
prepared by the procedure described in our previous
study [17]. Copolymerization of N-VP and C60 was
performed in toluene at 60�C in the presence of AIBN
as an initiator.
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Properties of PVP and its complex with C60
*

����������������������������������������

Properties
� Sample
�������������������������
� PVP � PVP�cov-C60

����������������������������������������
C60 content, wt % � � � 1.6
MWpeak (MEC) � >90 � 103 � 6 � 103

MWLS in water � � � 10 � 103

MWD � 4.9 � 2.2
MWSD � � � 103

����������������������������������������
* MWpeak is the number-average molecular weight corre-

sponding to the maximum content of macromolecules in
the molecular-weight distribution (MWD) determined by
exclusion chromatography; MWLS is the weight-average
molecular weight determined from light scattering; and
MWSD is the number-average molecular weight determined
by the sedimentation procedure.

Fullerene C60 traps free radicals and inhibits co-
polymerization. This leads to termination of in the
early stages in the case of simultaneous component
mixing. The monomer conversion is about 20%. To
increase the copolymer yield, AIBN was introduced in
two steps. Half of the whole amount of AIBN was
added at room temperature and the reaction mixture
was stirred for 1 h. Then a toluene solution of C60 was
added, and the reaction mixture was heated at 60�C
for 100 h. After that, the remaining portion of AIBN
was added, and the copolymerization was continued
for the same time. Then PVP�cov-C60 was isolated.

The copolymer, formed in 70�90% yield was repre-
cipitated from diethyl ether, dissolved in distilled wa-
ter, and lyophilically dried. Polyvinylpyrrolidone pre-
pared by copolymerization in toluene in the presence
of AIBN and commercial fractionated PVP with mo-
lecular weight (MW) of about (10�12) � 103 were
used as references. The PVP fraction with MW = 12 �
103 was additionally dried in a vacuum (residual pres-

Fig. 1. HPLC pattern of PVP�cov-C60 solution in chlo-
roform measured with (1) refractometric detection and
(2) photometric detection (� = 260 nm, 0.5 � 400-mm
Ultrastyrogel 1000 column, chloroform as an eluent, elution
rate 3 �l min�1). ( I ) Intensity and (VR) retention volume.

sure 10�6 mm Hg) at 140�C for 10�15 h. The molec-
ular weights of PVP and PVP�cov-C60 copolymer
were determined by microcolumn exclusion chroma-
tography (MEC) and by the method of Rayleigh scat-
tering (see table).

The glass transition point of PVP T � 180�C [18].

Complexes of PVP with C60, in which PVP is
bound to C60 by noncovalent bonds (PVP�C60) were
prepared from a benzene solution of these components
[19]. The fullerene content in the complex thus ob-
tained may be higher than 1%. In this study, we used
the complex containing about 1.7% C60.

Samples of PVP, PVP�cov-C60, and PVP�C60 were
studied by TDMS. Thin films with a definite thick-
ness were prepared as follows. An aliquot of a dilute
solution of PVP�cov-C60 or PVP�C60 in distilled
water or toluene was applied to an oxidized tantalum
support-heater equipped with a thermocouple. To min-
imize the contact of the polymer with water, dried
PVP was applied by hatching a support with a sample.
The coated support was dried for 5 min at room tem-
perature under a reduced pressure (�700 mm Hg) in
a VT6060T vacuum oven (Kendro Laboratory Prod-
ucts) and then placed in a vacuum chamber of MKh-
1320 magnetic mass spectrometer (energy of ionizing
electrons 75 eV). Thermal desorption experiments
were performed in a vacuum with residual pressure
of �10�7 mm Hg.

The composition of PVP complexes with C60 was
examined in our previous study by thin-layer chroma-
tography (THC) using toluene as an eluent [16]. The
presence of free fullerene was detected only in pure
C60 and PVP�C60. The absence of free C60 in PVP�
cov-C60 was confirmed by UV spectra of solutions of
C60 and PVP�cov-C60 in chloroform [16]. Naturally,
PVP�cov-C60 contains large amounts of C60 bound
to the initiator radicals formed after the second addi-
tion of AIBN.

It should be noted that, in these systems, C60 is
bound to radicals of the initiator and polymer by co-
valent bonds; their number may range from 1 to 3�4
[16]. We suggest that products are formed with both
polymer and initiator radicals, initiator radicals only,
and polymer radicals only. A study of PVP�cov-C60
solution by two-detector exclusion chromatography
confirmed its nonuniformity (Fig. 1). As seen from
the chromatogram, the C60 content in the low-molec-
ular-weight fractions is high. Apparently, PVP with
higher molecular weight is formed after the second ad-
dition of the initiator, since the contribution of chain
termination reaction decreases owing to the lowering
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of the activity of C60 that reacted in the first polymer-
ization step. Thus, our chromatographic study demon-
strated that the polymerization product is not uniform
and contains PVP homopolymer, a series of fullerene-
containing PVPs with different numbers of macro-
molecules with different molecular weights, and struc-
tures containing radicals of both the polymer and ini-
tiator or only initiator radicals.

The mass spectrum of volatile thermolysis products
(VTP) contains signals of vinylpyrrolidone VP (m /z =
56100%, 11150%, 2847%, 2725%, 4118%), pyrrolidone Pr
(m /z = 85100%, 4242%, 4136%, 2832%, 3029%, 5616%)
and trace amounts of water (m /z = 18100%). The main
lines of these compounds and their relative intensities
(lower index) are in parentheses. The ratios of VP and
Pr formed in thermolysis of PVP and PVP�cov-C60
differ in a wide temperature range. A typical mass
spectrum of VTP of these samples is shown in Figs. 2a
and 2b, respectively. The intensity of the Pr lines in
the spectrum of VTP of PVP is the highest, which
indicates that elimination of side pyrrolidone groups
prevails. On the contrary, PVP�cov-C60 is mainly ther-
molyzed by depolymerization to form VP monomer.

To gain deeper insight into thermolysis of these
samples, we recorded the temperature dependences
of the rate of formation of the VP monomer dNVP/d�,
pyrrolidone ring dNPr /d�, and C60 molecules dNC60

/d�
(Ni is the current amount of product liberated from
the sample; � is the time). The kinetics of formation
of the thermolysis products was monitored by the line
of their molecular ions M+ 111, 85, and 720, respec-
tively. The samples were heated at a rate of about
7 deg s�1.

The temperature dependences of the rate of libera-
tion of VP dNVP/d� from predried PVP and PVP�
cov-C60 are shown in Fig. 3. It should be noted that,
since different radicals are grafted to PVP�cov-C60,
only a shift of Tmax of thermal desorption steps, but
not their contribution, can be interpreted. In the case
of PVP�cov-C60, the low-temperature peak at Tmax �
290�C is observed along with a high-temperature peak
at Tmax � 480�C.

The low-temperature peak is due to rupture of the
PVP�C60 covalent bond in PVP�cov-C60. This bond
is located at the �-position with respect to the double
bond of C60 and is weak. A similar low-temperature
peak has been observed in thermolysis of polystyrene
with grafted C60 groups [13]. The activation energy
of rupture of this bond, calculated from the tempera-
ture dependence of the rate of monomer desorption in
the low-temperature step (Tmax � 290�C), is about
80 kJ mol�1. The total activation energy of VP for-

Fig. 2. Fragment of mass-spectrum obtained after thermal
treatment of (a) PVP and (b) PVP�cov-C60 at �320�C.
(h) Relative peak intensity and (m /z) molecular weight
to charge ratio.

Fig. 3. Rate of formation of (a) VP dNVP/d	 and (b) Pr
dNPr /d	 vs. the temperature T of thermal treatment of
predried films of (1) PVP and (2) PVP�cov-C60.

mation in thermolysis of dry PVP is �170 kJ mol�1.
It is difficult to calculate the activation energy of PV
formation in the high-temperature step of PVP�cov-
C60 thermolysis, since this step overlaps with the low-
temperature step.

The temperature dependence of the rate of Pr for-
mation, dNPr /d�, in the course of thermolysis of PVP�
cov-C60 films and predried PVP are shown in Fig. 3.
As can be seen from Fig. 3, Pr is formed in a wider
temperature range (100�700�C) than VP. It should
be noted that, at low temperatures, liberation of Pr
from PVP predried in a vacuum and applied by the
dry procedure is less intense. Poly-N-vinylpyrrolidone
contains trace amounts of N-VP and 2-pyrrolidone,
which are mainly removed by prolonged heating in
a vacuum [20]. It is natural to assume that pyrrolidone
is released from dry PVP owing to the presence of
strongly bound water in the polymer [18]. We suggest
that liberated VP undergoes acidic hydrolysis, since
the pH of the aqueous PVP solution is �5.5. The hy-
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Fig. 4. Rate of C60 desorption, dNC60
/d	, vs. the tempera-

ture T of thermal treatment of (1) 20-nm films of pure C60,
applied from a toluene solution to the metal surface, PVP�
cov-C60 films applied from (2) aqueous and (3) toluene
solutions, and (4) PVP�C60 film.

drolysis continues until water is present in the system.
Water molecules form strong hydrogen bonds with
the oxygen atoms of the carbonyl groups and are, ap-
parently, retained in the polymer up to its complete
degradation.

The temperature dependences of the rate of C60 de-
sorption, dNC60

/d�, from films applied from an aque-
ous solution of PVP�C60, PVP�cov-C60 films applied
from aqueous and toluene solutions, and 200-� films
of C60 applied from saturated toluene solution of C60
to the metal support are shown in Fig. 4. The film
of pure C60 was studied for comparison, since thermal
desorption of C60 is not complicated in this case by
C60 diffusion in the polymeric matrix. The thermo-
gram of thermal desorption of C60 from PVP�cov-
C60 contains a dome-shaped peak at 380�500�C and
a sharp peak at 500�530�C. Low-temperature desorp-
tion of C60 is accompanied by degradation of the mac-
romolecules to form VP and Pr (Figs. 3 and 4). In ad-
dition, a comparative kinetic study of C60 desorption
from a film of pure C60 on a metallic support and from
PVP�cov-C60 film demonstrated that C60 molecules
are formly retained by the PVP matrix until they dif-
fuse to the polymer�vacuum interface. The total ac-
tivation energy of low-temperature (380�500�C) de-
sorption of C60 (�110 kJ mol�1) is close to that for
other polymer�C60 complexes bound by covalent bonds
[21]. If the low-temperature desorption of C60 is
caused by rupture of the covalent bonds, the lower ac-
tivation energy of C60 desorption as compared to that
of PVP degradation should be due to the fact that
the PVP�C60 covalent bond is weaker than the C�C
bonds in a PVP macromolecule. The high-tempera-
ture peak (500�530�C) of C60 desorption is absent in
the thermogram of PVP�cov-C60 films applied from

a toluene solution. In this case, C60 desorption starts
at temperatures lower than those of the onset of PVP
depolymerization (Fig. 3a). These data confirm that
the mechanisms of high- and low-temperature desorp-
tion of C60 differ.

The difference in the mechanisms of high- and low-
temperature desorption may be due to formation of
donor�acceptor bonds of the fullerene both with
the macromolecule grafted to it and with free PVP
present in the sample. In addition, as we shown pre-
viously [19], donor�acceptor bonds and radical ions
[8] are formed after exhaustive removal of the solvent
(toluene) from the PVP�C60 system. Occurrence of
these processes in the course of PVP�cov-C60 ther-
molysis cannot be ruled out a priori.

In concentrated aqueous solutions of PVP�C60
complexes, aggregation to form fractal structures was
revealed by small-angle neutron scattering [22, 23].
At relatively high fullerene content in the complex
(more than 1%), phase separation occurs and micellar
structures composed of fullerene agglomerates with
a polymer shell are formed. At the same time, in tolu-
ene, which is bad solvent for PVP, its macromolecules
are contracted, which prevents contact between the
components. Hence, the probability of formation of
PVP�C60 donor�acceptor bonds in toluene is very
low, and the thermal desorption of C60 from a PVP�
C60 film applied from toluene solutions should be
similar to that from other polymers, e.g., poly(meth-
ylmethacrylate).

In this stage of the study, we suggest that the dif-
ference between the thermal desorption of C60 from
PVP�cov-C60 films prepared from toluene and aque-
ous solutions is due both to different strengths of in-
teraction of these components and different degrees of
fullerene aggregation. The high-temperature peak at
500�530�C can be assigned to desorption of C60 mol-
ecules bound by donor-acceptor bonds or forming rad-
ical ions with appreciable charge transfer from the
carbonyl oxygen of PVP to C60 (negative charge on
C60 prevents its desorption from the polymer). The
content of these C60 molecules, roughly estimated by
integration of the desorption rate in the high-temper-
ature step, is about 10% of the total fullerene amount
in the sample.

The fact that the temperature dependence of C60
formation in the course of thermolysis of PVP�C60
film (Fig. 4, curve 4) shows only the high-temperature
peak (Tmax is slightly lower than that for PVP�cov-
C60) and does not contain the dome-shaped peak at
380�500�C, which is present in the thermogram of
PVP�cov-C60, confirms our assumption that the high-



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 12 2003

THERMAL DESORPTION OF COVALENTLY BOUND FULLERENE C60 1969

temperature step is caused by rupture of donor�ac-
ceptor bonds between C60 and the polymer. The ful-
lerene content in the complex is about 1.7%, i.e., is
higher than the critical concentration (1%) at which,
in accordance with the data of small-angle neutron
scattering [22, 23], dense micellar structures can be
formed. It should be noted that, at the temperatures of
desorption of the fullerene from PVP�C60 film applied
from an aqueous solution [22, 23], the PVP�C60 co-

valent bonds are ruptured and the degree of hetero-
geneity of the film is determined by the C60 content
in the system.

Although chemical transformations in solutions
that contain PVP and C60 and in films applied from
these solutions are complex, we suggest the following
simplified scheme describing the heterogeneous struc-
ture of PVP�cov-C60 and PVP�C60 films, as well as
the temperature transformations of this structure.

����������

����������

Fullerene desorption from PVP�C60 agglomerates
is difficult, since they are encapsulated in the PVP
matrix, which is preserved up to complete thermolysis
of the polymer. As a result, the high-temperature peak
of C60 desorption appears at 500�530�C (Fig. 4).
The low-temperature peak (380�500�C) in the ther-
mogram of PVP�cov-C60 is caused both by rupture of
C60�PVP covalent bonds and desorption of separate
nonbonded C60 molecules or C60 molecules present in
loose agglomerates. If the initial system becomes het-
erogeneous after formation from solution on the sup-
port, complex competitive processes determined by
the reactivity and interdiffusion of the components
will occur on further heating. The diffusion can be ac-
celerated at temperatures higher than the glass transi-
tion point Tg. The TDMS data discussed above sug-
gest heterogeneous structure of the examined films is
caused by agglomeration in the initial solutions is re-
tained up to the temperature of PVP thermal degrada-
tion, Tdegr. The heterogeneous structure of these sys-
tems will be studied in more detail in our further
works.

CONCLUSIONS

(1) Curves of thermal desorption of fullerene C60
from poly-N-vinylpyrrolidone bound to C60 by co-
valent bonds were recorded, as well as the curves of
formation of thermolysis products of poly-N-vinyl-
pyrrolidone films applied from different solvents.

(2) In the sample applied from an aqueous solu-
tion, fullerene is firmly retained in the poly-N-vi-

nylpyrrolidone matrix up to the decomposition tem-
perature of poly-N-vinylpyrrolidone. This interaction
is independent of the bonding type in the initial poly-
N-vinylpyrrolidone�C60 system.

(3) The unusual high-temperature peak of C60 de-
sorption is due to rupture of the donor-acceptor bonds
between the fullerene and the carbonyl oxygen of
the pyrrolidone ring in the poly-N-vinylpyrrolidone
matrix.

(4) The mechanism of thermolysis of the systems
examined and the mechanism of thermal desorption of
C60 from them is determined both by the type of poly-
N-vinylpyrrolidone-C60 bonds and the solvent used for
film preparation. The degree of aggregation of C60 and
its derivatives increases when water is used as the sol-
vent.
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Abstract�Radical copolymerization of 1-vinyl-1,2,4-triazole with 2-hydroxyethyl methacrylate in dimethyl-
formamide and ethanol, initiated with azobis(isobutyronitrile), was studied. The copolymerization constants
of this pair of monomers at low conversions and the microstructure parameters were determined. New highly
hydrophilic thinly cross-linked copolymers were prepared from these monomers in the presence of cross-
linking agents.

The interest in polymerization and copolymeriza-
tion of vinylazoles [1�3] and, in particular, 1-vinyl-
1,2,4-triazole (VT) steadily grows. The VT homopoly-
mer, thanks to its unique properties (nontoxicity, high
hydrophilicity, chemical stability, complexing power,
heat resistance) shows promise for food industry,
engineering, and medicine [4, 5]. In turn, polymeriza-
tion of 2-hydroxyethyl methacrylatye (HEOMA) and
its copolymerization with other vinyl comonomers
have been fairly well studied. These (co)polymers are
widely used for biological purposes and for fabrica-
tion of various medical items [6�8].

No data are available on copolymerization of VT
with HOEMA, although the possibility of combining
the valuable properties of both monomers is very
attractive. Synthesis of new copolymers derived from
VT and HOEMA would extend the assortment of non-
toxic hydrophilic polymeric materials and open up
new prospects for using them in medicine.

In this study, we examined the relative reactivities
of VT and HOEMA in their binary radical copolymer-
ization in DMF and ethanol, and also some properties
of the resulting copolymers.

EXPERIMENTAL

1-Vinyl-1,2,4-triazole was prepared as described
previously [9], by the reaction of 1,2,4-triazole with
acetylene under pressure in the system KOH�dioxane.
The product was distilled in a vacuum; bp 48�C at

3 mm Hg, nD
20 1.5100. HOEMA was purified as de-

scribed in [10] and distilled in a vacuum; bp 80�C
at 3 mm Hg, nD

20 1.4538.

Copolymerization was performed in ethanol and
DMF in the presence of azobis(isobutyronitrile)
(AIBN) as initiator at 60�C for 5 h. The monomer
concentrations were 1 M, and the initiator concentra-
tion, 1 � 10�2 M. The molar ratio of the comonomers
was varied from 2 : 8 to 9 : 1. The copolymers were
isolated, reprecipitated into acetone from DMF solu-
tion, filtered off, and vacuum-dried to constant weight.
The composition of copolymers was determined by
elemental analysis from the nitrogen content. The IR
spectra were recorded on a Specord UR-75 spectrom-
eter in the range 400�4000 cm�1; copolymer samples
were prepared as KBr pellets. The intrinsic viscosity
of copolymers in DMF was measured with an Ubbe-
lohde viscometer at 20�C by the dilution method.
A turbidimetric titration was performed on a KFK-2
device. The copolymerization constants were calcu-
lated by the Fineman�Ross and Kelen�Tudos methods
[11] using the program from [12]. The microstructure
parameters of the copolymers were calculated from
the copolymerization constants [13]. A thermogravi-
metric analysis of samples was performed with an
MOM derivatograph (Hungary) in air at a heating rate
of 5 deg min�1; the maximum temperature was 700�C.

Copolymerization of VT with HOEMA in DMF
and alcohol yielded white powdered products soluble
in dipolar organic solvents. The formation of true
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Table 1. Copolymerization of VT with HOEMA in
DMF and ethanol (60�C; 5 h; [VT] + [HOEMA] = 1,
[AIBN] = 10�2 M)
����������������������������������������

Composition, mole fraction � � �
����������������������� � �

starting � copolymer �Yield,� [�], �
Tdec, �Cmixture � � % � dl g�1 �

����������������������� � �
VT �HOEMA� VT �HOEMA� � �
����������������������������������������

Dimethylformamide

0.2 � 0.8 � 0.09 � 0.91 � 84 � 0.15 �140�145
0.5 � 0.5 � 0.24 � 0.76 � 76 � 0.69 �250�263
0.8 � 0.2 � 0.46 � 0.54 � 43 � 1.17 � >300
0.9 � 0.1 � 0.59 � 0.41 � 37 � 1.35 � >300

Ethanol

0.2 � 0.8 � 0.05 � 0.95 � 79 � 0.08 �190�195
0.5 � 0.5 � 0.17 � 0.79 � 61 � 0.19 �218�220
0.8 � 0.2 � 0.37 � 0.60 � 52 � 0.53 � >300
0.9 � 0.1 � 0.57 � 0.43 � 50 � 1.09 � >300
����������������������������������������

copolymers follows from the monotonic run of the
turbidimetric titration curve, which has no plateaus
characteristics of mechanical blends of homopolymers.

The analytical and IR data prove that the polymeric
chain is formed by opening of the double bonds in
vinyl groups of both comonomers. New copolymers
containing triazole and hydroxyethyl methacrylate
units were obtained:

�(�CH2�CH�CH2�C�)n�
�

��
�

�
N

N
N

��
��

CH3

C�O��
O��

(CH2)2OH

The IR spectra of the synthesized copolymers, con-
tain no absorption bands at 960 and 1650 cm�1, which
are characteristic of vinyl groups, are absent. The
bands characteristic of the N�H stretching vibrations
in triazole at 3300�3400 cm�1 are absent, too. At

the same time, all the absorption bands of the triazole
ring (bending at 670, 1010, 1130, and 1280 cm�1;
stretching at 1120, 1430, and 1510 cm�1), as well as
the C=O stretching bands in HOEMA (1720 cm�1) are
preserved.

Table 1 shows that, as the VT content in the start-
ing monomer mixture is increased, the yield decreases,
but the intrinsic viscosity and decomposition point
grow, with the latter becoming higher than 300�C.

Analysis of the copolymers shows that, irrespective
of the molar ratio of the comonomers, the copolymers
are enriched in the HOEMA units, which is consistent
with the copolymerization constants (Table 2).

The calculated copolymerization constants of the
comonomers show that VT is less active than HOE-
MA. The decreased reactivity of VT in copolymeriza-
tion with some unsaturated compounds has been noted
previously [1, 14] and was accounted for by polariza-
tion of the vinyl group under the influence of the tri-
azolyl substituent.

The higher reactivity of HOEMA [like methyl
methacrylate (MMA) and fluorinated methacrylates],
compared to VT, may be due to relative stability
of the hydroxyethyl methacrylate radical in which
the radical center is conjugated with both carboxy
and methyl groups. The activity factors are known to
grow in going from MMA to higher alkyl acrylates
and methacrylates [15]. The quantities 1/r1 (Table 2),
which characterize the activity of HOEMA to the mac-
roradical with the VT terminal unit confirm that
the neutral HOEMA molecules react at a higher rate
with the VT radical than with the HOEMA radical.
The product of activity constants r1r2, equal to 0.22
in DMF and 0.16 in ethanol, shows a tendency toward
alternation of VT and HOEMA units in the copoly-
mers. Calculation of the intramolecular distribution
of units in the macrochain (see figure) shows that the
chains mainly consist of blocks of the more active
comonomer, HOEMA, separated by single VT units.
As the VT content in the starting monomeric mixture

Table 2. Copolymerization constants of VT (M1) with HOEMA (M2)
������������������������������������������������������������������������������������

M2 � Solvent � r1 � r2 � r1r2 � 1/r1 � 1/r2
������������������������������������������������������������������������������������
HOEMA � DMF � 0.09 � 2.40 � 0.22 � 11.11 � 0.42

� Ethanol � 0.06 � 2.66 � 0.16 � 16.67 � 0.38
MMA* � DMF � 0.62 � 1.48 � 0.92 � 1.61 � 0.68
4-FAMA** � DMF � 0.23 � 1.77 � 0.41 � 4.35 � 0.56
8-FAMA** � DMF � 0.25 � 2.42 � 0.61 � 4.00 � 0.41
������������������������������������������������������������������������������������

* MMA is methyl methacrylate; Q1 = 0.35, e1 = 0.08; data of [14].
** 4-FAMA is 2,2,3,3-tetrafluoropropyl methacrylate, and 8-FAMA, 2,2,3,3,4,4,5,5-octafluoropropyl methacrylate [1].
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Mean lengths of blocks of similar units L and block struc-
ture parameter R vs. the VT mole fraction in the starting
monomer mixture. Copolymerization in (1) DMF and
(2) ethanol.

is increased, the length of its blocks grows, and, at
the VT mole fraction of 0.75�0.85, the copolymer
microstructure becomes close to the alternating struc-
ture, which corresponds to the maximum value of
the block structure parameter R.

New thinly cross-linked copolymers were prepared
by copolymerization of VT with HOEMA in the pres-
ence of AIBN and cross-linking agents (0.25 mol %),
divinylbenzene and N, N �-methylenebisacrylamide, at
120�C. The polymerizate is a transparent solid block.
The network copolymers are stable up to 240�C ac-
cording to thermogravimetric analysis. When heated
to 260�C, they undergo slow thermal degradation with
10% weight loss. Fast degradation starts at 325�C and
is accompanied by 60% weight loss. Above 420�C,
the degradation becomes slower, and the residue burns
out at 700�C. The thinly cross-linked copolymers
prepared have a high refractive index (�1.5200) and
softening point of 110�C; they withstand contact with
0.1 N NaOH and HCl for a week. Hydrated transpar-
ent gels with water absorption of 40�75% were ob-
tained.

CONCLUSIONS

(1) Radical copolymerization of 1-vinyl-1,2,4-tri-
azole with 2-hydroxyethyl methacrylate yielded new
copolymers containing triazole and hydroxyethyl
methacrylate units, soluble in dipolar organic solvents.

(2) 1-Vinyl-1,2,4-triazole is less active in copoly-
merization.

(3) New thinly cross-linked heat-resistant highly
hydrophilic copolymers of 1-vinyl-1,2,4-triazole with
2-hydroxyethyl methacrylate and a cross-linking agent
were prepared. These copolymers exhibit high refrac-
tive index and are resistant to acid and base hydroly-
sis; they show promise as raw materials for medicine.
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Abstract�The competition of substitution and addition pathways in chlorination of SKDN-N, LKN-S,
SKDS-N, and NMPB synthetic rubbers in chloroform was studied.

Chlorinated rubbers are of particular importance
owing to the unique properties of materials prepared
on their basis, such as adhesive composites, paint-and-
varnish coatings, heat-insulating materials, and co-
vulcanizates with common rubbers [1�6]. For ex-
ample, adhesives based on chlorinated rubbers are
widely used in various branches of national economy
thanks to their high adhesion to various surfaces, elas-
ticity of joints, chemical stability, and low inflamma-
bility. Covulcanizates of chlorinated and nonchlori-
nated rubbers exhibit higher fire, heat, and ozone re-
sistance and enhanced physicomechanical properties
[1]. Rubbers and oligobutadienes are widely used as
binders that exhibit high strength and heat resistance
as compared with the known analogue [2].

The optimal combination of the properties of the
resulting materials is ensured by reasonable balance
between the amount of chlorine in the rubber and
the number of the residual multiple bonds. Fire re-
sistance, chemical stability, and elasticity of the re-
sulting materials grow with increasing chlorine con-
tent. However, at a more complete chlorination the
amount of the residual double bonds becomes smaller,
which adversely affects the strength of a material. At
small amount of the residual double bonds, covulca-
nization between chlorinated and unchlorinated rub-
bers becomes impossible. Therefore, we examined
in this study the competition of the substitution and
addition pathways in chlorination as a factor controll-
ing the ratio of the content of chlorine incorporated
into the rubber macromolecule to that of the residual
double bonds.

EXPERIMENTAL

We used SKDN-N, LKN-S, SKDS-N, and NMPB
synthetic rubbers; their chlorination was carried out
in chloroform without initiation. In all the cases,
the content of rubbers in the chloroform solution was
5 wt %.

The reaction was performed in a glass reactor
equipped with a water jacket, a bubbler for chlorine
supply, a reflux condenser, and a thermometer. Gas-
eous chlorine from a cylinder was passed through
a Tishchenko bottle with concentrated sulfuric acid
and mixed with argon (1 : 1 molar ratio), and the re-
sulting gaseous mixture was passed through the bub-
bler and fed into the reactor. The constant supply of
chlorine was maintained with a manostat, and the rate
of chlorine supply was monitored with a rheometer.
The temperature of the reaction mixture was main-
tained by circulating water heated to a required tem-
perature through the water jacket of the reactor. Un-
reacted chlorine and hydrogen chloride contained in
the output gas were trapped with an aqueous solution
of potassium iodide at the reactor outlet. At the end
of the experiment, the reactor was purged for 40 min
to remove chlorine and hydrogen chloride. Then, the
solvent was removed from the reaction mixture on
a rotary evaporator, and the residue was dried in a vac-
uum to constant weight. The iodine formed in the re-
action between potassium iodide and chlorine in aque-
ous solution was titrated with a 0.1 N Na2S2O3 solu-
tion, and the concentration of absorbed HCl was de-
termined by titration with a 0.2 M NaOH solution in
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Fig. 1. Dependences of chlorination degree of the C=C and C�H bonds in (a) SKDN-N, (b) SKDS-N, (c) LKN-S, and (d) NMPB
rubbers on the overall degree of chlorination. (�C=C, �C�H) Content of chlorinated bonds per rubber monomer unit and
(�Cl2

) amount of chlorine taken up per rubber monomer unit; the same for Fig. 2. Chlorination pathway: (1, 2) addition
and (1�, 2�) substitution. Temperature, �C: (a) (1, 1�) 20 and (2, 2�) 58; (b) (1, 1�) 15 and (2, 2�) 58, and (c, d) 58.

the presence of phenolphthalein. Then, the number of
the C�Cl bonds formed in the rubber by substitution
chlorination was evaluated. Using these data and the
weight of chlorinated rubber, we determined the con-
tent of chlorine and the number of chlorinated double
bonds in the samples.

The results of chlorination of SKDN-N and SKDS-N
rubbers in chloroform are shown in Figs. 1a and 1b
as the dependences of the number of moles of the
chlorinated C=C and C�H bonds per mole of the mo-
nomeric unit (�C=C, �C�H) on the number of moles of
chlorine taken up per rubber monomer unit (�Cl2

).
As seen, the number of the chlorinated C=C and
C�H bonds linearly increases with increasing degree
of chlorination. In all the systems studied, the addi-
tion pathway in chlorination prevails.

The relative contribution of the addition pathway
in chlorination of SKDN-N rubber at 20�C is about
85%. With increasing temperature the contribution of
the addition pathway in chlorination decreases, and at
58�C it becomes 71%, which allows preservation of
a fairly large amount of the residual double bonds at
high degrees of chlorination. At the degree of chlo-

rination, �Cl2
> 0.75, required to obtain rubber materi-

als with the necessary consumer properties, the con-
tent of the residual double bonds is more than 40% of
their initial content.

Similar results were obtained for SKDS-N rubber.
High-temperature chlorination shows more promise
as it ensures the most favorable ratio between the
amount of chlorine incorporated in the rubber macro-
molecule and the content of the residual double bonds.
Thus, the chlorination of LKN-S and NMPB rubbers
was performed at the maximum temperature of 58�C
corresponding to the boiling point of chloroform
(Figs. 1c, 1d). The results are similar to those ob-
tained for SKDN-N and SKDS-N rubbers, but in
the case of NMPB rubber, the contribution of the sub-
stitution pathway in chlorination is greater and, thus,
a greater fraction residual double bonds is retained in
the rubber (e.g., about 50% at �Cl2

> 0.75).

Hence, NMPB rubber is of particular importance
for modification.

Our analysis of the �C�H��Cl2
dependences showed

that their rise begins not from the origin of coordi-
nates, but at some threshold degree of chlorination,
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Parameters of Eqs. (1) and (2) for rubber chlorination
������������������������������������������������������������������������������������

Rubber � T, �C � � � � � � � � /�
������������������������������������������������������������������������������������
SKDN-N � 20 � 0.9 � 0.03 � �0.29 � 0.02 � 0.133 � 0.02 � 6.767

� 58 � 0.78 � 0.01 � �0.01 � 0.01 � 0.23 � 0.02 � 3.391
LKN-S � 58 � 0.77 � 0.02 � �0.015 � 0.02 � 0.253 � 0.05 � 3.043
SKDS-N � 15 � 0.87 � 0.04 � �0.02 � 0.04 � 0.159 � 0.05 � 5.472

� 58 � 0.71 � 0.05 � �0.01 � 0.09 � 0.30 � 0.14 � 2.367
NMPB � 58 � 0.66 � 0.05 � �0.03 � 0.03 � 0.41 � 0.09 � 1.610
������������������������������������������������������������������������������������

which is probably due to the free-radical mechanism
of the substitution chlorination of the C�H bonds. It
is known that the efficiency of induction of substitu-
tion chlorination by chloroalkenes increases with in-
creasing degree of chloroalkene chlorination [7].

This approach can be probably extended to rubber
macromolecules. At the beginning of the process, their
initiation activity is very low; moreover, the initial
stage of the free-radical chlorination (as also that of
any free-radical reaction), which involves accumula-
tion of free radicals, is not steady-state. With increas-
ing degree of chlorination, the initiating power of
macromolecules increases, but the content of the dou-
ble bonds decreases owing to the addition of chlorine.
The opposite effects of these factors can account for
the linearity of the �C�H��Cl2

dependences.

The resulting dependences of �C=C and �C�H on �Cl2
can be approximated by linear equations

�C=C = ��Cl2
, (1)

�C�H = � + ��Cl2
. (2)

The parameters of the above equations, obtained by
the least-squares method [8], are listed in the table.

Fig. 2. Degree of chlorination of the (1, 1�) C=C and
(2, 2�) C�H bonds in SKDN-N rubber vs. the overall degree
of chlorination in the (1�, 2�) presence and (1, 2) absence
of the inhibitor (5 wt % of the total rubber weight).

The �/� ratio should obviously correspond to
the ratio of the rate constants of the addition and sub-
stitution pathways in chlorination.

The difference in the activation energies of these
pathways, evaluated from the �/� ratios at different
temperatures, is 14.66 and 15.43 kJ mol�1 for
SKDN-N and SKDS-N rubbers, respectively. These
results are in good agreement with the data on the
competitive chlorination of the C=C and C�H bonds
under the conditions of free-radical chlorination of
tetrachloroethene and 1,2-dichloroethane [9].

The radical-chain mechanism of the reactions
studied was confirmed by the data on inhibition of
SKDN-N rubber chlorination in the presence of 2,6-
di-tert-butyl-4-methylphenol. The results are shown
in Fig. 2 as dependences of �C=C and �C�H on �Cl2
in the presence of the inhibitor and without it. It can
be seen that, in the presence of the inhibitor, the sub-
stitution chlorination, which proceeds exclusively by
the free-radical mechanism, is strongly suppressed.
At the same time, the increase in the contribution of
the addition pathway is due to the fact that this chlo-
rination pathway is not suppressed by the inhibitor.

CONCLUSION

The dependences obtained can be used to deter-
mine the content of bound chlorine and the number
of residual double bonds in the rubber. The value of
these parameters of chlorination, attained in the ex-
periments with the rubbers, make them promising for
production of valuable materials and composites.
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Abstract�The kinetics of graft polymerization of vinyl acetate on allyl chitosan samples with varied content
of allyl groups, initiated with ammonium peroxodisulfate, was studied.

Graft polymerization of vinyl monomers on poly-
saccharides allows preparation of hybrid copolymers
combining the properties of natural and synthetic
polymers, e.g., biocompatibility and thermoplasticity.
Such copolymers show promise as biomaterials.

Graft polymerization of vinyl acetate (VA) on
chitosan in acetic acid solution, initiated with ammo-
nium peroxodisulfate, yielded self-stabilized emul-
sions. The process kinetics was studied; it was found
that the reaction rate only weakly depends on the con-
centrations of chitosan and initiator and is propor-
tional to the VA concentration. An examination of the
thermomechanical properties of the copolymers with
different degrees of grafting showed that, at longer
grafting time, partially cross-linked structures are
obtained. Alkaline treatment of the grafted polyvinyl
acetate resulted in transfer of the copolymer into solu-
tion or its transformation into a gel (in the case of the
cross-linked copolymer) through hydrolysis of acetate
groups. The hydrolysis kinetics was studied. The final
product was a copolymer of chitosan with polyvinyl
alcohol [1]. Despite the 100% conversion of the mono-
mer and high degree of grafting, the grafting efficien-
cy did not exceed 50%, i.e., grafting and homopoly-
merization of VA occurred at different rates. It has
been shown previously that the use of cellulose ethers
with a small content of allyl groups sharply enhances
the efficiency of grafting of vinyl monomers and
the content of grafted chains [2].

In this study we examined the effect of allyl sub-
stituents in chitosan on the parameters of graft poly-
merization of VA and structure of the resulting co-
polymer.

EXPERIMENTAL

Allyl chitosan (ACAN) with the degrees of allyl
substitution, �A, of 4, 9, 25, and 38 was prepared as
described in [3].

Vinyl acetate was distilled twice; the fraction with
bp 72.5�72.8�C was used. Ammonium peroxodisul-
fate (APS) was recrystallized from water.

Graft polymerization of VA was performed as fol-
lows. A calculated amount of water was added to
a definite portion of a 4% solution of ACAN in 2%
acetic acid to obtain the required ACAN concentra-
tion. The mixture had pH 3.6. Then a definite amount
of VA was added; the mixture was vigorously stirred
to obtain an emulsion and heated to 60�C. The calcu-
lated amount of APS was added, with the stirring
being continued. This instant of time was considered
to be the start of the reaction. Samples of the reac-
tion mixture were taken at regular intervals; the reac-
tion in these samples was stopped by adding acetone.
The precipitate was filtered off on a Schott filter
placed in a Soxhlet apparatus. The homopolymer was
separated from the precipitate by exhaustive extrac-
tion with acetone, followed by solvent evaporation in
a rotary evaporator. The copolymer yield was deter-
mined by weighing the filter with the precipitate after
drying in a vacuum at 60�C.

The degree of grafting, C (%), was calculated by
the formula

C = [(g1 � g0 )/g0 ] � 100,

where g0 is the ACAN weight in the sample, and
g1, the copolymer weight in the sample.
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The grafting efficiency E (%) was calculated as
the ratio of the weight of the grafted PVA to the total
weight of the polymerized monomer:

E = (g1 � g0 )/(g1 � g0 + g2 ) � 100,

where g2 is the weight of VA homopolymer in the
sample.

The yields Q1 and Q2 of the grafted polymer and
homopolymer were calculated as the ratios of the
weight of the corresponding polymer to the weight of
the monomer taken in the reaction; the conversion K
was calculated as Q1 + Q2.

To isolate the grafted polymer, the purified copoly-
mer was treated for 24 h with a mixture of concen-
trated acetic acid and 60% sodium nitrite solution at
a solid-to-liquid ratio of 1 : 10. Such treatment re-
sulted in deamination and depolymerization of chito-
san. The homopolymer was filtered off and heated
with 1 N HCl at 100�C for 1 h; the resulting solution
was dialyzed against water to negative reaction for
chloride ions. The dialyzate was lyophilically dried.
The isolated grafted polymer was polyvinyl alcohol
(PVAl). Its molecular weight was calculated from the
intrinsic viscosity [�] (dl g�1) in water at 25�C by
the formula [4]

[�] = 1.40 � 10�2 M 0.60.

The number of grafted chains N per 100 mono-
meric units was calculated by the formula

N = g1(166 + 40x) � 100/Mi g0 ,

where (166 + 40x) is the molecular weight of the
ACAN monomeric unit with the degree of deacetyla-
tion of 0.88 and degree of allyl substitution x =
�A /100; Mi is the molecular weight of grafted PVA,
which is calculated from the molecular weight of
PVAl, determined as described above.

The thermomechanical properties of graft copoly-
mers were studied by the penetration method at a heat-
ing rate of 1 deg min�1 and a load of 0.1 kg mm�2.

The kinetics of graft polymerization of VA on
ACAN was studied in relation to the content of un-
saturated groups and concentrations of the monomer,
initiator, and ACAN (Fig. 1). The kinetic curves of
graft polymerization on ACAN with varied content
of allyl groups are similar. Their shape shows that the
grafting starts without induction period, occurs fast,
and is complete in 15 min. Within this time, all the
grafting parameters (degree and efficiency of grafting,
monomer conversion) reach their maximum values,

Fig. 1. Kinetic curves of graft polymerization of VA on
ACAN� = 13 . [ACAN] = 6 mM; [VA] = 1 M; [APS] =
3 mM; 60�C. (C ) Degree of grafting, (E ) grafting effi-
ciency, (K ) monomer conversion, (Q1) yield of the grafted
polymer, (Q2) yield of the homopolymer, and (�) time.

Fig. 2. Variation with time of the intrinsic viscosity [�]
of (1) chitosan, (2) ACAN� = 13 , (3) ACAN� = 30 , and
(4) ACAN� = 30 in the presence of 3 mM APS. 20�C.

and the secondary processes starting subsequently
only weakly affect these parameters.

With ACAN, the absolute degree of grafting in-
creases by a factor of 2, compared to graft polymer-
ization of VA on chitosan, and the grafting efficiency,
by a factor of 1.5 even at �A = 13 (480 against 240%
and 60 against 40%, respectively), which suggests that
the allyl groups are involved in initiation of the graft
polymerization. This has been shown previously in
studies of graft polymerization of vinyl monomers on
allyl hydroxyethyl cellulose (AHOEC) [2]. Initiation
can occur via formation of peroxy groups at the allyl
�-C atom, with their subsequent decomposition, and(or)
via proton abstraction from the allyl �-CH2 group by
the radical ion generated by decomposition of APS.
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Fig. 3. Degree C and efficiency E of grafting, monomer
conversion K, and yields of the grafted polymer Q1
and homopolymer Q2 vs. the concentrations of (a) APS
and (b) ACAN� = 9. 60�C; 15 min; [VA] = 1.0 M;
(a) [ACAN� = 9] = 6 mM; (b) [APS] = 1.0 mM.

Fig. 4. Initial rate of graft polymerization vin of VA on
(1) ACAN and (2) AHOEC vs. the allyl group content �A.

The occurrence of radical oxidation processes in
ACAN solutions is indicated by measurements of the
intrinsic viscosity of ACAN with various degrees of
ally substitution in the course of storage of 3% ACAN
solutions in 0.33 M acetic acid at 20�C. The curves

of [�] against time (Fig. 2) show that chitosan under-
goes hydrolytic and oxidative degradation in the solu-
tion, with a decrease in [�] (curve 1). In the ACAN� = 13
solution, the degradation is slower (curve 2), and in
the ACAN� = 30 solution, [�] does not change notice-
ably with time (curve 3). Since all the three polymers
contain in the backbone glucoside bonds unstable in
acid solutions, the constancy of [�] in the ACAN� = 30
solution suggests a dynamic equilibrium between the
degradation and cross-linking of ACAN� = 30 macro-
molecules, which occurs as a result of recombination
of radicals that arise at the allyl �-CH2 group. Ad-
dition of 3 mM APS to the solution drastically ac-
celerates the degradation (curve 4) owing to additional
generation of peroxy radicals by the reaction of the
initiator with the allyl group. In the presence of
VA, the additional peroxy radicals act as propagation
points of the grafted chain. The combination of the
two initiation mechanisms results in that the initial
grafting rate grows with increasing �A.

The degree and efficiency of grafting considerably
grow with the initiator concentration increasing up to
[APS] = 3 mM (Fig. 3a). At the same time, an in-
crease in the ACAN concentration results in a sharp
decrease in the degree of grafting, without affecting
the other parameters (Fig. 3b).

Comparison of the initial rate vin of VA grafting
on AHOEC and ACAN (Fig. 4) as a function of �A
shows that, firstly, vin of grafting on ACAN is higher
than that on AHOEC at any �A, owing to the activat-
ing effect of the chitosan amino groups on the VA
double bond. Secondly, the curves differ in shape:
With AHOEC, vin tends to weakly grow, whereas
with ACAN it passes through a maximum. Inhibition
of the reaction on ACAN at �A > 15 may be due to
the occurrence of cross-linking within microemulsion
particles. Apparently, the presence of a large amount
of propagation points results in the occurrence of
cross-linking from the very beginning of the reaction,
which prevents diffusion of the monomer inside the
microemulsion drops. This assumption is confirmed
by the fact that the states of the reaction system differ,
depending on �A, even 15 min after the reaction onset.
The copolymerizate is an emulsion at low �A (4 or 9),
a gel at �A = 23 and a two-phase system at �A = 38.
A similar effect is exerted by an increase in the con-
centration of allyl groups because of the growing
ACAN content, even at small �A.

Allylchitosan is a diphilic polymer containing both
hydrophilic (hydroxy and amino) and hydrophobic
(allyl) groups. At the beginning of the reaction, when
VA is dispersed in ACAN solution, a microemulsion
is formed. This microemulsion is stabilized by hy-
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Table 1. Content of grafted PVA chains, N, and degree of their polymerization, DP, (reaction conditions: 60�C, 15 min)
������������������������������������������������������������������������������������

�A
� [APS],� [VA], �

DP
�

N * �
�A

� [APS],� [VA], �
DP

�
N * �

�A
� [APS],� [VA], �

DP
�

N *
� mM � M � � � � mM � M � � � � mM � M � �

������������������������������������������������������������������������������������
0 �� � �� 230 � 2.6 � �� 1.0 �� �� 200 � 4.6 � � �� 0.5 � 80 � 2.1
4 ��3.0 � 1.0 	� 254 � 3.4 � 9 	� 3.0 �� 1.0 	� 200 � 5.5 � 9 � 3.0 	� 1.0 � 254 � 5.5
9 �
 � �� 200 � 5.5 � �� 6.0 �
 �� 200 � 5.2 � � �� 2.0 � 350 � 5.0

���������������������������	����������������������������	���������������������������
* Per 100 monomeric units of ACAN.

Table 2. Determination of the reaction orders of graft polymerization of VA on ACAN� = 9 (reaction conditions:
60�C, 15 min)
������������������������������������������������������������������������������������

[VA], M
� [APS] � [ACAN� = 9] �

log [C ]
� v of reaction, �

log v
�

tan �
���������������������������� � � �
� mM � � mmol min�1

� �
������������������������������������������������������������������������������������

0.25 �� � �� �0.6021 � 9.5924 � 10�5 � �4.0181 ��
0.50 �� 3.0 � 6.02 	� �0.3010 � 6.2255 � 10�4 � �3.2058 �� 1.70
2.00 �
 � �� 0.3010 � 6.4177 � 10�3 � �2.1926 �


�� 1.0 �� �� �3 � 3.3090 � 10�3 � �2.4803 ��
1.0 	� 2.0 �� 6.02 	� �2.6990 � 3.3253 � 10�3 � �2.4782 �� 0.05

�� 6.0 �
 �� �2.2218 � 3.6220 � 10�3 � �2.4410 �

� �� 1.5 � �2.8239 � 4.1523 � �2.3817 ��

1.0 � 3.0 	� 3.0 � �2.5229 � 4.2293 � �2.3737 �� �0.10
� �� 12.0 � �1.9208 � 4.8045 � �2.3184 �


������������������������������������������������������������������������������������

drophobic interaction of VA molecules with ACAN
allyl groups; the ACAN hydrophilic groups are ori-
ented toward the aqueous medium. On adding an ini-
tiator, grafting and homopolymerization of VA start
within such a microparticle When the amount of pro-
pagation points is relatively small (�A 4 or 9), the
grafted PVA chains do not interact with one another,
at least in the first 15 min of the reaction, and the re-
action system remains an emulsion. As the content of
grafted chains increases (�A 13 and 25), the probabil-
ity of interaction of the propagating chains grows, and
a gel is formed in 15 min; at �A = 38, a thick network
of cross-linked grafted PVA is formed. At high de-
grees of grafting, the microemulsion particles get in-
verted, and the system undergoes segregation. The
longer the grafting process, the higher the degree of
cross-linking. Therefore, the monomer conversion var-
ies only weakly at reaction times longer than 30 min,
and the degree and efficiency of grafting slightly grow
because of the incorporation of the homopolymer into
the grafted chains by the recombination mechanism.

We were able to determine the number of grafted
PVA chains, N, only in the range of �A from 0 to 9;
we revealed a correlation of N with �A (Table 1).
The molecular weight of grafted PVA is independent

of the initiator and ACAN concentrations but is deter-
mined by the monomer concentration. At high �A,
the molecular weight could not be determined because
of the strong cross-linking.

To calculate the reaction orders with respect to each
reactant from the kinetic curves, we determined the ini-
tial rates at three concentrations of each reactant (at
constant concentrations of the two other reactants) and
plotted the concentration dependences of the rates in
the logarithmic coordinates. The reaction orders were
determined as the slopes of the straight lines obtained.
The results are listed in Table 2. We obtained the fol-
lowing equation for the rate of VA grafting to ACAN:

vin 
 [VA]1.70 [APS]0.05 [ACAN]�0.10.

Comparison with the corresponding equation for
VA grafting to chitosan (CAN) [1],

vin 
 [VA]1.08 [APS]0.04 [CAN]�0.02

shows that, with ACAN, the order with respect to the
monomer is appreciably higher, which is quite con-
sistent with the presumed participation of ACAN allyl
groups in grafting initiation.
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Fig. 5. Thermomechanical curves of graft copolymers:
(A) strain and (T ) temperature. (1) PVA�ACAN� = 9 and
(2, 3) PVA�ACAN� = 30. Degree of grafting, %: (1) 570
and (2, 3) 450. Grafting time, min: (1, 3) 180 and (2) 15.

The presence of cross-linked structures in the co-
polymers prepared on highly substituted ACAN sam-
ples is confirmed by the thermomechanical curves
(Fig. 5). Two clearly pronounced thermal transitions
are seen: The first one, at about 20�C, corresponds
to melting of the grafted PVA chains, and the second,
at about 210�C, to softening of the copolymer. The
height and length of the plateau in the thermomechan-
ical curves furnish information about the degree of
copolymer cross-linking. The copolymer prepared on
ACAN� = 9 shows higher strain than those prepared
on ACAN� = 30; the strain is the lower, the longer
the grafting. Hence, the density of cross-linking in-
creases with �A and with the grafting time.

Thus, ACAN controls the structure of the graft
copolymer: We obtained comb-shaped copolymers at
low values of �A (4, 9), thinly cross-linked structures
at medium �A (23), and three-dimensional thickly
cross-linked networks at higher �A.

CONCLUSIONS

(1) A kinetic study of the graft polymerization of
vinyl acetate on allyl chitosan showed that the content
of allyl groups in the chitosan samples affects the ini-
tial reaction rate, number of grafted polyvinyl acetate
chains, and structure of the graft copolymer.

(2) The kinetic orders of graft polymerization with
respect to the monomer, initiator, and allyl chitosan
were determined. The reaction orders with respect to
the initiator and allyl chitosan are zero, and that with
respect to the monomer is close to 2.
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Abstract�The main approaches to simulation of the migration kinetics of ingredients from polymers were
considered. The mathematical models used for predicting the kinetics of diffusion-controlled migration
processes were analyzed.

Extraction of plasticizer from polyvinyl chloride
(PVC) deteriorates the polymer characteristics and also
has an adverse environmental impact. A decrease in
the plasticizer content in PVC makes higher its glass
transition point and impairs the consumer properties
of articles thereof. A number of plasticizers are toxic,
which limits their permissible content in liquids. Re-
liable prediction of the kinetics of extraction of plas-
ticizers from PVC often allows estimation of the ser-
vice life of a polymeric article and control over the
content of ingredients in the environment.

An analysis of the models used for predicting the
kinetics of migration of ingredients from polymers
revealed two major approaches to development of
such models. One approach consists in processing of
the experimental results and derivation of empirical
equations [1�5]. The other approach utilizes the math-
ematical techniques developed to describe processes
similar to migration of ingredients from polymers,
such as heat loss from solids [6] and diffusion of low-
molecular-weight substances in polymers [7].

The validity of empirical models is determined by
the large body of experimental data. However, their use
is usually limited to specific experimental conditions.
This approach requires that the dependences of the co-
efficients in empirical equations on characteristics of
plasticizers should be established [3, 4]. A knowledge
of the temperature dependences of the coefficients
makes empirical equations suitable for conditions dif-
fering from those in accelerated tests of PVC [3].

Equations constituting mathematical models use
a parameter characterizing the transfer of plasticizers
from the bulk to the surface or escape of an ingredient
from the surface of the material to the environment.
The kinetics of transfer of a plasticizer in a polymer

is governed by the diffusion rate, and the parameter
characterizing the escape of the plasticizer from the
polymer surface depends on the state of aggregation
of the environment. For PVC brought in contact with
air, the volatility of the plasticizer serves as such pa-
rameter [6]. For PVC brought in contact with liquids
or solids capable of absorbing the escaped plasticizer,
the coefficient of diffusion of the ingredient in the
medium is suitable as such parameter. This approach
to simulation of the migration kinetics requires deter-
mining the limiting stage of the process, for which
purpose there are still no fully adequate calculational
procedures [8]. A multitude of models is used now for
predicting the migration kinetics of ingredients intro-
duced for various purposes, so that a model suitable
for the given specific service conditions of a poly-
meric article and specific nature of an ingredient.

The aim of this study was to simulate the kinetics
of extraction of dioctyl phthalate (DOP) and dibutyl
phthalate (DBP) from PVC with ethanol.

The validity of mathematical models was assessed
by comparing their predictions with the experimental
results reported in [9�12]. These studies were con-
cerned with extraction of DOP and DBP with ethanol
at different temperatures and different initial contents
of the plasticizer in PVC. The extraction kinetics
were shown to depend on the rate of diffusion of
an ingredient in PVC, which eliminates the need to
determine the limiting stage of the process. Given
below are the equations constituting the mathematical
models used for predicting the migration kinetics of
ingredients introduced for various purposes in the
case of a diffusion-controlled process:

(1)
M��� = 2.26 �� ,M0 �2

D��
��

��

�
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�� = 1 � � exp ������ ,�
4�2D�

�2
��
��

��
8M�

M0
(2)

�i = 	i � ,D
l2

(3)

�� = 4 �� � .
M�

M0 �
D� 0.5� �
� � �

1 (4)

Here, M
�

is the amount of an ingredient, which mi-
grates out of the polymer within a time �; M0, the ini-
tial content of the ingredient in the polymer; D, the co-
efficient of diffusion of the ingredient in the polymer;
�i , the time of migration of ith portion of the ingre-
dient initially contained in the polymer; ai , a constant
coefficient independent of the nature of the ingredient;
�, the thickness of a polymeric article; and l, the pa-
rameter relating the conditions of contact between
the polymer and the environment to the thickness of
the material (2l = � and l = � in the cases of one- and
two-sided contact, respectively).

We give unified designations to the variables in
Eqs. (1)� (4), which may differ from those used in
the original papers.

Equations (1) and (2) were used for predicting the
migration kinetics of the plasticizer for plasticized
PVC brought in contact with unplasticized PVC [13]
and air [14]. Equation (3) served for predicting the
migration kinetics of plasticizers [15, 16] and stabi-
lizers [17�19], and Eq. (4), for describing the kinetics
of extraction of stabilizers from polyolefins [7].

It can be seen that it is difficult to analyze Eqs. (1)�
(4) in such a form. It is more convenient to have all
the equations in the form (3) and use for this purpose
the coefficient ai, which is directly proportional to
the time of migration of a certain portion of the plas-
ticizer. The parameter 1/ai can be used for evaluating
the migration rate of a certain portion of the plasticiz-
er for a polymer contacting with various media.

Equations (1), (2), and (4), which include the film
thickness as a variable, are intended for predicting
the kinetics of migration of ingredients in the case of
a two-sided contact of the polymer with the environ-
ment. In Eq. (3), the type of contact of the polymer
with the environment is expressed via parameter l, and
after replacing it with � in accordance with 2l = �,
Eq. (3) takes the form

(5)�i = ��� .
ai �

2

4D

The parameters ai in Eqs. (3) and (5) are governed
by the preset M

�
/M0 ratio, which does not enter into

them in the explicit form. In this study, we do not
consider the method for calculation of the coefficient
ai; it was described in detail in [6]. For Eqs. (1), (2),
and (4), the coefficients ai are equal to constants ap-
pearing in the corresponding equations at preset M

�
/M0

ratios. The coefficients ai calculated for Eqs. (1), (2),
(4), and (5) are listed in Table 1. Notably, in the case
of extraction of a plasticizer with ethanol at one-sided

Table 1. Comparison of the adequacy of the models in predicting the kinetics of plasticizer extraction with ethanol
������������������������������������������������������������������������������������

Plas- � Q,* �
T, 
C

� Ref- � D � 109, � ai for indicated M
�
/M0

� � � � ������������������������������������������������
ticizer � wt. part � � erences � cm2 s�1

� 0.1 � 0.2 � 0.3 � 0.4 � 0.5
������������������������������������������������������������������������������������

DBP � 50 � 10 � [9] � 0.23 � 0.16 � 0.72 � 1.45 � 2.62 � 4.90
� 50 � 25 � [9] � 1.3 � 0.12 � 0.52 � 1.43 � 2.00 � 4.90
� 50 � 30 � [9] � 3.6 � 0.16 � 0.75 � 1.80 � 3.00 � 4.90
� 50 � 60 � [9] � 8.9 � 0.17 � 0.75 � 1.45 � 3.00 � 4.90

DOP � 33 � 45 � [10] � 4.9 � 0.17 � 0.76 � 1.77 � 3.13 � 4.90
� 43 � 50 � [11] � 11.0 � 0.23 � 1.03 � 1.40 � 2.65 � 4.90
� 50 � 25 � [9] � 2.9 � 0.23 � 0.80 � 1.75 � 3.12 � 4.90
� 60 � 30 � [10] � 7.5 � 0.43 � 1.03 � 1.81 � 2.84 � 4.90
� 60 � 45 � [10] � 15.0 � 0.52 � 1.55 � 2.32 � 3.40 � 4.90
� 60 � 55 � [10] � 44.0 � 0.63 � 1.26 � 2.22 � 3.28 � 4.90
� 100 � 45 � [10] � 95.0 � 0.54 � 1.63 � 2.45 � 3.27 � 4.90

������������������������������������������������������������������������������������
Calculation by indicated equation: � � � � �

(1) � 0.20 � 0.78 � 1.76 � 3.13 � 4.90
(2) � 2.60 � 2.90 � 3.28 � 3.69 � 4.12
(5) � 0.10 � 0.38 � 0.95 � 1.60 � 4.00
(4) � 0.20 � 0.78 � 1.77 � 3.14 � 4.90

������������������������������������������������������������������������������������
* Q is the initial content of the plasticizer in PVC, wt parts per 100 wt parts of the polymer.
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contact between the liquid and the polymer, the coef-
ficient ai increases fourfold, compared to the two-
sided contact.

In this study, we do not analyze models predict-
ing the kinetics of extraction of plasticizers from PVC
with fuels [11, 12] and alcohols [20]. A drawback of
these models is that their equations include an addi-
tional variable, the equilibrium content of ingredient
in the liquid, which depends on the chemical nature
and temperature of the liquid [9�12, 20].

The models analyzed in this study were developed
under certain assumptions, the most common of which
are the constancy of the diffusion coefficient through-
out the migration process and immediate and perma-
nent escape of the evolved ingredient from the poly-
mer surface into the environment. However, in extrac-
tion of the plasticizer from PVC, the diffusion coef-
ficient D may vary in a certain stage of the process.
This is due to glass transition in the polymer [11, 12]
or in its surface layer [21] after migration of a certain
portion of the plasticizer. When the polymer is in con-
tact with air, these amounts of the plasticizer can be
easily calculated [1]; extraction of ingredient may in-
volve a counterflow of the liquid into the polymer,
and this may exert varied influence on the glass transi-
tion of the material.

As to immediate escape of an ingredient from
the polymer surface, this is of less importance for
the plasticizer extraction kinetics. This follows from
[10, 11], where it was shown that the rates of extrac-
tion of the plasticizer with alcohols at vigorous stir-
ring and in a stagnant liquid rapidly approach each
other. Along with the aforesaid, the accuracy of pre-
diction of the plasticizer extraction kinetics depends
on the PVC brand, composition of the material, and
the conditions of manufacturing articles thereof [9].

The diversity of models hinders analysis of their
validity by the previously applied method of com-
parison of the experimental and calculated �i values
[15�19]. In this study, we solved the inverse problem,
namely, calculated the coefficients ai (Table 1) from
the experimental data on the extraction kinetics and
compared them with those calculated by Eqs. (1), (2),
(4), and (5). In our calculations, we used the exper-
imental data; the �i parameters were obtained from
the kinetic dependences characteristic of extraction of
plasticizers. We calculated the diffusion coefficient of
the plasticizer in PVC for the two-sided contact of
the polymer with alcohol by the equation [22]

(6)D = 0.049 ��� ,�0.5
�2

Here, �0.5 is the time corresponding to extraction of
50% of the initial amount of the plastisizer contained
in the polymer, or to M

�
/M0 = 0.5.

Comparison of the parameters ai calculated by
Eqs. (1), (2), and (4) shows how the plasticizer migra-
tion kinetics varies with the state of aggregation of
the environment (Table 1). Under identical conditions,
the plasticizer migration rate is the lowest when PVC
is in contact with air [the coefficient ai from Eq. (2) is
greater than those from Eqs. (1), (2) and (4)]. The re-
vealed dependence of the plasticizer migration kinetics
on the state of aggregation of the environment, name-
ly, the greater rate of the process in the case of contact
of PVC with liquids and solids, compared to its con-
tact with air, is supported by the experimental data [1].

At the same time, the use of Eq. (5) for predicting
the plasticizer migration kinetics implies its indepen-
dence from the state of aggregation of the environ-
ment. It should be noted that Eq. (5) was intended
specifically for predicting the kinetics of the stabilizer
migration from polyolefins. Testing the adequacy of
Eq. (5) in predicting the kinetics of the plasticizer
migration from PVC suggests that the value of the co-
efficient ai is to be corrected (raised) [15].

The dependence of the calculated coefficient ai
on the state of aggregation of the environment is the
most pronounced in the initial stage of migration,
at M

�
/M0 � 0.3. With increasing time of migration,

the calculated ai values get closer, except that calcu-
lated using Eq. (5). However, at M

�
/M0 = 0.5, the co-

efficients ai calculated by different equations differ
much less significantly.

For M
�
/M0 = 0.5, the parameters ai calculated

using different equations (Table 1) are equal or close
to 0.049 in Eq. (4). At the same time, Table 1 shows
that, at M

�
/M0 � 0.5, D varies with the equation

chosen for its calculation.

The values of ai, derived from experimental data,
also differ significantly in the initial stage of extrac-
tion of the plasticizer and get close at M

�
/M0 � 0.3

(Table 1). The divergence of the coefficients ai in the
initial stage of extraction can be attributed to the ex-
perimental inaccuracies in monitoring the migration
of relatively small amounts of a plasticizer and in
processing the plots constructed on a small scale.

Processing the experimental values of ai by the
Table-Curve program yielded a mathematical expres-
sion, which can be substituted into Eq. (5), making it
suitable for predicting the kinetics of DOP and DBP
extraction with ethanol at various stages of the pro-
cess.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 12 2003

1986 DEDOV

Temperature dependence of the diffusion coefficient D of
(1, 3) DOP and (2, 4) DBP for (1, 2) extraction and (3, 4)
evaporation.

�i = 0.19 �� �� ,M0

M��
�

�
�

2 �2

D (7)

Here, M
�
/M0 varies from 0 to 1.

The correlation coefficient for Eq. (7) was estimat-
ed at 0.92, which is sufficient for tentative calculation
of the kinetics of DOP and DBP extraction with eth-
anol.

The established temperature dependences of the co-
efficient of the plasticizer diffusion in PVC (see fig-
ure) increase the potential of Eq.(7). The figure also
presents the temperature dependences of the plasti-
cizer diffusion coefficient in the case of contact of
the polymer with air (the corresponding D values
are marked with open rhombs and squares). These
data were obtained for samples that initially contained
65 wt. parts of ingredient per 100 wt parts of PVC and
were subjected to a high vacuum [23]. Table 2 lists
the characteristics of the DOP and DBP diffusion
under various conditions of use of a polymeric article,
which were obtained using the Arrhenius equation.
The figure and Table 2 suggest a higher rate of the

Table 2. Characterization of diffusion of plasticizers in
PVC for various conditions of use of the polymeric article
����������������������������������������

�Content � Extraction � Evaporation*

� ����������������������������Plasti- � in �
cizer � PVC, � Ea, �

log D0
� Ea, �

log D0�wt. parts� kJ mol�1 � � kJ mol�1 �
����������������������������������������

DOP � 60 � 55.9 � 1.41 � 77.3 � 3.0
DBP � 50 � 55.9 � 0.74 � 73.5 � 3.2
����������������������������������������
* Initial content of plasticizer 65 wt. parts per 100 wt. parts

of PVC.

plasticizer diffusion in extraction from PVC, com-
pared to the case of the polymer contacting air.

To conclude, the kinetics of DOP and DBP extrac-
tion from PVC with ethanol is most adequately si-
mulated by Eqs. (1) and (4). The precision of simu-
lating the kinetics of migration of an ingredient in
the case of a polymer brought in contact with various
media is strongly dependent on the conditions under
which the coefficient of diffusion of the ingredient
in the polymer is determined.

CONCLUSION

Models that most adequately predict the kinetics
of extraction of a plasticizer from polyvinyl chloride
were identified. The specific features of the plasticizer
diffusion in the case of polymer brought in contact
with air or ethanol were elucidated.
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Abstract�The rheological properties of ethylene�vinyl acetate copolymers of various compositions in blends
with pectins of various origins (pectins recovered from apple pulp, watermelon peel, and citrus fruits) were
studied. The degrees of swelling of blend films in water were measured.

The interest in studying properties of blends of
natural polymers with chemical derivatives of cellu-
lose and with synthetic polymers is dictated by the
demand for new compounds suitable for development
of biodegradable materials. Such materials become
more and more needed in production of polymeric
items with short service periods (packaging films and
items, package for cosmetics and household chemical
products, films for agriculture) [1�3]. The most fre-
quently used natural polymer is starch, a renewable
natural polysaccharide consisting of 1,4-�-D-gluco-
pyranose units.

Pectins, like starch, are renewable natural raw
materials; they are recovered from fruits and veget-
ables [4, 5]. Pectins are polymers of 1,4-�-D-galac-
turonic acid the contain partially esterified carboxy
groups. Blends of pectins with other polymers have
been only examined in few studies. In particular,
pectin�starch blends have been shown to be similar
to synthetic polymers in mechanical properties [6].
The rheological properties of 5% aqueous solutions of
citrus pectin isolated from lemon seeds and peel, and
also of blends of this pectin with polyvinyl alcohol
and polyvinylpyrrolidone were studied in [7]. It was
noted that these systems showed non-Newtonian flow
behavior; addition of a vinyl polymer to a pectin solu-
tion caused its viscosity to increase.

In development of materials for biodegradable
packaging films and other consumable items, blends
containing hydrophobic polymers are of particular
interest, since one of the main functions of packaging
is protection from external moisture. In particular,
ethylene�vinyl acetate copolymers (EVACs) whose

macromolecules contain both hydrophobic methylene
groups and hydrophilic vinyl acetate units are rather
widely used in production of protective films for
foodstuffs. However, EVACs virtually do not degrade
in the environment. Addition of natural polysaccha-
rides, pectins, to these copolymers imparts to them
biodegradability. The presence of vinyl acetate units
(15 to 28�30%) in EVACs should favor formation of
stable blends with polar hydrophilic pectin molecules.

In this study, we examined the rheological proper-
ties of two EVAC samples containing pectins of var-
ious origins as biodegradable additives; we also ana-
lyzed how these blends interact with water. Data on
the rheological properties of polymer blends allow as-
sessment of the possibility and conditions of prepar-
ing from these blends consumable polymeric articles
(primarily packaging films) that would rapidly de-
grade in the nature. In development of biodegradable
materials, it is important to study not only the rheo-
logical properties of materials, but also their interac-
tion with water, since biodegradation is more intensive
in the presence of moisture. Therefore, for a series of
EVAC�pectin blends, we studied swelling of films in
water, since the equilibrium swelling and swelling rate
furnish information on the interaction of blends with
water, necessary for the development of materials
degrading under the action of environmental factors.

EXPERIMENTAL

Experiments were performed with two EVAC sam-
ples containing 15 (EVAC1) and 25% (EVAC2) vinyl
acetate units. The content of these units was deter-
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Characteristics of polymers studied
������������������������������������������������������������������������������������

� Content of vinyl � � � �
� acetate groups � Tm of EVAC � [�], dl g�1, � � Degree ofPolymer � in EVAC and � and Tdec of � � MW �
� ester groups in � pectins, �C � at 25�C � � crystallinity, %

� pectins, % � � � �
������������������������������������������������������������������������������������
EVAC1 � 15 � 92.6 � 0.72 � � � 27

� � � in chloroform � �
EVAC2 � 24 � 77.0 � 0.68 � � � 16

� � � in chloroform � �
Watermelon pectin � 85 � 175.0 � 2.36 � 12.6 � 105 � Fully amorphous

� � � in water � �
Citrus pectin � 75 � 160.0 � 1.14 � 5.0 � 105 � 15

� � � in water � �
Apple pectin � 75 � 170.0 � 1.56 � 7.3 � 105 � 20

� � � in water � �
������������������������������������������������������������������������������������

mined by analysis of the products of base hydrolysis
of the copolymers in a mixed solvent (hexanol�xy-
lene) [8]. As measure of molecular weights (MWs) of
EVACs we used the intrinsic viscosities [�] of the
copolymer solutions in chloroform, since calculation
by the Mark�Kuhn�Houwink equation is in this case
impossible. We used three pectin samples recovered
from apple pulp, watermelon peel, and citrus fruits.
The intrinsic viscosities of pectins were determined
from the viscosities of their aqueous solutions. The
resulting values of [�] and molecular weights of
the polymers are listed in the table. The composi-
tion of pectins was studied by IR spectroscopy. The
spectra were recorded on a Perkin�Elmer spectrometer
in the 1000�3900 cm�1 range using a KBr prism.
The spectra contained bands assignable to carbonyl
(1750 cm�1) and methoxy (1450 cm�1) groups charac-
teristic of pectins, and also broad bands of hydroxy
groups at 3400�3450 cm�1, typical of all polysac-
charides [9�11]. All the pectins studied had about
the same content of ester groups (see table).

The structure of the polymers was characterized
by X-ray diffraction. Measurements were made with
a DRON-2.0 diffractometer in the 2� range 15��50�
with CuK

�

radiation (� 0.1542 nm). The diffraction
patterns of pectins were measured with powdered
samples. EVACs were studied as thin (�50 �m) films
prepared by heating under a pressure of 15 MPa.
The sample structure was characterized by the degree
of crystallinity (see table), which was determined as
the ratio of the area under the diffraction peak to
the total area under the X-ray scattering curve in
the angle range under consideration.

To find the conditions for measuring the viscosity
of pectin�EVAC blends, we determined by DTA the

melting points of the copolymer samples. The thermal
behavior of pectins was characterized by thermogravi-
metric analysis with a Q-1500D derivatograph (MOM,
Hungary) in the range 20�240�C. Pectins, like other
polysaccharides, do not pass reversibly to the viscous-
flow state, since their melting points exceed the de-
composition points [12]. The temperatures of the on-
set of intense degradation of natural pectins are listed
in the table.

Samples for rheological studies were prepared by
blending a weighed portion of pectin with pulverized
EVAC. Blends containing 5�20 wt % pectin were
heated for 2 h at 50�C and then compacted at 140�C
and a pressure of 15 MPa. Samples had a cylindrical
shape; the diameter of their base corresponded to the
diameter of the working channel of the viscometer
(0.8 cm). Samples of blends were semitransparent,
with embedded pectin particles visible with a micro-
scope, i.e., the blends were heterogeneous. The vis-
cosity of EVAC�pectin blends was measured with
an MV-2 capillary microviscometer with the capillary
length to radius ratio of 25 : 1. Under these condi-
tions, the entrance effect could be disregarded in
calculations [13]. The viscosity was measured at
stresses of 500�3000 Pa, shear rates of 10�1�101 s�1,
and temperature of 110�C, which exceeded the melt-
ing points of the EVAC samples used and was 50�C
lower than the temperature at which the pectins started
to degrade.

The interaction of polymer blends with water was
evaluated by the extent of equilibrium swelling, which
was determined gravimetrically with films prepared
by compaction under the same conditions as for rheo-
logical tests. To accelerate the swelling, the measure-
ments were performed at 50�C.
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Fig. 1. Flow curves of EVAC2 blends with (a) watermelon, (b) citrus, and (c) apple pectins. (�) Effective viscosity and
(�) shear stress. Pectin content in blends, wt %: (1) 0, (2) 5, (3) 10, (4) 15, and (5) 20.

Figure 1 shows the flow curves of the blends of
EVAC-2 with (a) watermelon, (b) apple, and (c) citrus
pectins. The EVAC1 sample was studied only in a
blend with watermelon pectin. The dependences ob-
tained for this system are similar to those shown in

Fig. 2. Effective viscosity � of EVAC2 blends with (1) cit-
rus, (2) apple, and (3) watermelon pectins and (4) EVAC-1
blend with watermelon pectin vs. the pectin concentration c.
Shear stress 2100 Pa.

Fig. 3. Flow curves of EVAC2�pectin systems in reduced
coordinates: (�/�0) normalized effective viscosity and
(�0�

.
) shear rate. (1) EVAC, (2, 3) EVAC�watermelon

pectin, (4, 5) EVAC�citrus pectin, and (6, 7) EVAC�
apple pectin. EVAC : pectin ratio: (2, 4, 6) 90 : 10 and
(3, 5, 7) 80 : 20.

Fig. 1. It is seen that all the blends behave as non-
Newtonian fluids. The dependence of the viscosity on
the shear stress was the most pronounced for pure
EVAC. As the pectin content is increased, the blends
become less flowable, their viscosity grows, and the
slope of the curves relative to the abscissa decreases,
i.e., the viscosity becomes less dependent on the shear
stress. Such trends are known for polymeric systems
filled with disperse fillers, in which introduction of a
filler results in that, in the flow, the structure of the
system is not disturbed by the stress [14].

Figure 2 shows the dependence of the effective vis-
cosity of polymer blends on the pectin content. It is
seen that, as the pectin concentration is increased, the
viscosity of the blends with both EVAC1 and EVAC2
grows. Blends of EVAC2 with different pectins differ
in the viscosity only slightly (Figs. 1, 2). The influ-
ence of the pectin origin can be revealed by compar-
ing curves 1�3 in Fig. 2 and the data in the table.
The viscosity of EVAC-2�pectin blends is the higher,
the higher the molecular weight of the pectin. The de-
gree of esterification of the natural polymer, similar
for apple and citrus pectins (see table), apparently,
does not have a decisive effect on the viscosity of
blends with EVACs. Comparison of the effective vis-
cosities of blends containing different copolymers
(Fig. 2, curves 3, 4) with similar molecular weights
shows that the viscosity is more sensitive to the con-
tent of vinyl acetate units in EVAC than to the pectin
origin.

By extrapolating the viscosity coefficients obtained
to zero shear stress, using the procedure described in
[15], we calculated for the EVAC2�pectin systems
the highest Newtonian viscosities �0 and then, using
the concept of invariance of rheological data [13, 15],
plotted them in the normalized coordinates. The log�
log plots of the normalized effective viscosity �/�0
vs. shear rate ���0 for blends of EVAC2 with three
pectins are shown in Fig. 3. It is seen that the experi-
mental data on the reduced effective viscosity for all
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the three systems containing pectins of different ori-
gins form a relatively narrow zone of values at differ-
ent shear stresses. The existence of such a dependence
for normalized effective viscosity of the systems at
hand suggests that the relaxation properties of the
EVAC2 melt containing pectins of different origins
should be described by a common functional depen-
dence characterizing the similarity of the relaxation
spectra of these systems [13, 15].

The rheological data show that addition of pectins
recovered from various plants results mainly in in-
creased viscosity and hindered flow. The absolute val-
ues of viscosity of the blends remain within the limits
characteristic of the flow of melts of industrial ther-
mosoftening plastics in the course of molding [16].

Addition of natural polymers to synthetic polymers
is aimed to enhance the degradability of utilized poly-
meric items upon their disposal in soil. An important
prerequisite for efficient degradation under the action
of a complex of natural agents is the ability of a ma-
terial to interact with soil moisture. Therefore, we eval-
uated the swellability of EVAC2�watermelon pectin
blends in water. Figure 4 shows the kinetic curves
of swelling in water at 50�C of films formed from
EVAC2 and its blends. The kinetic curves are typical
of systems with limited swelling; the amount of ab-
sorbed water grows in proportion to the pectin con-
tent. However, as seen from the slopes of the initial
portions of the curves, the swelling rates and equili-
bration time are similar for all the compositions. This
is due to the fact that, in the systems studied, the low-
polar component, EVAC, prevails, and polar hydro-
philic pectin plays the role of a filler enhancing the
water-absorption power of the blend films. The de-
pendence of the limiting degree of swelling on the
pectin content in the films is shown in Fig. 5.

Thus, addition of pectins as fillers to EVAC results
in formation of systems more capable of swelling in
water than pure EVAC. This is important from the
viewpoint of biodegradation of such systems under
natural conditions (disposal of used items in soil).

CONCLUSIONS

(1) Natural polysaccharides, pectins, irrespective
of their specific plant origin, when added to ethylene�
vinyl acetate copolymers, increase their viscosity
to an extent growing with the pectin concentration.
The viscosity remains within the limits characteristic
of processing of synthetic polymers. The pectin origin
(apple pulp, watermelon peel, citrus fruits) affects the
rheological properties of pectin blends with ethylene�

Fig. 4. Kinetic curves of swelling of EVAC2�watermelon
pectin blends in water at 50�C. (�) Degree of swelling
and (t) time. EVAC2 : pectin: (1) 100 : 0, (2) 90 : 10,
and (3) 80 : 20.

Fig. 5. Limiting degree of swelling �lim of EVAC2�water-
melon pectin blends in water at 50�C vs. the pectin con-
centration c.

vinyl acetate copolymers to a lesser extent than does
variation of the content of acetate groups in the syn-
thetic component. Pectins enhance the swellability of
blends in water, which should positively affect their
biodegradability under natural conditions.

(2) Among the systems studied, the optimal rheo-
logical characteristics in combination with sufficient
water-absorption power are exhibited by blends of the
copolymer containing 25% vinyl acetate groups with
watermelon pectin. These blends can be used to pre-
pare biodegradable polymeric films and other con-
sumable materials.
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Abstract�Treatment of flax cellulose with NaOH was studied.

Because of the limited resources of cotton cellu-
lose, a growing attention has been paid in recent years
to production of cellulose from unconventional annual-
ly renewable plant raw materials such as flax, jute,
hemp, etc. Practical implementation of the correspond-
ing processes requires knowledge of structural changes
occurring in cellulose in the course of treatments and
in conversion into cellulose ethers and esters.

The interaction of alkali metal hydroxides with re-
generated cellulose has been studied quite thoroughly;
much less understood are the structural changes in cel-
lulose in cellulose-containing plant raw materials.
Therefore, the aim of this study was to analyze struc-
tural transformations induced in flax cellulose by al-
kaline treatment.

EXPERIMENTAL

In the study, we examined intermediate flax fibers
after mechanical separation from boon.

Natural flax fibers were beaten in a dry crush-
ing mill with shock-pulse loading (loading velocity
40 m s�1). By virtue of the ventilation effect, the flax
is carried away with the air flow, accelerated by
spreaders to 40�120 m s�1, and knocked against beat-
ers. In this stage, flax is broken into linen fiber and
boon, which are then separated in a cyclone separator.

Fiber samples were treated with NaOH at various
temperatures for 1 h at a liquor ratio of 1 : 10. The
swelling of the fibers and sorption of water and alkali
were determined as in [1]. A weighed portion of air-
dry cellulose with a fixed moisture content, taken to
with accuracy of 0.0002 g, was placed in a specially
designed vessel for swelling runs, poured over with

NaOH, and allowed to stand at a fixed temperature for
15 min. Then NaOH-treated cellulose was centrifuged
for 10 min at 8000 rpm. It was demonstrated in pre-
liminary experiments that the indicated temperature,
swelling, and centrifugal drying conditions are suf-
ficient for equilibration in the cellulose�NaOH�water
system. Samples after centrifugation were weighed
and analyzed for absorbed NaOH by titration with
0.1 N H2SO4 (samples were allowed to stand in dis-
tilled water for up to 3 h before titration). For each
NaOH concentration, the result was obtained as an av-
erage of three replicate runs to within 10%.

Also, we studied structural changes induced in cel-
lulose by alkaline treatment. Samples of NaOH-treated
cellulose were washed to neutral reaction and dried to
constant weight. Then the thus obtained samples were
analyzed for �-cellulose [2], concomitant compounds
(lignin [3] and hemicelluloses [2]), degree of poly-
merization DP [2], water retention [4] and water-ab-
sorbing capacity [5]. Structural transformations in cel-
lulose were also monitored by recording IR spectra
on an Avatar 360 FT-IR ESP spectrophotometer over
the range 400�4000 cm�1 in KBr pellets (1 mg per
100 mg KBr).

Interaction of a cellulose-containing material with
NaOH involves absorption of NaOH and water (swell-
ing), formation of alkaline cellulose, and dissolution
of low-molecular-weight fractions (hemicelluloses)
and noncellulose components. Figure 1 shows char-
acteristics of flax cellulose swollen in NaOH solutions
with various concentration, including the swelling
(swollen cellulose to absolutely dry cellulose weight
ratio) and uptakes of NaOH and water (number of
absorbed NaOH and H2O molecules in centrifuged
alkaline cellulose per cellulose unit).
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Fig. 1. Swelling A of flax cellulose vs. the NaOH concen-
tration c. (nNaOH/ncel, nH2O/ncel) Numbers of the NaOH
and H2O molecules in centrifuged alkaline cellulose per
cellulose unit. (1) Swelling, (2) absorption of NaOH, and
(3) absorption of water.

The swelling of cellulose and cellulose-containing
materials has been long studied. However, the swell-
ing mechanism remains to be conclusively established.
One thing is clear: alkaline cellulose is not formed
by the reaction with an alkali without swelling, e.g.,
in an anhydrous alcohol.

The swellability of a cellulose-based material can
be characterized by the weight or volume swelling [6],
linear expansion of a fiber, etc. Uptake of an alkali
and water by cellulose can be determined directly, as
in this study, or indirectly [7]. The swellabilities de-
termined by different methods sometimes differ con-
siderably. However, the shapes of the dependences of
the swelling and alkali and water uptake on the alkali
concentration are independent of the determination
procedure. The swelling by weight increases with in-
creasing NaOH concentration, and the corresponding
dependence curve shows a peak through a maximum
at NaOH concentration of 2�3 M. Figure 1 shows that
this behavior correlates with the water uptake. With
increase in the NaOH concentration above 3 M, the
content of water in the sample decreases (curve 3),
while that of NaOH continues to increase (curve 2).

The position of the peak depends on the origin of
cellulose (flax or wood) and treatment [6, 8]. It is dif-
ficult to conclude unambiguously what factors, the de-
gree of purification of the initial material or crystal-
linity index (CI), are decisive. In our case, the swelling
curve of untreated flax fibers (lignin content 16%;
cellulose, 72%; hemicelluloses, 6%; DP 4700; and CI
0.6) virtually coincides with that of refined sulfate
wood cellulose (lignin content <1%; cellulose, 95%;
hemicelluloses, 3�4%; DP 1800; and CI 0.55) [1]. It
may be suggested that the swelling curve and the posi-
tion of the peak are largely determined by parameters
of the alkaline solution rather than by structural char-
acteristics of a cellulosic material.

The effect of the alkali concentration in solutions
on the swelling of cellulose is usually accounted for
by hydration of ions as the main factor [9]. According
to the hydrated-ion model, an ion is bound in solution
to a fixed number of solvent molecules to form dis-
crete first, second, etc. coordination spheres [10].
The number of bound solvent molecules is determined
by the sum of the coordination number (the most prob-
able number of solvent molecules in the first coordi-
nation sphere of an ion) and the number of solvent
molecules forming the second and more remote co-
ordination spheres. The experimental hydration num-
bers obtained by different methods differ considerably.
The coordination number of ions is a more definite
quantitative parameter. The coordination numbers of
Li+, Na+, and K+ are 4, 6, and 8, respectively. How-
ever, the swellability of cellulose in the corresponding
alkalis increases in the reverse order. According to
[8], the swellability of cellulose in various alkalis is
as follows (%): cotton cellulose: 800 in KOH, 1100
in NaOH, and 1200 in LiOH; and wood cellulose:
1300 in LiOH, 1220 in NaOH, and 850 in KOH.
Therefore, the swelling is associated with total hydra-
tion of the ions rather than with that of their first hy-
dration sphere.

Based on the X-ray diffraction and spectroscopic
data, the authors of [11�13] found that the second
hydration sphere around the Li+ and Na+ ions consists
of 12 water molecules. By the effect on the structure
of water, Li+ and Na+ are classified with positively
hydrated ions (mean residence time of water mole-
cules near an ion is longer than that in the bulk of
water). The K+ ion, demonstrating a weaker capability
to form the second hydration sphere in solutions, [14]
was classified with the negatively hydrated ions. On
the basis of the available data, one may suggest that
the hydration shells around the Li+, Na+ and K+ ions
include 16 (4 + 12), 18 (6 + 12) and 8 (8 + 0) water
molecules, respectively. Accordingly, the alkali metal
concentrations at which water in solutions is totally
bound to form hydration shells of the ions are as fol-
lows (M): LiOH 3.2 (8.28%), NaOH 3.08 (10.99%),
and KOH 6.5 (28.7%).

As seen, the hydration number and nature of hydra-
tion of the Li+, Na+, and K+ ions are markedly dif-
ferent, which should be reflected in the curves of cel-
lulose swelling and alkali and water uptake. Accord-
ing to [8], the alkali concentration of the maximum
cellulose swelling in various alkalis is as follows (M):
cotton cellulose: LiOH 4, NaOH 4.5, and KOH 5.8;
and wood cellulose: LiOH 2.5, NaOH 2.5, and KOH
6.0. Therefore, the positions of the swelling maxima
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are close to the alkali metal concentrations at which
water is totally bound to form hydration shells of
the ions.

Progressive binding of water with increasing alkali
concentration should be accompanied by structural and
energy changes in the hydrates. The experimental data
suggest that this is a stepwise process. For example,
according to the NMR relaxation data [15, 16], the
initially octahedral first hydration sphere of Na+ be-
comes tetrahedral with increasing NaOH concentration.
A similar effect has been observed in X-ray diffraction
study of 2�3 M aqueous NaOH and NaCl [13].

Thus, the peaks in the swelling and NaOH and wa-
ter uptake curves, as well as the appearance of peaks
of alkaline cellulose in the X-ray diffraction patterns,
i.e., penetration of NaOH into the crystalline regions
of the cellulose structure, correspond to an NaOH con-
centration at which the hydration shell around the Na+

ion undergoes a structural rearrangement. The initially
octahedral first coordination sphere transforms into
that of the tetrahedral type, which, presumably, ini-
tiates transformation of the second hydration sphere,
too.

The structural transformations occurring in the cel-
lulose-containing plant raw material after removal of
NaOH and drying was monitored by the optical den-
sity ratios in the IR spectra. Levdik et al. [17] have
demonstrated, using the X-ray diffraction data, that
the change in the D1375 /D1325 ratio in cellulose, ob-
served after alkaline treatment, is associated with the
transformation of the cellulose structure from cellulose
I to cellulose II. Our results show (Fig. 2a) that the
transformation starts at an NaOH concentration of
2.0 M and comes to the end at that of 3.0 M, which
corresponds to the maximum swelling range of cel-
lulose (Fig. 1).

Over the range 2�3 M, the degree of structural trans-
formation is virtually a linear function of the NaOH
concentration. The transformation into cellulose II
occurs only when the initial system of hydrogen bonds
in highly ordered regions of the cellulose structure
breaks down. Otherwise, the native modification (cel-
lulose I) is restored after removal of NaOH by wash-
ing with water. The absorption at 3000�3700 cm�1 in
the IR spectra of cellulose characterizes the stretching
vibrations of the H-bonded hydroxy groups, and the
D3360 /D2920 ratio, the hydrogen bonding strength in
cellulose [18]. It follows from the dependence of the
D3360 /D2920 ratio on the NaOH concentration (Fig. 2b)
that the strength is at a minimum at 2.0�2.5 M and
starts to increase again above 3 M, reflecting the forma-
tion of a new system of hydrogen bonds (cellulose II).

Fig. 2. (a) D1375/D1325 as a measure of the cellulose I/cel-
lulose II conversion and (b) D3360/D2920 as a measure
of the hydrogen bonding strength in flax cellulose vs.
the NaOH concentration c.

Fig. 3. (1) Water absorption and (2) retention of flax cel-
lulose after alkaline treatment vs. the NaOH concentration
c. (A) Water content.

X-ray diffraction studies of cellulose II [19] re-
vealed that its structure with mixed conformation of
the hydroxymethyl groups is characterized by a more
developed system of hydrogen bonds as compared to
cellulose I in which only one conformation exists.
This feature leads to high stability of the system of
hydrogen bonds, which, in turn, provides high re-
sistance of cellulose II to dissolution in alkalis and
Cadoxene [21]. However, the equilibrium water up-
take is higher in cellulose II as compared to cellulose
I. As seen from Fig. 3 (curve 1), the water uptake
abruptly changes at NaOH concentration correspond-
ing to the structural transition. The water uptake de-
termined by the procedure described in [4] is inde-
pendent of the crystal modification (Fig. 3, curve 2).

It is known that alkaline treatment of cellulose
decreases its DP [9]. The dependence of DP of flax
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Fig. 4. (a) Degree of polymerization DP and (b) hemicel-
lulose content A in flax cellulose samples after alkaline
treatment vs. of the NaOH concentration c.

cellulose on the NaOH concentration has a maximum
within the range 2�3 M (Fig. 4a).

In our opinion, such a dependence is a result of
cellulose degradation (breakdown of the glucoside
bonds) and transfer of low-molecular-weight fractions
to the solution. The DP is at a maximum at NaOH
concentrations corresponding to the strongest swelling
of cellulose (Fig. 1). In this concentration range, i.e.,
under conditions favoring the strongest swelling, there
is no steric hindrance to dissolution, and the removal
of low-molecular-weight fractions and even hemicel-
lulose with higher DP dominates. At NaOH concen-
trations below 1.5 M, the degree of swelling is still
low, and above 4 M, it is no longer sufficiently high,
which makes the transfer of hemicelluloses from cel-
lulose fibers into the solution difficult because of the
steric hindrance. This decreases the mean DP and in-
creases the hemicellulose content in linen cellulose
treated at high NaOH concentration (Fig. 4b).

Thus, the NaOH concentration range 2�3 M pro-
vides the minimum energy of hydrogen bonding in
cellulose (Fig. 2b) and, as a result, the cellulose I/cel-
lulose II transformation occurs (Fig. 2a) [22]. In this
case, the maximum removal of lower-molecular-weight
fractions of cellulose makes higher the mean DP in
the insoluble fraction.

CONCLUSIONS

(1) The presence of concomitant compounds (lig-
nin, hemicelluloses, etc.) in untreated linen cellulose

has no significant effect on the structural transforma-
tion occurring in cellulose under the action of NaOH,
contrary to, e.g., regenerated wood cellulose (sulfate
pulping).

(2) The extrema in the dependences of the param-
eters characterizing structural changes in cellulose
under the action of NaOH (swelling, transformation
of cellulose I into cellulose II, hydrogen bonding
strength, and degree of polymerization) are found
within the NaOH concentration range 2�3 M. It is
suggested that, over this range, structural rearrange-
ment in the Na+ hydration shell facilitates penetration
of the alkali into the crystalline regions of the cellu-
lose structure.
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Abstract�Single-stage synthesis of carboxymethyl cellulose amides was studied. The influence exerted
by introduction of amide groups with bulky alkyl radicals on the thermodynamic affinity of mixed cellulose
ethers for a solvent and their solubility in water was evaluated.

There is growing interest in associated polymer
systems based on environmentally friendly biodegrad-
able natural polymers. Among derivatives of cellulose,
its water-soluble ethers and esters are widely used in
manufacture of detergents, oil production (drilling
muds), and textile, paint-and-varnish, food, cosmetic,
and fragrance industries. These are methyl cellulose
(MC), hydroxypropyl cellulose (HPC), hydroxypropyl
methyl cellulose (HPMC), methyl ethyl cellulose
(MEC), and some others cellulose ethers and esters.

Among ionic derivatives of cellulose, carboxy-
methyl cellulose sodium salt (NaCMC) is most widely
used. Carboxymethyl cellulose is a typical polyelec-
trolyte [1, 2]. Its application field can be extended by
chemical modification.

Two major methods are known to be used for
chemical modification of partially substituted cellu-
lose ethers. The first is introduction of new functional
groups at the free hydroxy groups in the anhydroglu-
cose units, and the second, selective modification of
the already present substituents.

It is of significant scientific and practical interest to
synthesize CMC amides (CMCAs) and study the ef-
fect of newly introduced substituents on the thermo-
dynamic affinity of the resulting products for water.
CMCAs can be synthesized by the reaction of amines
with CMC acid chloride [3�5] or CMC in the H form
(HCMC) [6]. By varying the molecular weight and
degree of substitution in CMC and also the nature of
an amine and degree of amidation, new cellulose de-
rivatives soluble in water and organic solvents can be
synthesized. New mixed ethers of cellulose can behave
as polyacids, weak polybases, nonionic materials, or
polyampholytes.

In this study, we examined the synthesis of CMCA
by the reaction of amines with the carboxy groups of
HCMC.

EXPERIMENTAL

As starting materials we used two NaCMC sam-
ples: CMC synthesized in laboratory (degree of poly-
merization DP� 360; degree of substitution DS 0.32)
and commercial NaCMC (degree of polymerization
DP� 630; degree of substitution DS 0.80). CMC with
low DS was chosen with the aim to refine conditions
for CMCA synthesis and to study the effect of intro-
duction of small amounts of new functional groups on
the thermodynamic affinity of the resulting derivatives
for water. With the commercial NaCMC sample, we
studied the effect of large amounts of new functional
groups on the solubility of CMCA in water. In amida-
tion, we used decylamine.

Samples of NaCMC may contain, as impurities,
low-molecular-weight chlorides of the starting reac-
tants used in carboxymethylation of cellulose. To re-
move foreign compounds, the sample was pretreated
in a Soxhlet apparatus with hot 70% aqueous isopro-
panol for 4 h to negative reaction for chloride (AgNO3)
and then vacuum-dried at 50�C for 12 h. The DSNa and
DP� were determined with thus pretreated samples.

CMCA was synthesized by reaction (1).

(1)�O�CH2�C�NH�R + H2O
�Cell

OH ��
O

��t�

�O�CH2�C�OH + H2N�R
�Cell

OH ��
O

�O�CH2�C�NH�R + H2O
�Cell

OH ��
O

��t�

�O�CH2�C�OH + H2N�R
�Cell

OH ��
O
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The reaction conditions were selected so as to ob-
tain a set of water-soluble mixed cellulose ethers.
NaCMC samples were initially converted into the H
form by treatment with 20% HCl in 70% ethanol,
washed to negative reaction for chloride (AgNO3),
and dried to constant weight in a vacuum oven at
60�C for 12 h. The degree of amidation (DA) in
the resulting CMCA was estimated by Eq. (2).

14 � 100 � 139y
179y

DA = ������������ ,
14 � 100 � 139y

179y
DA = ������������ , (2)

where y is the nitrogen content (wt %); 179, the mo-
lecular weight of the HCMC (DS 0.32) unit; and 139,
the increase in the molecular weight of HCMC after
introduction of one decylamine group.

Nitrogen was determined by the Kjeldahl meth-
od [7].

The solubility of CMCA was determined as fol-
lows. A weighed portion of CMCA required for pre-
paration of 1% solution (corrected for the moisture
content in CMCA) was stirred in distilled water at
room temperature for 6 h. The solution was filtered
through a Schott filter no. 2 (pore size 40�90 �m).
The precipitate was washed on the filter with water
and dried at 105�C to constant weight. The solubility
was estimated by Eq. (3).

S = 1 � ������ � 100,
�
�
�

g2 � g3

�
�
�g1

S = 1 � ������ � 100,
�
�
�

g2 � g3

�
�
�g1

(3)

where g1, g2, and g3 are the weights (g) of the poly-
mer taken for dissolution, filter with the precipitate,
and filter, respectively.

The sorption of solvent vapor on CMCA at 293 K
was measured at a solvent saturation pressure on a
McBain quartz spring balance (sensitivity 1 mg mm�1)
with accuracy of about 0.01%.

Infrared spectra of mixed cellulose ethers were re-
corded on a Bruker FS-88 FTIR spectrometer in KBr
pellets.

Table 1 shows the conditions of synthesis of CMCA
from HCMC with DS 0.32. The reaction was carried
out at 140�C. To decrease the polymer degradation
rate, the synthesis was performed in xylene at a liquor
ratio of 4 and 13. In carrying out the reaction, we
varied the reaction time and amount of decylamine
(recalculated to 1 mol of carboxy groups of the poly-
mer). A fixed amount of decylamine was added to
HCMC in xylene, and synthesis of CMCA was car-
ried out at elevated temperature with stirring. After
the reaction was complete, the samples were washed
with 70% aqueous ethanol to remove the amine salt

Table 1. Synthesis of CMCA from CMC (DS 0.32)
����������������������������������������

� � Amount � � � � Sorption
Run�	, h� of � Liquor �N, %� DA � of water
no. � � amine, � ratio � � � vapor,

� �mol mol�1� � � � g g�1

����������������������������������������
1* � � � � � � � � � � � 2.203
2 � 3 � 1 : 1 � 4 � 0.76 �0.105� 1.517
3 � 1 � 1 : 0.5 � 13 � 0.15 �0.019� 1.856
4 � 2 � 1 : 0.5 � 13 � 0.20 �0.026� 1.687
5 � 3 � 1 : 0.5 � 13 � 0.41 �0.055� 1.680
6 � 1 � 1 : 1 � 13 � 0.34 �0.045� 1.785
7 � 2 � 1 : 1 � 13 � 0.48 �0.064� 1.776
8 � 3 � 1 : 1 � 13 � 0.50 �0.066� 1.764

����������������������������������������
* Run with NaCMC (DS 0.32).

sorbed on the polymer. The washing was repeated
five times with fresh portions of the ethanol solution.
The completeness of removal of the unchanged amine
was controlled by the IR absorption band of the amine
salt according to the procedure described in [6].

It should be pointed out that the NaCMC sample
with DS 0.32 is highly soluble in water, which is
caused by the uniform distribution of substituents [8].
Commercial NaCMC is readily soluble in water at
DS 0.40 and higher. The synthesis of the amides is
influenced by the liquor ratio and amount of decyl-
amine taken for reaction (recalculated to 1 mol of
carboxy groups of the polymer). As seen, DA grows
with increasing amount of the amine in the reaction
mixture, at the same reaction time (experiment nos. 2,
5, 8). With increasing liquor ratio, DA decreases as
a result of a decrease in the amine concentration in
the reaction mixture.

Fig. 1. FTIR spectra: (1) NaCMC, (2) HCMC, (3) amidated
HCMC (DA 0.066), and (4) amidated NaCMC (DA 0.066).
Initial CMC with DS 0.32. (A) Absorption and (�) wave
number; the same for Figs. 2 and 4.
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Fig. 2. FTIR spectra of cotton cellulose: (1) after amidation
and (2) that after subsequent saponification. Reaction time
3 h.

Fig. 3. (1, 2) Solubility S of CMCA in water and
(3, 4) polymer�solvent interaction parameter �1 in the sys-
tem CMCA�water vs. DA. CMCA samples were prepared
from CMC with DS 0.32. Amount of decylamine added
(mol mol�1 COOH groups of CMC): (1, 3) 0.5 and
(2, 4) 1.0.

The chemical analysis data (determination of DA
from the nitrogen content) were confirmed by the
FTIR spectra of the initial NaCMC, HCMC, and
the resulting amides, which contain ionized and free
carboxy groups (Fig. 1).

The IR spectrum of regenerated cotton cellulose
is characterized by broad adsorption band at 3000�
3700 cm�1 (free and H-bonded OH groups of the poly-
mer) and a symmetrical band at 2900 cm�1 (CH2 and
CH groups of cellulose) [9]. The IR spectrum of
NaCMC (Fig. 1) shows a band at 1597�1605 cm�1,
assigned to antisymmetrical vibrations of the ionized
carboxy groups COO� [6]. On passing to HCMC, an
absorption band of COOH at 1740 cm�1 and a shoul-
der at 1647 cm�1 are observed [10]. The amide group

has absorption bands at 1650 cm�1 (amide I) and 1515�
1570 cm�1 (bending vibrations of the NH group) [11].

As the CO bands of the amide and COOH groups
(1647 cm�1) are close, we recorded IR spectra of
CMCA, in which unchanged carboxy groups occur in
the H form (spectrum no. 3) and Na form (spectrum
no. 4). As seen, in the case of HCMC amide, charac-
teristic bands of COOH are observed at 1740 cm�1,
and amide bands, at 1640�1650 and 1570 cm�1. After
conversion of free carboxy groups into the Na form,
the CO band of the amide group appears as a shoulder.
The band at 1570 cm�1 is not observed because of
the small amount of the amide groups in CMCA, as
demonstrated below. Furthermore, after substitution
of even a small amount of the carboxy groups with
amide groups, we observed splitting of the band at
2900 cm�1, which should be assigned to additional
CH2 groups of the primary amine used in amidation.
The absorption bands at 2875 and 2925 cm�1 are as-
signed to symmetrical and antisymmetrical vibrations
of the CH2 groups of the substituent, respectively [11].

It should be pointed out that, a shoulder at 3180 cm�1

is observed in the range of absorption of the OH
groups (3000�3700 cm�1), which suggests hydrogen
bonding with the NH groups of the amide [11]. Thus,
the IR spectra of the CMCA samples confirm the re-
sults of chemical analysis.

Under conditions similar to those used in synthesis
of CMCA, amines may react with the hydroxy groups
of the polymer (such a reaction is used in synthesis of
cellulose carbamates [12]). To check the possibility of
formation of an amide by the reaction of the amine
with the hydroxy groups, cotton linter was treated
with the reaction mixture under the same conditions as
CMC was. The FTIR spectra of cotton cellulose after
amidation and subsequent saponification are shown
in Fig. 2. No absorption bands typical of the amide
groups are observed in the spectra, which suggests
that the amine reacts with the carboxy groups of the
polymer essentially by reaction (1).

Since we used decylamine as an amidating agent,
it may be expected that introduction of such a bulky
radical into the CMC molecule will alter the thermo-
dynamic affinity of the polymer for water. Therefore,
we studied the solubility of the resulting products in
water and estimated the Flory�Huggins polymer�sol-
vent interaction parameter �1, using the water vapor
sorption method (Fig. 3). The interaction param-
eter �1 was calculated by Eq. (4).

ln a1 = ln ( p1 /p1
0 ) = ln (1 � 
2) + 
2 + �1
2

2 , (4)

where a1 is the solvent activity and p1/p
0
1, relative

pressure of the solvent vapor.
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The experiments were carried out at a saturated
vapor pressure of water, i.e., a1 = p1/p

0
1 = 1 and

ln a1 = 0.

The volume fraction of the polymer was estimated
by Eq. (5).


2 = ��������� ,1

1 + �� (�W )
d1

d2

2 = ��������� ,1

1 + �� (�W )
d1

d2
(5)

where �W is the sorption of water (g g�1), and d1 and
d2, the densities of water and the polymer, respectively.

The densities of CMCA samples were calculated
theoretically [13].

Figure 3 shows that introduction of a small amount
of amide groups containing a long alkyl radical in
the CMC macromolecules (DA � 0.06) does not de-
crease significantly the solubility of CMCA in water.
At DA > 0.06, the solubility of mixed cellulose ethers
remarkably decreases. The observed steady increase
in �1 suggests a decrease in the thermodynamic af-
finity of CMCA for water.

Table 2 summarizes the results of synthesis of
CMCA from commercial CMC. At a liquor ratio of 4,
the major part of the reaction mixture is absorbed
by the sample. As a result, the polymer macrochains
suffer a remarkable oxidative degradation at 140�C.
To optimize the synthesis conditions, we varied the
liquor ratio. The minimum degradation was observed
at a liquor ratio of 13, but in this case, the consump-
tion of chemicals is the highest. A liquor ratio of 10
was accepted as the optimum.

As determination of nitrogen in CMCA samples by
the Kjeldahl method takes a long time, we studied the
possibility of determining DA by the conductometric
titration. Determination of the carboxy groups in
CMC takes about 1.0�1.5 h. The DS in the initial
CMC was determined from the amount of the carboxy

Fig. 4. FTIR spectra of CMCA samples. DA: (1) 0.50,
(2) 0.58, and (3) 0.63.

Table 2. Synthesis of CMCA samples from CMC with
DS 0.80 (reaction time 3 h; amount of decylamine added
1 mol mol�1 COOH groups)
����������������������������������������

� � � DA � Water
� � ������������������ � � � vaporRun
�

Liquor
� N, % �

Kjeldahl
� conduc- � sorp-no.

�
ratio

� � � tometric � tion,
� � �

method
� titration � g g�1

����������������������������������������
1* � � � � � 2.240
2 � 4 � 0.58 � 0.58 � 0.50 � 0.687
3 � 6 � 0.61 � 0.61 � 0.58 � 0.759
4 � 10 � 0.67 � 0.67 � 0.63 � 0.776
5 � 13 � 0.65 � 0.65 � 0.60 � 0.825

����������������������������������������
* Run with NaCMC (DS 0.80).

groups, using back titration [2]. Then we determined
unchanged carboxy groups in the resulting CMCA.
The DA was found as the difference

DA = DSCMC � DSCMCA.

As seen (Table 2), both methods used for determin-
ing DA provide similar results. It should be pointed
out that conductometric titration is applicable only
to CMCA samples with DA >0.2. For samples with
lower DA (Table 1), we obtained considerable dis-
crepancies in the DA values estimated from the nitro-
gen content and from conductometric titration data.

At high DA, the FTIR spectra shows the charac-
teristic amide band at 1650 cm�1 (Fig. 4). The band
at 1550 cm�1 appears as a shoulder, which becomes
more pronounced with increasing DA. Substitution of
more than half of the carboxy groups in CMC strong-
ly decreases the CMCA solubility in water and the
thermodynamic affinity of the polymer for the sol-
vent (Fig. 5). The resulting CMCA samples demon-
strate a limited solubility in aqueous-organic solvents.

Fig. 5. Solubility S of CMCA in water and polymer�sol-
vent interaction parameter �1 in the systems CMCA�water
vs. DA. CMCA samples were prepared from CMC with
DS 0.80. Amount of decylamine added 1 mol mol�1 COOH
groups of CMC.
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Comparison of Tables 1 and 2 shows that, under
similar conditions of CMC amidation (temperature,
liquor ratio, amount of the amine added), DA can
be controlled by varying DS in the initial CMC.

Finally, the degree of amidation and physicochem-
ical characteristics (solubility in water and aqueous-
organic solvents) of CMCA can be controlled by
varying the DS in the initial CMC and the structure
of an amine.

CONCLUSIONS

(1) Optimal conditions are determined for single-
stage synthesis of carboxymethyl cellulose N-decyl-
amide (N-decylaminocarboxymethyloxycellulose).

(2) Amidation of carboxymethyl cellulose is af-
fected by characteristics of the initial CMC, the
amount of the amine added, and liquor ratio.

(3) Small degree of amidation has no considerable
effect on the solubility of carboxymethyl cellulose in
water. At high DA, the solubility in water is very low,
but the products become soluble in aqueous-organic
solvents.
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Abstract�Variation of submicroscopic structure and also the behavior of phenolic compounds and poly-
saccharides of pine wood under conditions of potash-sulfite cooking were studied.

Delignification of pine wood by the traditional
sulfite procedure is hampered by the presence of
phenolic compounds and their derivatives, such as
pinosylvin (3,5-dihydroxystilbene), its monomethyl
ether, and flavone compounds of the phenolic type
(pinocembrin, pinobanksin, etc.) in the heartwood.
Phenolic compounds, entering into the condensation
with lignin, inhibit its dissolution to the point of
complete termination. Combined alkaline-sulfite pro-
cedures of cellulose production allow recovery of vari-
ous plant raw materials. In so doing, wood is sep-
arated into fibers with yield higher by 10% than that
in the traditional sulfite cooking, and the yield of
cellulose increases by 7�8% due to the stabilization
of carbohydrates to acid hydrolysis [1]. This is cased
by the differences in the topochemistry of wood de-
lignification processes.

It has been shown previously [2, 3] that, in soda-
sulfite cooking of spruce wood, the P and S1 layers of
the cell wall of wood are subjected to a directed chem-
ical action. As a result of swelling and subsequent
contraction of wood with variation of pH of the cook-
ing liquor at the interface of intercellular substances,
microfissures and subcapillaries are formed, which
provides early separation of wood residue into fibers
and production of cellulose with high morphologic
homogeneity. Sodium and potassium compounds can
be used as a soluble base for combined alkaline-sulfite
delignification [1, 4�6].

The aim of this study was to examine the variation
of chemical composition and submicroscopic structure
of ordinary pine (Pinus silvestris) wood in potassium-
sulfite cooking.

EXPERIMENTAL

For chemical analysis of pine wood and wood res-
idue, we used a 0.25�0.50-mm sawdust fraction.
The lignin content in wood, wood residue, and cel-
lulose was determined by treatment with sulfuric acid
[7]; the cellulose content, by the nitric acid-alcohol
method [7]; the content of pentosans, by the bromide-
bromate method [7]; and the content of substances
extracted with hot water, ethyl ether, and acetone, by
the procedure described in [7].

For cooking we used pine wood chips 20�25 mm
long, 20�25 mm wide, and 2�5 mm thick. The cook-
ing was carried out in an electrically heated 2.5 dm3

autoclave. Before cooking, the chips were treated with
saturated steam at 100�C for 15 min, after which the
chips were impregnated with a 45 g dm�3 (in the K2O
units) K2CO3 solution at 50�C for 80 min and gage
pressure of 0.9 MPa. After completion of impregna-
tion and withdrawal of the draining K2CO3 solution,
sulfurous acid containing 0.3% (in the K2O units)
potassium base and 8% total SO2 was introduced into
the autoclave. The temperature schedule was as fol-
lows: heating to 145�C for 45 min and cooking at this
temperature until an intermediate product with a given
content of lignin was obtained [8].

The total volume of submicroscopic capillaries
(TVSC) was measured by determining the water vol-
ume in capillaries inaccessible to polymer macro-
molecules in moist samples of wood and cellulose.
For this purpose, lateral sections of the initial wood
and wood residue, 0.2 mm thick, were prepared on
a microtome. Polyethylene glycol with the number-
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average molecular weight of 40000 was used as a po-
lymer. The concentration of aqueous solutions of po-
lyethylene glycol was measured with an ITR-1 inter-
ferometer. By evaluating the amount of water �inac-
cessible� to the soluble polymer Q, we determined
the point of fiber saturation, which characterizes the
total volume of submicroscopic capillaries of cellulose
fibers swollen in water (cm3 g�1) [9].

The amount of water inaccessible to the polymer
was evaluated by the formula [9]

Q = ���� 1 � ���� ��W
W + qP cfin

cin�
��
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where W is the weight of the polyethylene glycol so-
lution (g); P, weight of absolutely dry sample (g);
q, the weight of water contained in the sample (g);
and cin and cfin, the initial and final concentrations of
polyethylene glycol solution (%).

The volume of the cell walls (VCW) was evaluated
by the formula

VCW = (TVSC + 1/1.45)Ky,VCW = (TVSC + 1/1.45)Ky,

where Ky is the yield coefficient for wood residue
or cellulose determined as the ratio of the weight of
the wood residue or cellulose to the weight of the in-
itial absolutely dry wood, and 1.45 is the specific
volume of the wood substance (g cm�3).

The water-retaining power (WRP) of cellulose and
wood residue was determined by centrifugation and
evaluated from the amount of water retained in fiber
shells (% of the weight of absolutely dry wood res-
idue) [10]. The carbohydrate composition of the sam-
ples and wood residues was determined by gas�liquid
chromatography [7].

The pine wood sample selected for the study had
the volume ratio of the heartwood and sapwood parts
of wood of 58 and 42%, respectively.

As seen from Table 1, the heartwood and sapwood
parts of pine wood differ appreciably in density and
chemical composition. The heartwood contains more
lignin and extractable substances but less cellulose
and pentosans. The presence of significant amounts of
extractable substances of the phenolic type (1.8 wt %),
extracted with acetone after treatment with ethyl ether,
in the heartwood did not allow complete delignifica-
tion of this sample of pine by the traditional sulfite
procedure: as a result of cooking, dark-colored cel-
lulose was obtained in a total yield of 46.4 wt %, with
the content of wood residue of 15.4 wt %.

The series of potash-sulfite cookings with sampling
of wood residue at certain intervals yielded inter-
mediate products with lignin content from 29.0 to
5.7 wt % in the total yield of 96.7 to 48.1 wt %.
As seen from Fig. 1, the TVSC and WRP increase
in treatment of pine wood with saturated steam for
15 min. In parallel, the content of extractable sub-
stances and acetyl groups decreases by 32 and
12 wt %, respectively (Table 2).

During impregnation, penetration of K2CO3 solu-
tion into the wood substance is accompanied by its
swelling. The layer S3, which is the layer of secondary
cell wall, situated most closely to the lumen, contacts
the solution first. To the middle plate, the solution
penetrates mainly through the apertures of edged pores.
As a result of swelling of cell walls, a developed sys-
tem of submicroscopic capillaries is formed. The de-
gree of swelling of wood substance can be indirect-
ly judged from the variation of TVSC, VCW, and
WRP. At insignificant decrease in the yield of wood
residue (by 1.7 wt %) in treatment with solution of
potassium carbonate, the TVSC increases by 13 vol %,
VCW, by 3.5 vol %, and WRP, by 24 wt %. The rather
weak swelling of pine wood substance under the ac-
tion of K2CO3 solution is accounted for by the fea-
tures of this type of wood, such as the high content of
resinous substances, which decrease the permeability

Table 1. Characteristics and chemical composition of pine wood
������������������������������������������������������������������������������������

Characteristic � Heartwood part � Sapwood part � Wood as a whole
������������������������������������������������������������������������������������
Density, kg m�3 � 520 � 470 � 490
Composition, wt %: � � �

cellulose � 41.9 � 50.5 � 45.5
lignin � 32.2 � 26.5 � 29.8
pentosans � 6.9 � 7.6 � 7.2
substances extracted with: � � �

hot water � 5.5 � 4.4 � 5.0
ethyl ether � 7.0 � 4.8 � 6.0
acetone after extraction with ethyl ether � 1.8 � � � 1.0

������������������������������������������������������������������������������������
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Table 2. Variation of composition of pine wood in treatment with K2CO3 solution
������������������������������������������������������������������������������������

� � Yield, � Lignin, wt % � Extractable substances, � Acetyl groups, wt %
� � ��������������������� ��������������������� � % of � � % of the weight of �Treat- � �, � the weight �of the weight� of the ini- � absolutely dry wood � of the weight � of the ini-
� � � � ������������������������ �ment � min � of abso- � of abso- � tial � � of absolutely � tialno. � � lutely � lutely dry � content � ethyl � acetone after extrac- � dry wood � content
� � dry wood � wood � in wood � ether � tion with ethyl ether � residue � in wood

������������������������������������������������������������������������������������
Initial wood � 100.0 � 29.8 � 100.0 � 6.0 � 1.00 � 2.27 � 100.0

Treatment with steam

1 � 15 � 96.7 � 29.0 � 94.1 � 4.1 � 0.83 � 2.10 � 89.5

Treatment with K2CO3 solution

2 � 15 � 96.0 � 28.4 � 91.5 � 3.6 � 0.62 � 2.06 � 88.9
3 � 30 � 95.8 � 28.0 � 90.0 � 2.2 � 0.30 � 1.99 � 85.4
4 � 60 � 95.4 � 27.9 � 89.3 � � � � � 1.65 � 70.1
5 � 80 � 95.0 � 27.9 � 88.9 � 1.8 � 0.22 � 1.54 � 64.4

������������������������������������������������������������������������������������

Table 3. Variation of composition of pine wood in sulfite stage of cooking
������������������������������������������������������������������������������������

� � Yield, % of the weight � Lignin, wt % � Extractive substances, % of
� � �������������������������Treat- � �, � of absolutely dry wood � � the weight of absolutely dry wood
� ��������������������� � ��������������������������ment � min � � of the weight � of the initial �
� � � � � � �no. � (T, �C) � total � sorted � of absolutely � content � ethyl �acetone after extraction
� � � cellulose �dry wood residue� in wood � ether � with ethyl ether

������������������������������������������������������������������������������������
Heating to final temperature

6 � 15 (70) � 95.3 � � � 28.0 � 89.6 � 2.3 � 0.26
7 � 30 (110) � 94.8 � � � 27.1 � 86.2 � 2.7 � 0.22
8 � 45 (145) � 84.0 � � � 27.0 � 76.1 � 2.8 � 0.18

Keeping at 145�C

9 � 30 � 71.6 � 21.2 � 23.3 � 56.0 � 2.5 � 0.18
10 � 60 � 61.1 � 29.0 � 16.5 � 33.8 � 2.5 � 0.17
11 � 90 � 55.2 � 36.3 � 12.5 � 23.2 � 2.5 � 0.16
12 � 120 � 51.7 � 43.3 � 8.6 � 14.9 � 2.6 � 0.16
13 � 150 � 48.1 � 45.7 � 5.7 � 9.2 � 2.6 � 0.17

������������������������������������������������������������������������������������

of wood and the state of edged pores of heartwood. It
is well known that heartwood differs from sapwood
in the predominance of pores closed by toruses, which
hampers impregnation.

As the K2CO3 solution penetrates into the capil-
lary-porous system, the wood is subjected not only to
physical but also to chemical action of this solution.
Deacetylation of wood, which started in the stage of
steam treatment, is enhanced in treatment with potas-
sium carbonate solution: the content of acetyl groups
decreases by additional 25 wt % (Table 2, treatment
no. 5). The deacetylation is somewhat accelerated with
increasing treatment duration, which is due to im-
provement of the conditions of wood impregnation
through removal of extractable substances.

Treatment of pine wood with K2CO3 solution pro-
vides dissolution of more than 70 wt % of the sub-
stances extracted with ethyl ether and decreases the
content of phenolic compounds, which is indirectly
suggested by the decrease from 0.83 to 0.22 wt % in
the content of substances extracted with acetone after
extraction with ethyl ether. After completion of the
stage of alkaline treatment of wood, the free-draining
solution of K2CO3 is fully removed, and only a part
of the solution, filling the capillary-porous system of
wood, is involved in the sulfite stage. During the first
15 min of the sulfite stage of cooking, i.e., during
heating to 70�C, K2CO3 reacts with H2SO3, which is
accompanied by a decrease in the pH of the medium.
As can be seen from Table 3 and Fig. 1, during this
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Fig. 1. Variation of TVSC of (1) wood residue and (2) ini-
tial wood, (3) WRP, and (4) VCW in potash-sulfite cook-
ing. (T ) Temperature and (�) time; the same for Figs. 2
and 3; (5) temperature regime of cooking.

Fig. 2. Variation of content K (1) lignin and (2) resin in
potassium-sulfite cooking. (3) Cooking temperature.

period the TVSC significantly decreases (by 53%),
and the VCW decreases from 87 to 66%. The de-
crease in TVSC is caused by significant contraction
of cell walls of wood (WRP decreases from 1.19 to
0.88 cm3 g�1 of wood residue). The abrupt decrease
in the degree of swelling of cell walls is apparently
favored by deresinification of tracheids of pine wood
in the stage of treatment with K2CO3 solution. With
further heating, the TVSC, WRP, and VCW of wood
residue increase again owing to hydrolysis of poly-
saccharides and dissolution of their hydrolysis prod-
ucts, and also to formation of solid lignosulfonic acid
having hydrophilic properties.

During keeping at the final temperature, sulfona-
tion of lignin is enhanced, its dissolution is acceler-
ated, and carbohydrate components are swollen and
partially dissolved. When the final temperature of
potash-sulfite cooking is reached, with the develop-
ment of the system of submicroscopic capillaries con-
tinuing, the WRP decreases, which is caused by dis-
solution of significant amounts of lignin, hemicel-
luloses, and in part, cellulose.

As can be seen from Table 3, the yield of wood
residue somewhat increases within 15 min after sup-

ply of sulfurous acid to cooking, presumably owing
to uptake of sulfur (sulfonation of lignin) and also to
an increase in the content of extractable substances
(by 31 wt %) through their precipitation from solu-
tion in substitution of the alkaline medium for acidic
medium. During heating to 145�C, the yield of wood
residue significantly decreases (to 84 wt %) owing
dissolution of lignin and readily hydrolyzable car-
bohydrates. During cooking at the final temperature,
the yield of wood residue rapidly decreases, which is
caused by dissolution of sulfonated lignin.

After keeping for 30 min at the final temperature,
the wood residue is divided into two portions: sorted
cellulose (21.2 wt %) and wood residue (50.4%). As
can be suggested, the sorted cellulose is formed from
sapwood, which contained less lignin and no phenolic
compounds among its extractable substances. After
longer cooking at the final temperature, the content of
sorted cellulose increases and that of wood residue
decreases. After the completion of cooking, the total
yield of cellulose was 48.1 wt %, with the content of
wood residue equal to 2.4 wt %.

It should be noted that, for pine wood delignifica-
tion by the potash-sulfite procedure, there is no so-
called point of desintegration into fibers. The dis-
integration of wood residue into fibers was extended
in time owing to the presence of readily cooked sap-
wood and difficulty cooked heartwood. The dynamics
of lignin dissolution during cooking are complicated.
Treatment of wood with saturated steam weakens
the bonds between carbohydrate and lignin macro-
molecules, which favors removal of approximately
6 wt % of lignin from wood with a condensate being
formed. During treatment with K2CO3 solution, ap-
proximately 5 wt % of lignin is dissolved additionally.
In the initial stage of sulfite cooking, lignin is not
dissolved, since a certain degree of sulfonation is
required for lignin to pass into sulfurous acid solution.
With increasing temperature, the lignin dissolution
accelerates. As a result, when the final temperature
is reached, an additional 13 wt % of lignin passes
into the solution. The rate of lignin dissolution is
the highest during the first hour of keeping at the
final temperature, after which the process decelerates.
The deceleration of delignification is due to the fact
that, by this instant of time, sapwood has got free of
the main part of lignin, while delignification of heart-
wood still continues.

The variation of the content of substances extract-
able with acetone in the wood residue and cellulose is
shown in Fig. 2. After steaming, 34 wt % of resinous
substances is removed from wood, and after treatment
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with K2CO3 solution, 42 wt % of resinous substances
passes into the solution. However, after complete with-
drawal of draining solution of potassium carbonate
and supply of a sulfurous acid, the resin content in
the wood residue increases. This is due to the fact that
extractable substances dissolved in the alkaline solu-
tion, whose certain volume is retained in wood, par-
tially reprecipitate in wood capillaries when pH and
temperature change. In the course of subsequent sul-
fite cooking, the extractable substances slowly pass
into the solution. In separation of sorted cellulose
and wood residue, it was found that the wood residue
contains a large amount of resinous substances. After
the cooking is complete, approximately 20% of the in-
itial amount of extractable substances is contained in
wood.

Tables 2 and 3 show that the content of phenolic
compounds (acetone extract after pretreatment of
wood residue and cellulose with ethyl ether) gradually
decreases in the course of potash-sulfite cooking. In
the first stage of cooking (treatment with saturated
steam or and K2CO3 solution), up to 80 wt % of
the initial amount of phenolic compounds in wood is
recovered from pine chips, including 60 wt % in
alkaline treatment. In the stage of sulfite cooking,
the wood substance continues be feed of phenolic
compounds with increasing temperature, but a part of
these compounds (0.18% of the weight of absolutely
dry cellulose) remains in the fiber. The high content
of resinous substances of the phenolic type in the re-
sulting cellulose does not allow its exhaustive de-
lignification. From this sample of highly resinous
freshly felled pine wood, cellulose with the lignin
weight fraction of 5.7% was produced.

The deacetylation of wood in its treatment with po-
tassium carbonate solution and the swelling and con-
traction of cell walls of wood, proceeding under con-
ditions of potassium-sulfite cooking, provide favor-
able conditions for stabilization of carbohydrate com-
ponents to the action of sulfurous acid. As can be seen
from Fig. 3, the first 15-min step of treatment of pine
wood with K2CO3 solution causes an insignificant loss
of readily hydrolyzable polysaccharides as a result of
hydrolysis of galactopyranose (25 wt %) and arabino-
furanose (22 wt %) side monomeric units of gluco-
mannan and xylan, respectively. After the completion
of alkaline treatment, 55 wt % of galactopyranose and
50 wt % of arabinofuranose units are eliminated, and
these units are virtually absent in the early stages of
sulfite cooking. The increased hydrolytic stability of
glucomannan in comparison with other hemicellulose
components of wood is retained during most part of
the sulfite cooking. After the cooking was complete,

Fig. 3. Variation of the content of polysaccharides P
in wood residue in potassh-sulfite cooking: (1) galactan,
(2) arabinane, (3) xylan, (4) mannan, and (5) glucan; and
(6) cooking temperature.

cellulose contained 41.7 wt % of glucomannan and
19.3 wt % of xylan relative to their initial amount in
wood. In the course of sulfite cooking, the content of
glucan decreases insignificantly owing to dissolution
of glucomannan and, in part, cellulose.

The behavior of hemicelluloses in potassium-sulfite
cooking is largely determined by distinctions in de-
lignification of heartwood and sapwood. Decelerated
delignification of heartwood results in degradation of
a part of polysaccharides of sapwood, more readily
liberating the main amount of lignin. Therefore, con-
trary to spruce wood, the increase in the yield of
commercial cellulose in delignification of pine wood
by potassium-sulfite cooking is significantly weaker
owing to stabilization of carbohydrate components
with respect to acidic hydrolysis in the sulfite stage
of cooking.

CONCLUSIONS

(1) Under conditions of potash-sulfite cooking,
pretreatment of pine wood with saturated steam and
K2CO3 solution gives rise to a system of submicro-
scopic capillaries owing to swelling and removal of
individual components of wood. This treatment allows
recovery of up to 80 wt % of phenolic compounds
contained in wood, which significantly facilitates
the subsequent sulfite delignification.

(2) On adding sulfurous acid to pine chips im-
pregnated with K2CO3, the cell walls of wood undergo
contraction. With increasing temperature of cooking,
lignin and carbohydrates begin to dissolve.

(3) In delignification of pine wood by the tradi-
tional potash-sulfite procedure, degradation of wood
residue to fibers is extended in time owing to the dif-
ference in rate of delignification between heartwood
and sapwood.
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(4) Under conditions of potassium-sulfite cooking
of pine wood, the stability of glucomannan to acid
hydrolysis is increased.
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Abstract�The kinetics of curing of an epoxy-amine compound by the polymerization mechanism were
studied at various temperatures by isothermal calorimetry and rheokinetic procedures. The resulting kinetic
data were correlated with the patterns of variation of the adhesion strength of glass�epoxy-amine compound�
glass glue joints, of shrinkage stresses, and shrinkage defects, as well as with the nature of the glue joint
failure.

In [1�3], we attempted chemical design of high-
strength epoxy-amine binders for fiber glass plastics
by optimal combination of the structural contribu-
tions from polycondensation and polymerization pro-
cesses to the cohesion strength of the binders proper.
Studying the adhesion strength formation in curing of
compounds is also essential for designing the chem-
ical structure of the binder for high-strength fiber
plastics.

It is important to elucidate how the structural con-
tributions from a combination of different processes
of three-dimensional cross-linking of binders (glues)
affect the origination, number, and extent of shrinkage
and thermal defects, as well as the corresponding
stresses and their relaxation processes. This will allow
optimization of the molding mode for high-strength
composites.

Earlier [4], we have elucidated how the strength
properties of model glue joints (MGJs) vary in the
course of curing of epoxy-amine compounds by the
polycondensation mechanism. Unexpectedly, the time
dependence of the glue joint strength �glue of MGJs
proved to be complex. In early curing stages (preced-
ing gelation), �glue of the GLMs initially grew, then
passed through then maximum, and a decreased.
Further, �glue remained unchanged, then grew, and
finally approached a constant limiting value.

This complex pattern of variation of the glue joint
strength of MGJs in the course of isothermal curing

was attributed to two relaxation transitions in the glue
interlayer, which are due to physical (glass transition
of the binder at the curing and test temperatures) and
chemical (gelation) processes, as well as to shrinkage
and thermal stresses and the corresponding defects af-
fecting the failure mechanism of adhesion joint.

The aim of this study was to examine the glue joint
strength as influenced by the kinetic features of the
polymerization curing of the epoxy-amine compound.
This process was studied by isothermal calorimetry
and rheokinetic procedures, namely, rotation viscome-
try, tensimetry, and a procedure utilizing a torsion
pendulum.

EXPERIMENTAL

As the binder we used a compound based on
ED-20 epoxy-4,4�-isopropylidenediphenol resin and
benzyldimethylamine (BDMA). The curing kinetics of
the individual binder were studied calorimetrically
on an EK-2 low-inertia calorimeter with a torsion
pendulum (torsion mass 9 g; a 60-mm long VM-1
glass thread containing 25 wt % binder as the working
unit) and on a Rheotest-II viscometer [plate-cone
design; gelation time at various temperatures was
determined by extrapolating the linear portion cor-
responding to a sharp viscosity growth to the abscissa
(time) axis and, additionally, as the time in which
a conventional viscosity of 4000 Pa is reached].
The shrinkage stresses were determined tensimetrical-
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Fig. 1. Glue joint strength �glue vs. the curing time �

for ED-20 + BDMA compound. (�g
T ) Gelation time,

min, for the corresponding Tcur ; the same for Fig. 2.
T, �C: (1) 50, (2) 70, and (3) 100.

Fig. 2. Variation of (1) glue joint strength �glue , (2) con-
version Q of the functional groups, (3) effective elasticity
modulus Geff , and (4) shrinkage stress Ushr with the curing
time � at 70�C.

ly [5]. The glue joint strength of MGJs was deter-
mined by the procedure described in detail in [6].

Shrinkage defects were observed directly during
isothermal synthesis in long glass tubes [7]. A fairly
high adhesion between the system being cured and
the glass surface gave rise to initial shrinkage cohe-
sion defects which further, under certain conditions,
evolved into adhesion exfoliates.

Figure 1 presents typical kinetic plots for the glue
joint strength �glue at curing temperatures Tcur of 50,
70, and 100�C, which are lower than the limiting
glass transition point Tgl

� of the epoxy-amine com-
pound cured by the polymerization mechanism (Tgl

� =
106�C [8]). Figure 1 shows that the time dependences
of �glue for a polymer binder (glue) operating by
the polymerization mechanism have two maxima.
They tend to shift to smaller times with rising curing
temperature; at high Tcur the initial maximum final-

ly decays, like in the case of compounds cured by
the polycondensation mechanism [4]. Comparison of
the results from studies of the glue joint strength in
the course of curing of different types of epoxy-amine
compounds poses a number of questions as to the rea-
sons for (1) appearance of the initial peak in the glue
strength vs. time plots for different types of glue com-
pounds; (2) decrease in �glue rather than leveling-off
(like in the case of polycondensation mechanism) after
the secondary growth of the glue joint strength in
the case of glue compounds cured by polymerization
mechanism; and (3) a much greater strength of a glue
joint for compounds cured by polymerization mech-
anism, despite its lower cohesion strength.

To elucidate the reasons for the appearance of two
glue strength peak, let us consider the time depen-
dence of �glue at 70�C (Fig. 2) together with the anal-
ogous dependences for such curing parameters as the
current conversion of the functional groups of the glue
compound Q, the effective torsion elasticity modulus
Geff, and the shrinkage stress Ushr. Figures 1 and 2
(where the gelation times �gel for the corresponding
Tcur are shown with arrows) clearly demonstrate that,
in all cases of polymerization curing, the primary glue
joint strength maximum precedes the onset of gelation.
Notably, this occurs at a time when there is no notice-
able growth of shrinkage stress, shrinkage defects are
not formed at the curing temperature, and glass transi-
tion at Tcur is not recorded by the torsion pendulum.

Evidently, like in the case of polycondensation
curing, the initial peak in the plot of the glue joint
strength against the curing time appear for physical
reasons. We have found earlier [4] that the initial
growth of the glue joint strength is due to enhance-
ment of the viscous (dissipative) properties of the
binder owing to the onset of its transition from the
liquid to glassy state at the test (room) temperature.
This is indicated by a sharp growth of the viscosity
of the compound at room temperature, which is due to
the physical process of transition of the binder to
the glassy state. Notably, the effective activation
energy of this process is much lower than that of the
chemical transformations [9]. Therefore, at low curing
temperatures, the physical (glass transition) process in
the binder may run a head of the chemical (gelation)
process, and at higher curing temperatures, on the
contrary, it may lag behind. Consequently, the vis-
cosity growth may be due to both physical and chem-
ical processes [8, 9]. In this context, the subsequent
decrease in �glue is, evidently, due to curing and, ac-
cordingly, to embrittlement of the binder, which is
completely vitrified at room temperature. We empha-
size that both the primary glass transition of the glue
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compound cured at room temperature and its sec-
ondary glass transition at the curing temperature are
treated as prolonged processes [4].

The secondary growth of the glue joint strength is,
evidently, due to an increase in the gel fraction con-
tent or in the degree of cross-linking, which favors
simultaneous enhancement of the elastic and relaxa-
tion (dissipative) properties of the glue compound.
This is indicated by a sharp rise in the viscosity of
the compound owing to the chemical gelation process
and also by a noticeable increase in the effective elas-
ticity modulus Geff at Tcur (Fig. 2, curve 3). Notably,
the onset of a steep rise in Geff at � = 150 min is due
to the onset of glass transition in the binder. This time
corresponds to the beginning of hardening of the
binder, as indicated by the penetration method.

Figure 2 shows that the glue joint strength rapidly
grows till at 270th�280th min. Diring this same time
interval, Geff reaches its limiting values and the con-
version curve 2 levels off. This suggests that the stage
of intensive chemical and physical (relaxation pro-
cesses) transformations of the glue composition at
the given curing temperature terminates. It could be
expected that the glue joint strength should also attain
a limiting value, like in the case of the compound
cured by the polycondensation mechanism (the more
so that the chemical and physical transformations of
the binder are not complete even in 600 min). This is
indicated by increments, though small, in Geff and Q,
seen in Fig. 2. However, despite the increase in these
parameters of the curing processes, the glue joint
strength clearly tends to decrease after 300 min. No-
tably, this is typical of all the temperatures studied
(Fig. 1).

This is understandable if we take into account
that, starting from 150th min, shrinkage defects in
long glass tubes tend to noticeably grow and at � =
280 min they begin to transform into adhesion de-
fects through exfoliation of the binder from the walls
of the glass tubes. Also, the shrinkage stress Ushr
tends to grow steadily throughout the 600-min period
(Fig. 2, curve 4). Evidently, it is the enhancement
of internal stresses and increase in the degree of de-
fectiveness of the binder after sharp deceleration of
the chemical cross-linking that are responsible for
the secondary decrease in the glue joint strength.
Along with the above-mentioned factors, the relaxa-
tion characteristics of the binder can additionally de-
crease within 300�600 min due to physical aging
[1], i.e., afterpacking of the network structure and
the corresponding decrease in the free volume frac-
tion.

Let us discuss why these factors do not exert sim-
ilar influence in the case of a system cured by the
polycondensation mechanism. Above all, the highest
attainable strengths of the glue joints in the case of
binders operating by the polymerization mechanism
substantially (by a factor of 2�2.5) exceed the max-
imum strength of the glue joint in the case of the sys-
tem cured by the polycondensation mechanism [4].
This may be due to two major factors. First, it is
known [8, 11] that initiation of the polymerization
curing typically requires a hydroxyl-containing ac-
celerator acting as a proton donor:

�OCH2CH�CH2 + NR3 � �OCH2CHCH2NR3,+

����
O�HO�R� OH O�R�

�
�OCH2CH�CH2 + NR3 � �OCH2CHCH2NR3,+

����
O�HO�R� OH O�R�

�

�OCH2CHCH2NR3 + R�OCH2CHCH2O� � �
��
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�
��
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����
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+
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�OCH2CHCH2NR3 + R�OCH2CHCH2O� � �
��
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�
��
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+

It is seen that, in the first (initiation) stage, a proton
is transferred from the hydroxyl-containing HO�R�

fragment to the oxygen atom in the epoxy group to
form a new hydroxy group and alkoxy anion. In the
second stage (polymerization proper), the alkoxy an-
ion (free or as part of an ion pair) attacks the epoxy
ring and gets incorporated into the network structure.
This scheme suggests that the hydroxy groups con-
tained in the borosilicate glass [12], particularly in
its surface layers, can also be involved in the poly-
merization process to form a chemical bond between
the binder and the glass surface. At the same time,
it is well known [13�16] that the formation of a chem-
ical bond between the polymer matrix and the sub-
strate surface substantially increases the adhesion
strength.

It is known [8, 17] that tertiary amines of the
BDMA type are not incorporated into the chemical
structure of the network and can act as typical plas-
ticizers, which increase the molecular mobility in
the polymer matrix and improve its relaxation ability
with respect to internal stresses and excess free vol-
ume [3, 17, 18]. To elucidate the possible influence
exerted by such a plasticizer as a tertiary amine on
the glue joint strength, we carried out the following
experiments. Into the glue compound cured by the po-
lycondensation mechanism, which contained ED-20
and m-phenylenediamine (m-PDA), we introduced 2.5,
5.0, 10, or 15 wt % of a typical plasticizer, dibutyl
phthalate (DBP). The glue joint strength was studied
for the resulting compounds on keeping the MGJ at
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Fig. 3. Variation of the glue joint strength �glue of
the ED-20 + m-PDA compound with the curing time �

at 70�C. DBP concentration, wt %: (1) 0, (2) 2.5, (3) 5.0,
(4) 10, and (5) 15.

80�C for 1, 2, 3, 4, 5, and 6 h. Figure 3 shows
that the time dependences of �glue pass through two
maxima. With increasing DBP concentration, the glue
joint strengths at the maxima tend to increase, with
the most significant rise in �glue observed for the ini-
tial maximum. This confirms the assumption that
such a plasticizer as tertiary amine exerts physical
influence on the glue joint strength for the compound
cured by the polymerization mechanism.

A more pronounced influence of the plasticizer on
the initial maximum of the glue joint strength is,
evidently, due to the specific features of the MGJ
failure in the initial stages of curing (cross-linking) of
the glue compound transforming to the glassy state
at Ttest. Optical microscopic studies within the time
interval corresponding to the appearance of the ini-
tial maximum of the glue joint strength showed that,
for glue compounds cured by both the polymeriza-
tion and polycondensation [4] mechanisms, failure at
the beginning of curing has a cohesion nature, and
the glue interlayer disintegrates like a viscous liquid.
Further, a cohesion-plastic failure is observed in the
region corresponding to the primary rise in �glue , and
in the region corresponding to the primary decline
in �glue , a cohesion-brittle failure with typical shear
bands is observed. Upon introduction of a plasticizer,
the range of brittle failure shifts to longer curing
times. This is probably due to the fact that the plac-
ticizer increases the molecular mobility of the com-
pound, thus shifting the instant of vitrification to
longer times and, thereby, to higher conversion of
the functional groups. Evidently, the plasticizer de-
creases the degree of brittleness of low-molecular-

weight glassy binder that has not yet formed a chem-
ically cross-linked three-dimensional structure.

Notably, in the portion of curve 1 between the two
glue joint strength peaks, i.e., at minimum values of
�glue, there is another portion corresponding to a co-
hesion-plastic failure with more pronounced micro-
profile of the fracture surface. Next, from the begin-
ning of the secondary rise portion to the second
�glue peak, the failure has mixed cohesion�adhesion
nature. In all the above-described cases, the nature
of failure of the glue compounds cured by the poly-
merization and polycondensaion mechanisms is about
the same. However, upon attainment of the secondary
�glue maximum, the types of failure of these two
compounds begin to differ sharply: For the binder
operating by the polymerization mechanism, the co-
hesion failure is observed once again, but this con-
cerns the glass plate rather than the polymer matrix
with glass pieces contacting the polymer matrix torn
off. This is particularly typical of high curing tem-
peratures, since it follows from Fig. 1 that, with in-
creasing Tcur, the �glue

max values tend to increase. These
findings clearly illustrate the known enhancement of
the strength of adhesion to glass fiber in the case of
binders operating by the polymerization mechanism
[3, 16, 19, 20]. This validates the idea that the con-
tributions of polymerization and polycondensation to
the overall curing process should be optimally com-
bined in order to make high the cohesion and adhe-
sion components of the glass fiber strength [1�3].

CONCLUSIONS

(1) With a binder operating by the polymerization
mechanism (ED-20 + benzyldimethylamine), the ad-
hesion strength of a glue joint of glass plates increases
by a factor of 2�2.5.

(2) A substantial growth of the glue joint strength
is due to combination of two factors: chemical,
i.e., formation of a chemical bond between the bind-
er operating by the polymerization mechanism and
the glass surface, and physical, i.e., placticizing (rel-
axation) effect of the tertiary amine acting as ini-
tiator.

(3) The major difference in the failure mechanisms
for glue joints in the case of systems cured by the
polymerization and polycondensation mechanisms is
the cohesion failure of the glued plates in the former
case.

(4) These findings allow chemical design of high-
strength fiber plastics by varying the ratio of the con-
tributions of polycondensation and polymerization to
the overall curing process.
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Professor Vladimir Avgustovich Kind
(To 120th Anniversary of His Birthday)

V.A. Kind, and engineer and pedagogue, made
an outstanding contribution to the science of construc-
tion materials, the training of specialists in technology
of binders, and the development of the cement indus-
try. All his pedagogical and scientific activities were
closely associated with higher school institutions of
St. Petersburg, Polytechnical and Technological In-
stitutes.

Vladimir Avgustovich Kind was born on October 3
(September 20), 1883, into the family of the manager
of Avzyano-Petrovskie ironworks and steel-making
plant in the former Verkhe-Ural’skii uyezd (district)
of Orenburg Province. The parents of the scientist-
to-be, Avgust Kind and his wife Amaliya, were born
in Alsace-Lotharingia, a part of Germany in 1871�
1918. V.A. Kind was educated at Kazan Nonclassical
Secondary School, which he finished with success
in 1902. In the same year, he entered, having passed
the competition of school-leaving certificates, the elec-
trochemical subdepartment of the metallurgical de-
partment at the newly opened St. Petersburg Poly-
technical Institute. In those years, N.A. Menshutkin,
N.S. Kurnakov, and F.Yu. Levinson-Lessing were
among professors; A.A. Baikov, V.A. Kistyakovskii,
P.P. Fedot’ev, and a number of other scientists, later
widely known, were beginning their pedagogical ac-
tivities.

In 1908, V.A. Kind graduated from the institute
as an engineer metallurgist. Already when being a stu-
dent, V.A. Kind published his first scientific study
�Reactions between Carbamides and Chlorous Salts.�
Having graduated from the institute, V.A. Kind started
teaching at the chair of analytical and organic chem-
istry at the Polytechnical Institute, headed at that
time by B.N. Menshutkin (1874�1938). Till 1916,
V.A. Kind’s scientific interest were focused on studies
and description of oil fields in Southern Russia, oil
refining, and technical analysis of oil. Beginning in
1916 and till the end of V.A. Kind’s life, his scientific
activities were devoted to study of construction ma-
terials and binders. The �Society for Promotion of
the Development of Portland Cement Industry� was
organized in St. Petersburg. Not abandoning his peda-
gogical activities, V.A. Kind became society manager
and editor of the Portland-Tsement (Portland Cement)
journal (published till 1918).

In 1919, the chemical faculty was organized at
Petrograd Polytechnical Institute on the basis of the
electrochemical subdepartment of its metallurgical
department (faculty). The faculty included chairs (lab-
oratories) of general chemistry, physical chemistry,
theoretical electrochemistry, technical electrochemis-
try, mineral technology, geology, mineralogy, and
some others. Professor P.P. Fedot’ev (1864�1934)
was appointed the dean of the chemical faculty. On
V.A. Kind’s initiative, and with his direct participa-
tion, a silicate department was organized at the new
faculty to train engineers for cement, ceramic, and
glass-making industries. A large laboratory of artificial
silicates, the first of this kind in St. Petersburg, was
created at the silicate department. The laboratory was
concerned with the technology of binders and cer-
amics. Beginning in 1922, V.A. Kind also delivered
a course of lectures on construction materials at the
construction engineering faculty of the Polytechnical
Institute. In 1927, he became professor.

In 1930, the higher school institutions of Leningrad
were subjected to a shake-up. The chemical faculty
of Leningrad Polytechnical Institute was included in
Leningrad Technological Institute. V.A. Kind and his
co-workers and colleagues constituted the main part of
the staff members of chairs of the silicate profile at
the Technological Institute, those of binders, ceramics,
glass, and physical chemistry of silicates. V.A. Kind
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headed the chair of binders at Leningrad Technological
Institute till 1938. Simultaneously, he continued to
head the chair of construction materials at the Poly-
technical Institute. Under the severe conditions of that
time, V.A. Kind managed to create a prominent scien-
tific school and to organize training of specialists in
technology of binders , ceramics and glass. Among
V.A. Kind’s pupils and closest associates were such
well-known, in the future, specialists as V.F. Zhuravlev,
Ya.V. Klyucharov, S.D. Okorokov, V.V. Yurganov,
and V.A. Kind’s son, V.V. Kind. V.A. Kind main-
tained permanent close friendship with academicians
A.A. Baikov (1870�1946), D.S. Belyankin (1876�
1953) and corresponding members of the Academy of
Sciences of the USSR, N.N. Kachalov (1883�1961)
and P.P. Budnikov (1885�1968).

V.A. Kind started his active research activities in
1919�1920 at the laboratory of silicates at the chem-
ical faculty of Petrograd Polytechnical Institute and,
later, at laboratories of quite a number of institu-
tions, which appeared and disappeared. Nevertheless,
V.A. Kind’s studies were systematic and interrelated
and resolved important problems of manufacture and
use of binders. One the first areas of V.A. Kind’s
research was devoted to use of shale in calcination
of portland cement and application of shale ash in
manufacture of construction materials. A large series
of scientist’s studies, which were continued for more
than 15 years, were devoted to comprehensive ana-
lysis of natural and artificial hydraulic acid additives
to various cements. First of all, methods for evaluat-
ing the �activity� of additives were developed on
the basis of chemical processes that occur in hydra-
tion of the most important classes of cements. Par-
ticularly important was the fact that V.A. Kind sub-
stantiated the possibility of using acid blast-furnace
slags as hydraulic additives. This area of V.A. Kind’s
scien tific activities was analyzed in ample detail by
P.P. Budnikov [1].

Of high theoretical and practical importance are
V.A. Kind’s studies in the field of alumina cements,
whose hardening is based on hydration of calcium
aluminates. As far back as 1925, V.A. Kind presented
at the All-Union Congress on construction materials
a report on main prerequisites for manufacture of
alumina cements from Tikhvin bauxites. In 1928,
V.A. Kind became a member of a special commission
for alumina cement. On the basis of the experimental
studies carried out by the scientist and his co-workers,
a decision was made to manufacture the alumina ce-
ment by blast-furnace smelting.

Beginning in 1931, V.A. Kind supervised research
at the laboratory of construction materials of the All-

Union Research Institute of Hydraulic Engineering
and at the laboratory of binders of the Technological
Institute. The attention of the first of these two labo-
ratories was focused on problems associated with pro-
duction of a hydraulic concrete with high water resis-
tance, low shrinkage, weak exothermic effect, high
water-impermeability, which would satisfy all the re-
quirements to hydraulic concrete. At the laboratory of
the Technological Institute, the chemistry of cements
and the influence exerted by their chemical and mi-
neralogical composition on the processes of hardening
and the working characteristics of the cements were
studied with active participation of students. One of
the last V.A. Kind’s studies, carried out together with
his pupil, V.F. Zhuravlev (1907�1952), was devoted
to use of D.I. Mendeleev’s Periodic law in classifica-
tion of chemical compounds with respect to their
binding properties (Zh. Prikl. Khim., 1938, no. 5).
The authors established that binding properties are
observed in chemical compounds that are similar in
structure to calcium silicates and aluminates. Later,
research in this area was continued by Zhuravlev.

V.A. Kind wrote quite a number of textbooks and
monographs, which became widely known and ex-
erted strong influence on the training of specialists
and the development of the cement industry in the
country. They include: Instruksii po opredeleniyu
aktivnosti gidravlicheskikh dobavok (Recommenda-
tions for determining the Activity of Hydraulic Ad-
ditives) (together with S.I. Druzhinin and S.D. Okoro-
kov, Moscow, 1931), Khimicheskaya kharakteristika
portlandtsementa (Chemical Characterization of Port-
land Cement) (Moscow, 1932), Spetsial’nye svoistva
stroitel’nykh rastvorov (Special Properties of Mortars)
(together with Okorokov et al., Moscow, 1933), Spe-
tsial’nye tsementy (Special-Purpose Cements) (Mos-
cow, 1932, 1st ed.; 1936, 2nd ed.), Stroitel’nye ma-
terialy (ikh poluchenie, svoistva i primenenie) (Con-
struction Materials: Manufacture, Properties, and
Use) (together with Okorokov, Moscow, 1934), and
Putstsolanovye tsementy (Puzzolan Cements) (togeth-
er with Baikov et al., Moscow 1936). Among these
books, Stroitel’nye materialy (Construction Ma-
terials) is a textbook of unique information value,
largely based on original research of that time, includ-
ing studies by V.A. Kind and his pupils.

Vladimir Avgustovich Kind suddenly died on Feb-
ruary 12, 1938, in Leningrad. Prematurely passed
away an excellent person, talented engineer and re-
searcher, pedagogue beloved by his pupils, and or-
ganizer and supervisor of research collectives. To his
career and pedagogical and scientific activities were
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devoted a spacious obituary, written by P.P. Budnikov
[1], Okorokov’s paper [2], small book by I.L. Znachko-
Yavorskii and I.G. Savelov [3], and other publica-
tions [4�8]. In [2, 3], a list of the most important
V.A. Kind’s works was presented.
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Mikhail Mikhailovich Koton
(To His 95th Birthday)

On December 29, 2003, Mikhail Mikhailovich
Koton, doctor of chemical science and corresponding
member of the Russia Academy of Sciences, is 95.

Mikhail Mikhailovich can be rightfully named
�archpastor� of the domestic chemical science, who
guided representatives of several generations of sci-
entists working in the filed of chemistry and physics
and technologists specializing in polymers.

Mikhail Mikhailovich is still full of creative as-
pirations, he is honorary director of the Institute of
Macromolecular Compounds, Russian Academy of
Sciences, whose acting head he had been for nearly
thirty years, and leader of a scientific school recog-
nized with a grant from the President of the Russian
Federation.

Mikhail Mikhailovich made an invaluable contribu-
tion to the research concerned with the problem of
thermally stable polymers. The concepts of the ways
to synthesize polyimides and the relationship between
their structure and properties, developed under his
supervision, made it possible to manufacture in our
country virtually all types of materials (electrically
insulating films, strengthening fibers, membranes for
separation of gases and fluids, protective coatings
and interlayer insulation for electronic devices, etc.)
exhibiting stable operation at temperatures of 300�C
and more.

In recent years, members of Mikhail Mikhailovich’s
scientific school have been developing a new genera-
tion of binders for construction composites and new
polymeric materials for laser technologies, to be used
in optoelectronics and photonics.

Mikhail Mikhailovich was born, and spent his
young years at the town of Peterhof, a place that is
closely associated with Russia’s history and culture.

He spent all days of the Leningrad siege in the be-
sieged city and worked at the laboratory of local air
defense. He was elected a deputy of the Leningrad
City Council. For many years he had been a member
of the Editorial board and Deputy Editor-in-Chief
of Zhurnal Prikladnoi Khimii (Russian Journal of
Applied Chemistry). Mikhail Mikhailovich is a per-
son of perfect humanity and high moral, which con-
stitute the notion of St. Petersburg culture and way
of life.

The Editorial board and the editorial staff of Zhur-
nal Prikladnoi Khimii heartily congratulate Mikhail
Mikhailovich on his jubilee and wish him sound health
and success in implementation of his scientific ideas.

Staff members of the Institute of
Macromolecular Compounds,
Editorial board and editorial staff
of Zhurnal Prikladnoi Khimii
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Pastukhov, E.A., Vatolin, N.A., Lisin, V.L., Denisov, V.M.,
and Kachin, S.V., Difraktsionye issledovaniya stroeniya
vysokotemperaturnykh splavov (Diffraction Analysis of

the Structure of High-Temperature Melts), Yekaterinburg:
Ur. Otd. Ross. Akad. Nauk, 2003, 353 pp.

The monograph by E.A. Pastukhov and co-authors
analyzes and summarizes results obtained in diffrac-
tion studies of high-temperature metallic, oxide, sul-
fide, and halide melts. As is known, most of the sub-
stances studied in these classes retain, in the liquid
state at the melting point and even when overheated
to considerably higher temperatures, a certain short-
range order that is close to the structure of these same
substances in the solid state. However, no rigorous
theory that would describe the atomic coordination
and properties of various substances in a wide tem-
perature range has been developed for liquid phases
as yet. The primary role in studying the structure of
liquid high-temperature systems is played by analysis
of the short-range order by diffraction techniques and
computer simulation.

Previously, N.A. Vatolin, an academician of the
Russian Academy of Sciences, and Pastukhov, a cor-
responding member of the Russian Academy of Sci-
ences, already published a monograph with similar
content.1 During the 20 years that have elapsed since
that time, a vast body of new experimental data has
been accumulated and new concepts have appeared.
The book comprises an introduction, seven chapters,
conclusion and bibliographic list with 469 references
to domestic and foreign publications.

The introduction (pp. 5�7) emphasizes that the vast
body of data on thermodynamic, kinetic, and physical
properties of binary metallic and ionic melts, accu-
mulated by now, confirms the theoretical concept
of similarity between the nearest coordination of par-
ticles in the melt and in the solid state. The advances
in the development of the theory of liquid state and
the improve accuracy and information value of the
diffraction experiment made it possible to calculate
����������

1 Vatolin, N.A. and Pastukhov, E.A., Difraktsionnye issledova-
niya stroeniya vysokotemperaturnykh splavov (Diffraction
Analysis of the Structure of High-Temperature Melts),
Moscow: Nauka, 1980, 188 pp.

the interatomic interaction potential and thermody-
namic and transport properties of melts from the struc-
tural factor and the radial distribution function. The
first chapter (pp. 8�51) gives notion of the basic char-
acteristics of the liquid state, to which belong short-
range order, thermal motion of atoms, radial distribu-
tion function and structural factor, and potential of
pairwise interaction. The second chapter (pp. 52�69)
is devoted to X-ray structural analysis as applied to
melts. Although X-ray, electron, and neutron diffrac-
tion techniques yield close diffraction patterns, the
authors restrict the consideration to X-ray diffraction
analysis as the more widely used method.

The third chapter (pp. 70�185), which occupies
the central place in the monograph, contains informa-
tion about diffraction studies of metallic melts. Com-
pared with the already mentioned edition of 1980,
the number of metals and alloys considered has in-
creased. Unfortunately, the authors did not specify
the criteria used in selecting the systems to be dis-
cussed; quite a number of liquid alloys with strong
interaction between the components, for which the
diffraction patterns are known, are not mentioned in
the monograph. The fourth chapter (pp. 186�258) is
devoted to oxide and some other oxygen-containing
melts. In contrast to metallic systems, oxide melts,
as a rule, have a considerable fraction of covalent
bonding, which leads to certain specific features in ra-
dial distribution curves. A small fifth chapter (pp. 259�
270) presents the results of studies of sulfide melts.
Copper, iron, and thallium sulfides are considered.
The sixth chapter (pp. 271�304) discusses the specific
features of the structure of molten halides. The sev-
enth chapter (pp. 305�329) is of generalizing nature. It
analyzes the fundamental aspects of how the above-
mentioned structural parameters change upon melting.
In the conclusion (pp. 330�333), the authors empha-
size once more, on the basis of the whole body of the
material presented, that, as regards the effect of tem-
perature on the structure, the liquid state is a natural
extension of the crystalline state. The results obtained



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 76 No. 12 2003

PASTUKHOV, E.A., VATOLIN, N.A., LISIN, V.L., DENISOV, V.M., AND KACHIN, S.V. 2019

in studying liquid alloys with strong interaction be-
tween the components (silicides, germanides, and
aluminides of transition metals) point to the existence
of regions retaining a short-range order that corre-
sponds to the structures of the most stable high-tem-
perature phases present in the phase diagram. Some
semiquantitative estimates are made. For example, it
is noted that raising the temperature to 400�700�C
above the liquidus line affects the short-range order
parameters only slightly. The degree of dissociation in
melting is estimated to be 10�20% for the most stable
compounds, which show a singular peak in the melt-
ing curve, and 40�70% for compounds with broad
peaks and relatively moderate melting points.

The structural transformations in the liquid state,
associated with a change in the coordination number,
are similar to polymorphic transformations, which
occur in solids when the number of nearest neighbors
decreases or increases and accordingly, the interatomic
distance changes.

The monograph by Pastukhov and co-authors is of
indubitable interest for a wide audience of specialists
in physical chemistry of the disordered state; it can
also be of use for postgraduate students, masters, and
undergraduate students specialized in this field.

A.G. Morachevskii
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